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NOTATIONS

A Lateral acceleration coefficient, %g

Af ‘Acceleration coefficient for sloshing wave heightatlation, %g

Al Impulsive design response spectrum acceleratiofficeat, %g

Av Vertical earthquake acceleration coefficient, %g

Cd Deflection amplification factor, Cd= 2

Ci Coefficient for determining impulsive period of kagystem

D Nominal tank diameter, m (ft)

Ac Convective design response spectrum acceleratiefficdent, %g

E Elastic Modulus of tank material, MPa (Ibf/in?)

Fa Acceleration-based site coefficient (at 0.2 secopir

Fc Allowable longitudinal shell-membrane compressitess, MPa
(Ibffin2.)

Fty Minimum specified yield strength of shell courseRd(I1bf/in2.)

Fv Velocity-based site coefficient (at 1.0 sec period)

Fy Minimum specified yield strength of bottom annuliytya (Ibf/in2.)

G Specific gravity

g Acceleration due to gravity in consistent unitssee? (ft/sec?)

Ge Effective specific gravity including vertical seisneffects = G*(1 —
0.4*Av)

H Maximum design product level, m (ft)

I Importance factor coefficient set by seismic usmigr

J Anchorage ratio

K Coefficient to adjust the spectral acceleratiomfisfo — 0.5%
damping = 1.5 unless otherwise specified

L Required minimum width of thickened bottom annuiag
measured from the inside of the shell m (ft)
Ls Selected width of annulus (bottom or thickened ¢anming) to

provide the resisting force for self anchorage, sneed from the
inside of the shell m (ft)

Mrw :Ring wall moment—Portion of the total overturningmment that
acts at the base of the tank shell perimeter, Nhit)f

Ms Slab moment (used for slab and pile cap design)(fiib)

ny Number of equally-spaced anchors around the tackiiference

Nc Convective hoop membrane force in tank shell, N/gtofiin.)

Nh Product hydrostatic membrane force, N/mm (Ibf/in.)

Ni Impulsive hoop membrane force in tank shell, N/ntiof/i(.)

Py Anchorage attachment design load, N (Ibf)

Psg Anchor design load, N (Ibf)

Pf Overturning bearing force based on the maximumitadonal shell
compression at the base of shell, N/m (Ibf/ft)

Q Scaling factor from the maximum considered eartkqU¥CE) to

the design level spectral accelerations; equal$a2/8SCE 7
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Rwc

Rwi

SO

Sa

Sa*

Sa0*

tb
ts
tu

Tc

Force reduction coefficient for strength level gesmethods
Force reduction coefficient for the convective modeng allowable
stress design methods
‘Force reduction factor for the impulsive mode usligwable stress
design methods
Mapped, maximum considered earthquake, 5% dampediral
response acceleration parameter at a period ofsemands (peak
ground acceleration for a rigid structure), %g
Mapped, maximum considered earthquake, 5% dampediral
response acceleration parameter at a period of@rend, %g
The 5% damped, design spectral response accetetrameter at
any period based on mapped, probabilistic procexqlbg
The 5% damped, design spectral response accetetrameter at
any period based on site-specific procedures, %g
The 5% damped, design spectral response accetestrameter at
zero period based on site-specific procedures, %g
The design, 5% damped, spectral response acceleprameter at
one second based on the ASCE 7 methods, %g
The design, 5% damped, spectral response accelegrameter at
short periods (T= 0.2 seconds) based on ASCE 7adstf0g
Design level peak ground acceleration parametesifes not
addressed by ASCE methods
Mapped, maximum considered earthquake, 5% dampediral
response acceleration parameter at short peric2ds€@), %g
Thickness of the shell ring under consideration, (im)
Thickness, excluding corrosion allowance, mm (@fi.bhe bottom
annulus under the shell required to provide thistieg force for self
anchorage. The bottom plate for this thicknesd xéénd radially at
least the distance, L, from the inside of the shdiis term applies for
self-anchored tanks only.
Thickness of tank bottom less corrosion allowanue, (in.)
Thickness of bottom shell course less corrosiamadhce, mm (in.)
Equivalent uniform thickness of tank shell, mm)in.
Natural period of vibration of the tank and consgiseconds
Natural period of the convective (sloshing) modéethavior of the
liquid, seconds
Natural period of vibration for impulsive mode aHavior, seconds
Regional-dependent transition period for longerqueground
motion, seconds
0.2 FvS1/FaSS
FvS1/FaSS
Total design base shear, N (Ibf)
Design base shear due to the convective compohém effective
sloshing weight, N (1bf)
Design base shear due to impulsive component fftentere
weight of tank and contents, N (Ibf)
Force resisting uplift in annular region, N/m (fbf/
Calculated design uplift load on anchors per uiniuenferential
length, N/m (Ibf/ft)
Effective convective (sloshing) portion of the lidquwveight, N (1bf)
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Weff ‘Effective weight contributing to seismic response

Wi Weight of the tank bottom, N (lIbf)

wid ‘Total weight of tank foundation, N (1bf)

Wg Weight of soil directly over tank foundation foaginN (1bf)

Wi Effective impulsive portion of the liquid weight, ({bf)

Wint Calculated design uplift load due to product presger unit
circumferential length, N/m (Ibf/ft)

Wp Total weight of the tank contents based on thegtlespecific
gravity of the product, N (Ibf)

Wr ‘Total weight of fixed tank roof including framinknuckles, any
permanent attachments and 10% of the roof desiow &mad, N (Ibf)

Wrs ‘Roof load acting on the tank shell including 10%laf roof design
snow load, N (Ibf)

Wi Roof load acting on the shell, including 10% of specified snow
load N/m (Ibf/ft)

Ws Total weight of tank shell and appurtenances, ) (Ib

Wy Total weight of tank shell, roof, framing, knuckl@soduct, bottom,

attachments, appurtenances, participating doad, if specified, and
appurtenances, N (Ibf)

wt Tank and roof weight acting at base of shell, Nioft)

Xc Height from the bottom of the tank shell to theteemf action of
lateral seismic force related to the convectivaitidorce for ring wall
moment, m (ft)

Xcs Height from the bottom of the tank shell to theteewf action of
lateral seismic force related to the convectivaitiqorce for the slab
moment, m (ft)
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Xis Height from the bottom of the tank shell to theteemf action of
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(1)
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6C Maximum longitudinal shell compression stress, MIB&in?)

oh Product hydrostatic hoop stress in the shell, Mipfir(2)

6S Hoop stress in the shell due to impulsive and cotive forces of
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SEISMIC ANALYSIS OF STEEL LIQUID STORAGE TANKS BY A PI-650

SUMMARY

Liquid storage tanks are important components fefinie and industrial facilities.
They are critical elements in municipal water syppid fire fighting systems, and in
many industrial facilities for storage of water|, @hemicals and liquefied natural
gas. Behavior of large tanks during seismic evéass implications far beyond the
mere economic value of the tanks and their cont&d®ngineers have to know that
these special structures behave differently whetudad seismically and also
damaged due to different reason.

Recent years have seen a number of occurrenceatadtrophic failures of liquid
storage tanks due to severe, impulsive, seisminte\&ich as the 1994 Northridge
earthquake in California, the 1995 Kobe earthquiskdapan and 1999 Chi-Chi
earthquake in Taiwan.

In the past earthquakes, damage and failure obwsrground supported liquid
storage tanks had been reported. The failure cedumainly due to buckling of tank
wall due to excessive compressive stress, teaffirapchorage systems and plastic
deformation of base plate.

The seismic behavior of liquid storage tanks ishlyigcomplex due to liquid—
structure interaction leading to a tedious desigtgdure from earthquake-resistant
design point of view.

There are limited experimental and analytical ssdiwhich investigate the
performance of liquid storage tanks, are repontettié past.

API1 650 Appendix E has been widely used aroundwbdd for seismic design of
steel storage tanks. APl 650 Standard establishesmom requirements for
material, design, fabrication, erection, and testifor vertical, cylindrical,
aboveground, closed- and open-top, welded storagkstin various sizes and
capacities for internal pressures approximatingoapheric pressure. For instance,
diesel storage tanks fall under the category okgasubjected to internal pressures
approximating atmospheric pressure.

However, there is not more comprehensive study hwhittroduces API-650
specification with details. Also, there is not ahyrkish design code for the seismic
analysis and design of liquid storage tanks.

The aim of the thesis is to introduce the API-6p@cification which is used for
seismic analysis of these structures. To achiesgetigoals summary of API-650 has
been presented and a numerical example has béewddl

Impulsive and convective component of the seismoad|have been calculated by
using API-650. According to graphics which are aidted along the tank elevation
the effect of the impulsive component increased teéhe bottom part of the tank
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and the effect of convective component which isedahs sloshing effect increased
near to the top part of the tank. After maximunesses have been gained to be
combined impulsive and convective component of gbismic load for each tank
shells. According to graphics results, the effddhe impulsive component is more
effective than convective component’s effect. Tfaee it can lead to elephant foot
buckling on the tank shell after possible earthguefitect.

Elephant foot buckling has small amplitude. Iteslized under the critical buckling
load. It has a non-elastic characteristic. In tlvené of a possible failure, first
material of the shell can start to yield. Therefatamage can be occurred in the
structure before failure. Failure can be carrietlater. In this way, possible failure
can have a ductile character. This failure form bandesirable for the earthquake
resistant structure design. In this scope, whitacttire is taking damage, seismic
energy can be absorbed.

The study consists of five sections. The first isecincludes the preface which
explains the subject, goals and the extent of thdys Furthermore, a literature
search has been done in this section. It summathzg¢she studies has been done on
this topic in the past and types of damage andrtailvhich have been occured on the
liquid storage tanks as a result of past earthqgiake described.

The second section is consists of general rules iafdmation about seismic
analysis of steel liquid storage tanks.

The third section covers the concepts and requimésnef the reference code API-
650, Part-E.

Seismic calculations and controls of the case dicgiorage tank have been done in
detail in accordance with API-650, Part E in thertb section.

Results and conclusions have been given in tHedgttion.
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CELIK SIVI DEPOLAMA TANKLARININ API-650 ILE SISMIK ANAL izi

OZET

Sivi depolama tanklari hayatin ve sanayi tesislerdmemli yapilaridir. Bunlar su
temini ve yangin séndirme sistemleri icin de 6ngrapilandir. Cok sayida endustri
tesisinde su, petrol, kimyasal maddeler ve syuriémis dogalgazin depolanmasi igin
kullantlirlar. Sivi depolama tanklarinin depremisthkaltindaki davraginin énemi,
tankin ve tank iceginin otesinde bir 6neme sahiptir. Bu yuizden mihgledisismik
yukler etkisi altinda bu tip yapilarin farkli damdigini ve farkli sebeplerden dolayi
hasar aldiini bilmelidirler.

Stratejik yakit ve su depolarinin énemli bir kismiryiksek sismik risk altinda
bulunan boélgelerde bulunmasi, bu yapilarin dinamidellenmesi konusunda ¢ok
saylda argtirma yapilmasini zorunlu kilgtir. Bu aratirmalarda surekli sivi
kitlesinin depo tabanina yakin olan kisminin degpdyéraber hareket i ve
serbest yuzeye yakin kisminin ise uzun periyotluchikalanma hareketi yapti
belirtiimistir. Bu dagrultuda gelstirilen dinamik modellerde sirekli sivi ktlesi,
depoyla beraber hareket eden impulsif giteve calkalanma hareketinden sorumlu
olan uzun periyotlu konvektif bijeni ile temsil edilmektedir. Zemin Uzerine
dogrudan mesnetlenen sabit tabanh depolarin duvadarive tabaninda afan
hidrodinamik basincin biyuk bir bolimu darbesedgeihden kaynaklanmaktadir.

1994 California-Northridge, 1995 Japonya-Kobe ve999Tayvan-Chi Chi
depremleri sonrasi sivi depolama tanklarindg@r ahasarlar ve gbé¢cme
gozlemlenmgtir. Yakin zamanda Ulkemizde meydana gelen 1999 akloc
depremindeizmit-Tupra rafinerisindeki petrol depolama tanklarindarahasarlar
meydana gelngtir. Bu yapisal hasarlarin sonucu olarak ortayaargikangin gir
maddi kayba sebep olrtur ve bolgenin guvergi tehlike altina girmtir.

Gecmi depremlerde zemine mesnetli sivi depolama tamidaricgitli hasar ve
gocme tipleri bildirilmitir. Gocme genellikle tank duvarinigia basing gerilmesi
etkisi altinda burkulmasi, ankrajlarin go¢mesi vaban plginin plastik
deformasyongeklinde gorilmektedir.

Sivi depolama tanklarinin sismik davrarakiskan-sivi etkilgimi nedeniyle oldukca
karmaliktir. Bu etkilgim depreme dayanikh yapi tasarimi ¢ercevesingiligeesap
metodlarinin uygulanmasina yol acar.

Sivi depolama tanklarinin sismik performansinstai@n sinirli sayida deneysel ve
analitik calgma bulunmaktadir.

Sivi depolarinda okan hasar tiplerini ve bu hasarlara neden olan dérien
belirlemek amaciyla eéli arastirmacilar tarafindan saha gahalarinda; sivi
depolarinin enerji sonimleme mekanizmalarinin ajdukisitl olmasindan dolayi
depremlerde kotu performans sergiledikleri ve dewredayanimlarinin arttirilmasi
icin yeni yontemlerin gedtiriimesinin gerekigi vurgulanmgtir. Sivi depolarini
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depremin olumsuz etkilerinden korumay! hedefleyeni yekniklerden biri de sismik
yalitimdir. Sismik yalitim sistemleri yardimiyla vsi depolarinin  s6nim
kapasitelerinin arttirlimasi ve periyot uzamasiisgyle depo icerisinde impulsif
bilesenden kaynaklanan hidrodinamik etkilerin azaltiinsmaclanmaktadir.

API1 650 Ek E yaygin olarak celik depolama tanklarisismik tasarimi icin diinya
capinda kullaniimaktadir. APl 650 Standarti, dikseilindirik, yeristt kaynakli,

kapall ve acik tavanli gili boyutlarda ve kapasitelerde atmosferik basipaklasan

ic basincin etkisi altindaki dizel gibi petrol Uténni depolayan sivi depolama
tanklar icin malzeme, tasarim, imalat, montaj @st icin minimum gereksinimleri
belirler.

Ancak, ayrintilarnt ile APl 650 yonetmgini tanitan kapsamli bir camaya
rastlanmanstir. Ayrica, sivi depolama tanklarinin sismik amiale tasarimi igin
kapsamli bir Turk yonetmgi de bulunmamaktadir.

Tezin amaci, bu yapilarin deprem analizinde kuianiAPI-650 yonetmedinin
Ozelliklerini tanitmaktir. Bu hedeflere ghlaak icin API-650 6zetlenerek sunuldu ve
sayisal bir 6rnek izlendi.

Sismik yukin impulsif ve konvektif bienleri API-650 kullanilarak hesaplandi.
Tank yukseklgi boyunca hesaplanan impulsif yukin ggafe gbre bu yukin
etkisinin tankin alt kisminda maksimumgeee ulatigi goruldi. Calkalanma etkisi
olarak adlandirilan konvektif yukin etkisinin isankin ust kisminda maksimum
desere ulatigl goruldid. Sonra sismik youkidn impulsif ve konvekbilesenleri
kombine edilerek her bir tank kagw icin maksimum gerilme geerleri elde edildi.
Grafik sonuclarina gore impulsif bglenin etkisinin konvektif bilgenin etkisinden
daha baskin oldiw goruldi. Bundan dolayi bir deprem etkisi altimaiak kabgunda
fil ayagl burkulmasi gortlebile@t kanisindayiz.

Fil ayagl seklindeki burkulma kiiguk genlikli olup kritik budkma yukinin altindaki
bir yik deserinde gercekkecesi icin elastik olmayan bir burkulma taradar. Bu
sayede yapida meydana gelebilecek olasi bir gocomendinda 6nce kabuk
malzemesi olan celik akmayasteyacaktir ve yapi hasar alacaktir. Burkulma yani
gocme daha sonra meydana gelecektir. Olasi go¢nmemdu siinek karakterli
olacaktir. Bu gé¢cme durumu depreme dayanikli yaparimi cercevesinde istenen
bir durumdur. Yapi hasar alarak sismik enerjiyi &ireyebilecektir.

Bes bolimden olgan yiksek lisans tezinin birinci boéluminde gikismina yer
verilmis ve bu bdlimde c¢aimanin konusu, amaci ve kapsami belirtghni Ayrica

bu konu Uzerine gecsie yapilan cadmalari 6zetleyen bir literatlir atamasi
yapilims ve gecnyte meydana gelen depremler sonucu sivi depolanidatarda
meydana gelen hasar ve gocme tipleri aciklahmiGo¢gme ve hasar tipleri
genellikle kabuk burkulmasi, catida ve borglbatilarinda meydana gelen hasarlar
seklinde olabilir. 1964 Alaska, 1977 San Juan, 12B8@rmore, 1983 Coalinga ve
1999 Kocaeli depremlerinde sivi depolama tanklaripglitli hasar ve gbgcme tipleri
rapor edilmgtir.

Ayrica bu bélimde yeni gstirilen bir teknoloji olan sismik temel izolasyornum

tanklar tzerindeki uygulamalarina da yer vergini Elastomerik mesnetler ve
surtinmeli sarkac sistemleri tanklara gelen deprgikini azaltmak icin
kullanilabilmektedir.

ikinci bolimde, celik sivi depolama tanklarinin slsamalizi hakkinda genel bilgiler
verilmistir. Tank ve depolanan sivinin sismik analiziniibegirebilmek icin yapilan
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¢esitli varsayimlar tanimlanngtir. Bu varsayimlara gore sivi homojen, sirtiinmesiz
ve sikstinlamazdir. Akg alani cevrintisizdir. Sadece kuguk genlikli sahfar
dikkate alinmaldir. Alg alani icerisinde herhangi bir ok bulunmamaktadir.
Kabuk malzemesi homojen, izotropik vegdasal elastiktir. Orta yluzeye dik eksenel
geriime dger gerilmelerle kaulastirildiginda ihmal edilebilecek gerdedir.
Baslangicta orta ylzeye dik olan ¢izgi deformasyorstolkian sonra da orta ylizeye
dik olarak kalacaktir.

Ucuincti bolimde, API-650 yonetmihin E bolumindeki sismik analiz tanimlari
aciklamalariyla verilngtir. Bu aciklamalara gore yonetmelilgdeser yatay yik
analiz metodunu kullanir.sleger statik yatay yukler rijit duvarlarli ve sabitb&mnli
tankin dg@rusal matematiksel modeline uygulanir. Ydnetmeliksdplamalarda
gercekci ve pratik yontemleri baz alir.

Dinamik analiz uygulamalari, déyde cerceve elemanlarla desteklentanklarin ve
yuzen catilarin sismik tasarimi, yakin fay etkiinalaki tanklar ile sismik temel
izolasyonu ve enerji sonumleyici sistemlere satapklarin sismik tasarimi ve
tasarimcinin istedi performans gereksinimlerine gore tasarim bu ydedgin
kapsaminin dindadir. Bu bolime gore sismik tasarimin temel grerhns amaci
hayatin korunmasi ve tankin tamamiyle yikilmasidmenmesidir. Yonetmelik
sismik etki altinda tankta ve bglenlerinde hasar ojmayacgini ima etmez.

Sismik hesaplamalarda tankin ve igerin impulsif mod ve konvektif (calkalanma)
modu olmak tzere iki tip tepki modu vardimpulsif mod %5 ve konvektif
(calkalanma) modu %0,5 s6nim oranina sahiptir.

Yonetmelik izin verilebilen gerilmeler tasarim metmu kullanir ve sismik yuk
etkisi altindaki kaynakli celik sivi depolama taaikhin tasarimi i¢cin minimum
gereksinimleri belirler. Tank kaunun devrilmeye kar stabilitesini ve eksenel
basing etkisi altinda meydana gelebilecek burkulmag direncini kontrol eder.

Bolimin sonunda hesaplarda kullanilan akma gerilragaltma faktorleri, halka
seklindeki taban planin kalinliklart ve kullanilabilir plak malzemeleile izin
verilebilen gerilmelerin tablolari verilrtir.

Dorduncu bolimde, celik bir sivi depolama tankisismik tasarimi API-650 nin E
bolimune gore ayrintili olarak yapilghr. Bolumin bainda ele alinan tankin sismik
tasarimi icin gerekli olan parametreler vergtmi Daha sonra bu parametreleri
kullanarak yonetmetie gore tankin impulsif ve konvektif (calkalanmayipetlari,
spektral ivmelenme gerleri, etkin &irliklari, tasarim kesme kuvvetleri, etkin yatay
kuvvetlerin etki merkezlerinin yikseklikleri, hallduvarin ve dgemenin devrilme
momentinin etki merkezlerinin yukseklikleri, cevetskuvvetler ve gerilmeler
hesaplanngtir. Impulsif, konvektif ve hidrostatik cevresel kuvvetteve maksimum
ile minimum gerilmelerin tank yiksekii boyunca dgisen etki grafikleri gizilmgtir.
Halka duvarin ve d@&menin devriime momentlerinin gerleri hesaplanmitir.
Maksimum eksenel kabuk basing gerilmesi hesapkarv@i kontroli yapilmstir.
Mekanik ankraj ve halka plak gsghgi hesaplamalari yapilarak devam edimi
kayma tahkiki yapilngive son olarakta tankin gitly dggrultudaki tahmini deplasman
degeri ile depolanan sivinin maksimum dalgalanma ykikgenesaplanngtir.

Besinci boliumde ise tankin yuksegliboyunca cizilen impulsif ve konvektif cevresel
kuvvetlerin ve maksimum gerilmenin etki grafiklannyorumlanmasiyla ¢aimada
varilan sonugclar aciklangtir.
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1. INTRODUCTION

1.1 Aim and Scope

Liquid storage tanks are important components fefinie and industrial facilities.

They are critical elements in municipal water syppid fire fighting systems, and in
many industrial facilities for storage of water|, @hemicals and liquefied natural
gas. Behavior of large tanks during seismic evéass implications far beyond the

mere economic value of the tanks and their con{&R$-650, 2009).

Steel ground based tanks which are the subjedteothtis thesis, consist essentially
of a steel wall that resists outward liquid presswua thin flat bottom plate that
prevents liquid from leaking out, and a thin rotdtp that protects contents from the
atmosphere. It is common to classify such tank$wia categories depending on
support conditions: anchored and unanchored takiRE§50, 2009).

The seismic behavior afteeltanks is relevant in industrial risk assessmenabse
collapse of these structures may trigger otherstatphic phenomena due to loss of
containment. Therefore, seismic assessment sheutddosed on for leakage-based
limit states(Seleemah and El-Sharkawy, 2011)

Problems associated with the seismic behavior qpfidi storage tanks involve the
analysis of three systems: the tank, the soil aediguid, as well as the interaction
between them along their boundaries (API-68IN9).

Recent years have seen a number of occurrenceatadtrophic failures of liquid
storage tanks due to severe, impulsive, seisminte\&ich as the 1994 Northridge
earthquake in California, the 1995 Kobe earthquiskdapan and 1999 Chi-Chi
earthquake in Taiwan (Panchal and Jangid, 2008).

In the past earthquakes, damage and failure obwsrground supported liquid
storage tanks had been reported. The failure cedumainly due to buckling of tank
wall due to excessive compressive stress, tearfirapnchorage systems and plastic

deformation of base plate (Shrimali and Jangif)2).



The seismic behavior of liquid storage tanks ishlyigcomplex due to liquid—
structure interaction leading to a tedious desigtgdure from earthquake-resistant

design point of view (Shrimali and Jangid, 2004).

There are limited experimental and analytical ssdiwhich investigate the
performance of liquid storage tanks, are reportethe past (Shrimali and Jangid,
2002).

However, there is not more comprehensive study hwhittroduces API-650

specification with details.

The aim of the thesis was to introduce the API-6p8cification which is used for
seismic analysis of these structures. To achiesgetigoals summary of API-650 was

presented and a numerical example was followed.

Figure 1.1 displays some tanks from TUPRAS - RasidUpgrading Project.
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Figure 1.1:Residium Upgrading Project (TUPRAS, 2013, Persémnglre).



1.2 Background of the Studies Carried Out in This keld

Early developments of the seismic response of diqgiorage tanks considered the
tank to be rigid, and focused attention on the dyinaresponse of the contained
liquid, such as the work performed by Jacobsen Q9&raham and Rodriguez
(1952), and Housner (1957). Later, the 1964 Alaskdhquake caused large scale
damages to tanks of modern design (Hanson, 197&)paofoundly influenced

research into vibrational characteristics of fléxitanks.

A different approach to the analysis of flexiblentzoners was developed by Veletsos
(1974). He presented a simple procedure for evialyiétydrodynamic forces induced
in flexible liquid filled tanks. Later, Veletsos @rYang (1976) estimated maximum
base overturning moment induced by a horizontahgaake motion by modifying
Housner's model to consider the first cantileverdenof the tank. They presented
simplified formulas to obtain the fundamental natuirequencies of liquid filled

shells by the Rayleigh-Ritz energy method.

In 1963, Housner, and 1980 and 1983, Haroun udemliadary integral theory to
drive the fluid added mass matrix, rather than gighre displacement based fluid
finite elements. The former approach substanti@tuced the number of unknowns
in the problem. Later, Haroun included more congtiiy effects in his analyses,
such as the effect of out of roundness on the dimassponse of flexible tanks, the
effect of initial hoop stress on the cédype modes and the soil-structure-fluid
interaction (Haroun et.al. 1985, 1986, 1992).

The finite element method combined with the boupddement method was used by
several investigators, such as Grilli et al (1988)ang et al (1988), Kondo et al
(1990) and Gedikli (1996) to investigate the prableGedikli (1996) has
investigated the dynamic characteristics of cyiicalrliquid storage tanks with rigid
baffle.

Hwang and Ting (1989) employed the boundary elemegthod to determine the
hydrodynamic pressures associated with small ang@iexcitations and negligible

surface wave effects in the liquid domain.

All of these studies showed that seismic effectsainflexible tank may be

substantially greater than those in a similarlyitextrigid tank.



Most of pioneering studies performed to investigdte seismic behavior of
unanchored liquid storage tanks were experimemntalnature because of the
complexities associated with the analytical sohtiaf the problem. Manos and
Clough (1982, 1983) presented the dynamic respassgts of an unanchored broad
aluminum tank model of a similar size due to oneZomtal component of the 1940
El Centro earthquake record applied with 0.5gpeaklaration.

In order to simplify the problem, former investigais ignored some nonlinear
factors that may affect the response of anchorgqdidi storage tanks. Several
researchers tried to refine the analysis by indgdhe effects of these factors in the
analysis. Huang and Ansourian (1968) performed gdooally nonlinear analysis of

tanks to investigate the large deflection effecbsi®y et al (1991) presented a
method to determine the critical buckling load ahks using experimental modal

analysis techniques.

Zhou et al (1992) presented a method for analyttiegelephant-foot buckle failure

of ground-supported broad cylindrical tanks und&izontal excitations.

Veletsos and Tang (1987) analyzed the dynamic respmf upright circular
cylindrical tanks to a rocking base motion of abitaary temporal variation. They
generalized the mechanical model for laterally ®xttanks to include the effects of

base rocking of both rigid and flexible tanks.

In 1985, Haroun and Tayel reported on a comprekiensiudy of effects of the

vertical component of a ground excitation. Theyleated the natural frequencies
using both numerical and analytical techniquegh#ir study, they considered both
fixed and partly fixed tanks. They calculated tamsponse under simultaneous
action of both vertical and lateral excitations ander to assess the relative
importance of the vertical component of a groundebaration, which has been

shown to be important.

In addition to analytical studies, several expentak investigations have been
conducted in recent years. These include ambiahff@ced vibration tests on full-
scale water storage tanks (Haroun, 1980a), labgrdaests on small plastic tank
models subjected to harmonic and transient exenatiat their base (Shih and
Babcock, 1984), tests with simulated earthquakeurgto motions of several



aluminum tank models (Clough, 1977), tests on canostd welded steel tanks which
believed to be the largest of its kind in the wqddmes and Raba, 1991).

Manos (1989) studied the behavior of a metalliancyical tank subjected to a
horizontal earthquake loading by examining the wasp to horizontal inertial loads
introduced to the structure through a static téstt He also evaluated the
performance of anchored wine tanks during the San &arthquake (1991).

In 1994, Malhotra and Veletsos simplified the urfared tank-liquid system to one
degree of freedom system with rotational springesgnting the rocking resistance

of the base plate.

In 2003, Nachtigal et al. suggested that the combasic assumption, adopted from
Haroun-Housner and Veletsos, which a circular cyloal tank containing liquid
behaves like a cantilever beam without deformatibits cross-section was obsolete.
Instead they considered the shell modal forms deioto generate a refined model.
Emphasis was on the analysis of the fundamentguénecies for the tank-liquid-
system. They compared their results with the ctidesign codes, EC8 and API 650
and proposed that the basic assumptions for cudesitjn provisions were no longer
tenable under the present knowledge of shell thaadyshell design, and, therefore
should be reconsidered.

In 2001, Cho et al. investigated refined numerieahniques for the seismic analysis
as well as the free vibration analysis of liquidrage tanks, including the effects of
the liquid-structure interaction. They also talequid free-surface fluctuation effects
into consideration. This effect is also called klog effect.

Sloshing is a free surface flow problem in a tankiolh is subjected to forced
oscillation. Clarification of the sloshing phenoradsa very important in the design of
the tank. The violent sloshing creates localizeghhimpact loads on the tank roof
and walls which may damage the tank. Jacobsen {1#2t@rmined hydrodynamic
pressures on a cylindrical tank. Graham and Rodrd®952) gave a very thorough

analysis of the impulsive and convective pressir@srectangular container.

The most commonly applied idealization for estimgtiliquid response in
seismically excited rigid, rectangular and cylimdti tanks was formulated by
Housner in 1957. He divided hydrodynamic pressofesontained liquid into two

components: the impulsive pressure caused by th®paof the liquid accelerating
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with the tank and the convective pressure causeabéportion of the liquid sloshing
in the tank.

Kobayashi et al (1989) conducted experimental anradytical study to determine the
liquid natural frequencies and the resultant slésices in horizontal cylindrical
tanks. They presented a study of the liquid slashisponse for small and large

wave heights.

In 1993, Veletsoand Shivakumar investigated the sloshing action of legidiquids
in rigid cylindrical and long rectangular tanks. eTlanalysis was formulated for

systems with N superimposed layers of differentikhéss and densities.

In addition to these investigations, shaking tabks were conducted by Okamoto

(1990) to simulate the two-dimensional liquid sioghbehavior.

The dynamic interaction between an elastic strectund a fluid has been the subject
of intensive investigations in recent years assthey done by Dargush and Banerjee
in 1990.

Veletsos and Tang (1990) made a study of the sffefcsoil-structure interaction on
the response of liquid containing upright circutatindrical tanks subjected to a

horizontal component of ground shaking.

In recent years, alternative seismic strengthernti@chniques, namely seismic
isolation systems have been adopted to liquid geotanks by many investigators.
Malhotra proposed a method for seismic base iswolaif ground-supported vertical
cylindrical tanks in which the base plate was sufgabon a soil bed, and the tank
wall was supported on a ring base, and derivesné&gy-dissipation capacity from
base-plate yielding, soil damping and hysteretltbar damping (Malhotra, 1997a)
After a short time he proposed a similar but newthoeé in which the wall of the
tank was disconnected from the base plate and siggpon a ring of horizontally
flexible bearings where as the base plate was stggpdirectly on the ground. The
gap between the wall and the base plate was clegld flexible membrane, which
prevents the loss of fluid from the tank and allaWws tank to move freely in the
horizontal direction (Malhotra, 1997b).

In 2000, Bachmann and Wenk applied seismic isaolasigstem to a liquid storage
tank supported by short columns. They named thisalitation scheme as



softening. As part of this “softening” approach, B&yh-damping elastomeric
bearings were incorporated into the structuralesyst

Shrimali and Jangid investigated the seismic respaof the liquid storage tanks

isolated by lead-rubber bearings for bi-directioeatthquake excitation (2002).

Many design guidelines and codes have been prepardajuid storage tanks. In
addition to the conventional design standards andeg; The New Zealand
recommendations, AWWA D100 and APl 650 Standarts, geismic design of
cylindrical tanks was discussed by many investigatyeletsos (1984) developed
guidelines for designing of liquid storage tanksalhbtra et al. (2000) provided the
theoretical background of a simplified seismic desprocedure for cylindrical
ground-supported tanks. The procedure takes irdoust impulsive and convective
(sloshing) actions of the liquid in flexible steet concrete tanks fixed to rigid

foundations.

The experimental studies were performed during thesearch project titled
“Evaluation of Seismic Safety of Liquid Storage Kamand Application of Base
Isolation System” (Tubitak Mag Proje 1021054: 1-129UBITAK supported
Research Project Report, Directors: Prof. Dr. Ms&ia Bodur@lu, Researchers:

Timurhan Timur, Dr. Serap Cabuk Timur.

Timur (2010) investigated evaluation of seismic dwebur of base isolated
cylindrical liquid storage tanks. The aim of theperimental study was to better
understand the dynamic characteristics of the dyilial liquid storage tanks and
investigate the efficiency of the ALSC system. Bxperimental studies are divided
into two groups: (i) in-situ ambient vibration tesh Macedonia and Turkey, (ii)
shaking table tests performed in the Dynamic Laooyaof Institute of Earthquake
Engineering and engineering Seismology, IZIIS, $&oMacedonia. Both the time
history analysis of the analytical models and tkgeeimental studies show that tanks
isolated with the ALSC system have almost a constaaction to any type of
excitations, i.e. any frequency content or anynsiky level and significantly reduces

the structure’s acceleration response (Timur, 2010)



1.3 Failure Types and Earthquake Performance of Ligid Storage Tanks

The structural performance of tanks during recemthguakes shows that steel
cylindrical liquid storage tanks are vulnerable damage and collapse. The
complicated deformed configurations of tanks aralititeraction between the fluid
and the structure result in a wide variety of polesfailure mechanisms. The failure
mechanisms that have been observed frequentlhsdod@aws:

1.3.1 Shell buckling

The most commonly observed damage is “elephant’ footkling which is an

outward bulge at the bottom of the tank (Figure.lr2an experimental study (Niwa
and Clough, 1982) it was concluded that this typfaiture mechanism is a result of
combined action of vertical compressive stressesaxking the critical stresses. This
mechanism generally causes piping fracture andimgelilure and as a result loss

of tank contents.

Figure 1.2: Elephant Foot Buckling (Malhotra, 2000).

Another form of shell buckling is “diamond shapeickling (Figure 1.3). This type

of buckling may occur either at the bottom parthad shell which is the case mostly
for the tanks constructed with thin shells suchstsnless steel which is used
commonly for wine storage, or at the top part & thnk which may be occur due to

sloshing of the liquid.



Figure 1.3: Diamond Shape Buckling (Malhotra, 2000).

1.3.2 Roof damages

Roof damages occur generally due to sloshing effiéatnay also occur due to
rocking motion of the tank. The importance of thype of damage is that as a
consequence of it liquid may spill over and thuex¢hwill be a loss in the storage and

even fire may occur depending on the type of theestliquid.

1.3.3 Connecting pipes

As a result of uplifting, rocking motion or buckijrat the bottom of the tank fracture
of the piping and its connections to the tank osclihis generally leads to loss of

the contents and fire.

Considering the above mentioned types of failuréteeture survey is done on the
past earthquake performance of the cylindricaliticgiorage tanks.

Nielsen and Kremidjian (1986) investigated the dgento oil refineries from major
earthquakes. They examined the damage reportseoédithquakes between 1933
and 1983 and gave a list showing the geometricgiepties and failure types of the
tanks. The failure types mostly occurred is eleplf@ot buckling and roof damages.

Alaska, earthquake of 1964 caused more extensiviag to oil storage tanks, most
of which were unanchored, than to other structufdss damage highlighted the
need for a careful analysis of such tanks. Shetiklmg near the bottom of

unanchored tanks was a phenomenon experiencedydhisiearthquake. In a few
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tanks, buckling was followed by a total collapsetlod tank. For most tanks, uplift
occurred typically around the periphery of the téoktom plate, which was lifted as

much as two inches off the supporting foundatioasing yielding and plastic
deformations in the plate (Zeiny, 2000).

Figure 1.4, 1.5 and 1.6 display one tank which akgbhant foot buckling near to
bottom part as a result of 1999 Kocaeli EarthqutKkBUPRAS refinery.

Figure 1.4:Elephant Foot Buckling (TUPRAS, 2013, Personeluret
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In 1982, Niwa and Clough investigated the earthquadsponse behavior and the
buckling mechanism of a tall cylindrical wine stgeatank similar to those damaged
in the 1980 Livermore earthquake. It was reported tmost of damaged tanks were
unanchored and completely full of wine. The elepHant buckling was the most

common damage in broad tanks while tall tanks sedfer diamond shaped buckling

spreading around the circumference.

Figure 1.5: Elephant Foot Buckling (TUPRAS, 2013, Personeluret

The 1983 Coalinga earthquake subjected many unesdthml storage cylindrical
tanks to an intense ground shaking. Damages octtorinese tanks were studied by
Manos and Clough (1985). Manos (1991) also madady ®n the evaluation of the
earthquake performance of wine tanks during 1977 Jsan (Argentina) earthquake.
Observed damages included elephant foot bucklingeofank wall at the base, joint
rupture, top shell buckling, bottom plate ruptwlamage to floating roofs and pipe
connections, and spilling of oil over the top of npaanks. They estimated peak
ground accelerations at various tank sites to rémoge 0.39gto 0.829.

11



Figure 1.6: Elephant Foot Buckling (TUPRAS, 2013, Personelulr&t

Recently, in 1999 Kocaeli earthquake heavy damagerced at the Tlpgaacility
which is located within 5km of the fault. The eaplake caused significant structural
damages to the refinery itself and associated t@mkn with crude oil. The
consequent fire in the refinery and tank farm cdusetensive additional damage
(Figure 1.7). Fire started in one of the Naphthaksacontinued for three days

12



endangering the safety of the whole region. Siksaof varying sizes in the tank
farm were damaged due to ground shaking and figrf€ 1.7). The total damage is
estimated to be around US$350 million (Erdik, 2000)

Figure 1.7:Fire Damaged Tanks in Tupras Refinery (Erdik, 2000)

13



14



2. DYNAMIC BEHAVIOUR OF STEEL CYLINDIRICAL LIQUID
STORAGE TANKS

2.1 Introduction

Knowledge of the free vibration mode shapes andesponding frequencies is

necessary for the seismic evaluation of the ligtiafage tanks (Timur, 2010).

A typical tank consists of a circular cylindricaksl wall that resists the outward
liquid pressure, a thin flat bottom plate that sitsthe ground and prevents the liquid
from leaking out, and a fixed or floating roof th@abtects the contained liquid from

the atmosphere (Timur, 2010).

The tank wall usually consists of several coursesvelded, or riveted thin steel
plates of varying thicknesses. The wall is desigag@ membrane to carry a purely
tensile hoop stress. The roof to shell connectoomarmally designed as a weak
connection so that if the tank is overfilled, theoection will fail before the failure
of the shell to bottom plate connection (Timur, @D1

Shortly, circular cylindrical tanks are efficientriectures with very thin walls;

therefore they are very flexible (Timur, 2010).

Figure 2.1 displays simplified dynamic model foguid storage tank (Malhotra,
2000).

— W~ m-w— ——
H = | h,
h—-_ — WA I |~W—
r i

Figure 2.1: Simplified Dynamic Model for Liquid Storage Tank éihotra, 2000)
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Figure 2.2 displays cylindrical tanks and coordensstem (Haroun, 1983).
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Figure 2.2: Cylindrical Tanks and Coordinate System (Harour33)9

2.2 Types of Vibration Modes

The natural vibration modes of a circular cylindtitank can be classified as the
cod-type modes for which there is a single cosine waladlection in the

circumferential direction, and as the cédype modes for which the deflection of
the shell involves a number of circumferential wavegher than 1. Besides these
circumferential modes, a tank also has axial mdugpes that correspond to a

vertical cantilever beam type modes (Figure 2.8ahd 2.5) (Timur, 2010).

2.2.1 Axial wave numbers

Figure 2.3: Axial Modal Forms (Nachtigall, 2003).
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2.2.2 Circumferential wave numbers

n={ m=1 =2

Figure 2.4: Circumferential Modal Forms (Nachtigall, 2003).

Quiescent Liguid
Free Surface

o —
e

- — =T b=l

Firsl Sloshing Mode Second Sloshing Mode

Figure 2.5: Sloshing Modes of Liquid (Haroun, 1980).

2.3 The Finite Element and the Boundary Solution M#ods

The finite element method provides convenient aelbble idealization of the
system and is particularly effective in digital qomer analyses. However, for some
specific simple problems, the so-called boundatytem technique may be more

economical and simpler to use (Timur, 2010).

Since boundary solution technique involves only Hwndary, a much reduced
number of unknowns can be used as compared witrstdredard finite element
procedure. But it should be noted that the boundatytion technique is limited to
relatively simple homogeneous and linear problemahich suitable trial functions
can be identified (Timur, 2010).

Since each procedure has certain merits and liongtof its own, it may be
advantageous to solve one part of the region usiagooundary solution technique
and the other part by the finite element methodn(iri 2010).
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2.3.1 Equations of motion of the liquid-shell systa

Following assumptions are made for liquid and Far shell:

[EEN

. The liquid is homogeneous, inviscid and incagspible.
2. The flow field is irrotational.

3. Only small amplitude oscillations are to besidared.

4. No sources, sinks or cavities are anywherbarflow field.
5. Shell material is homogeneous, isotropic aneldr elastic.

6. The normal stress perpendicular to the midditase is neglected compared with

the other stresses.

7. A line which is perpendicular to the middlefaae at initial conditions will stay
perpendicular to the same surface after strainrsccu

2.3.2 Idealization of the shell

The first step in the finite element idealizatiohtlbe shell is to divide it into an

appropriate number of ring-shaped elements (Figuée(Haroun, 1983).

—~—1 | :;:;(/ EOGE INode)
/;( RING
- 71 LE “ENF 5_

L*NEL X Lg
! |
-
- W

Figure 2.6: Finite Element Idealization of the Shell (Harouf83).
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2.3.3 Evaluation of the shell stiffness matrix

The elastic properties of the shell are found bgleating the properties of the
individual finite elements and superposing them rappately. Therefore, the
problem of defining the stiffness properties of thieell is reduced basically to

evaluating the stiffness of a typical element (Tin2010).

2.4. Mechanical Multi Degree of Freedom Model of Lquid Storage Tanks

In order to simplify the analysis of cylindricalqiliid storage tanks mechanical
models were introduced by the researchers (Figie Rirst mechanical model was
developed by Housner (1957, 1963). He developadmpéd mass model of a tank
with a two-degrees-of-freedom system to investiga® seismic response.

Rosenblueth and Newmark (1971) modified the exprassuggested by Housner to
estimate convective and impulsive masses to ewaltis design seismic forces.
Epstein (1976) developed design charts to calcsktamic design forces for ground
supported tanks. Haroun (1983) developed desigriscta estimate lumped masses

referred to as convective, impulsive and rigid neass

F 5
¥4 ]
[ F
a* < i
o - A
,.-l': LIJS [;z‘
Fi—wawwv——  m. ArAAAA—L]
I / .
r': I -
:;-’J X f ":_]

Hi
i [+
, [ _zj
| 1 |
H r i I 4
4 o
d
f § A
.J__r_ (7777777777 A7 777 77T v

G(t)

Figure 2.7: Mechanical Model of Liquid Storage Tank (Haroun83p
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2.4.1 Convective component

It has been shown that the coupling between ligglmshing modes and shell
vibrational modes is weak and consequently, thee@tiive dynamic pressure can be
evaluated with reasonable accuracy by considehadank wall to be rigid (Haroun,
1983).

Figure 2.8 displays convective mass (ms) and @gagion (Hs) (Haroun, 1983).

1,84 = 1,84 « H _
wsz = g * tanh <—> (2 1)
R
1,84 « H 292
mg = 0,455*7‘[*pl*R3*tanh (T) ( )
Hg R 092« H (2.3)
B o1 ()« tank (—)
H (1,84 . H) - an R
H./F ST
sk
ﬁf \
=70\ |
|
l e m./m

0.40 0,50 0.80 1.00 1.20 1.40 1.50 1.80 2.00 2.20 2.40 2.80 2.80 3.00 3.20 3.40
HE IGHT-RADIUS RARTIO (M/R)

Figure 2.8: Convective Mass (ms) and Its Elevation (Hs) (Hardig83).
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2.4.2 Impulsive and short period components

To evaluate the equivalent masses mf and mr, ameaasider only the fundamental
natural mode of vibration of the deformable ligdilted shell. The fundamental

natural frequency of the impulsive componesttis given as
O (2.4)

Where E andps are the modulus of elasticity and density of thek wall,
respectively and P is a dimensionless parametgur&i2.9 displays P for different
values of (H/R and h/R)f is for tanks completely filled with water. It shid be
noted that the effect of shell mass on the fundaahdrequency of full tank is
negligible and consequently the natural frequentyf a tank filled with liquid of

densitypl is

o= wopx |(22) (2.5)

Figure 2.9: Frequency Parameter, P (Haroun, 1983).

The remaining parameters (mf/m), (Hf/H), (mr/m) afidr/H) are displayed in
Figures 2.10 through 2.13.
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Figure 2.10:Impulsive Mass Ratios (Haroun, 1983).
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Figure 2.11:Ratio of the Elevation of Impulsive Mass (Harou@83).
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Figure 2.12:Rigid Mass Ratios (Haroun, 1983).
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Figure 2.13:Ratio of the Elevation of Rigid Mass (Haroun, 1983)

The lumped masses in terms of the liquid mass,rengapressed as (Shrimali and
Jangid, 2003)
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me = Yr* m (2.7)
m,=Y.*xm (2.8)
m= mx*R*xH *py, (2.9)

Where Ys, Yfand Yr are the mass ratios, whichaafenction of tank wall thickness

and aspect ratio of the tank. For h/R = 0.004 yHr@us mass ratios are expressed as

Yy = 1,01327 - 0,87578 *S + 0,35708 * S — 0,06692 = S + 0,00439 x S*  (2.10)

Y, = —0,15467 4+ 1,21716 S — 0,62839 * S? + 0,14434 + $3 — 0,0125x S*  (2.11)

Y, = —0,01599 + 0,86356 *S — 0,30941 * S? + 0,04083 * §3 (2.12)

Where S = H/R is the aspect ratio. For the same rati® the dimensionless

frequency parameter P is given as

P =0,037085 + 0,084302 * S — 0,05088 = S? + 0,012523 * §* — 0,0012 « S*  (2.13)
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3. SEISMIC ANALYSIS OF LIQUID STORAGE TANKS BY API- 650

This appendix provides minimum requirements fordasign of welded steel storage
tanks that may be subject to seismic ground mofldrese requirements represent
accepted practice for application to welded stie¢ifottom tanks supported at grade
(API-650, 2009).

The fundamental performance goal for seismic desigrthis appendix is the
protection of life and prevention of catastrophidlapse of the tank. Application of
this Standard does not imply that damage to thie aad related components will not

occur during seismic events (API-650, 2009).

This appendix is based on the allowable stressgde@ASD) methods with the

specific load combinations given herein. Applicatiof load combinations from

other design documents or codes is not recommerahedmay require the design
methods in this appendix be modified to producectpral, realistic solutions. The

methods use an equivalent lateral force analysisapplies equivalent static lateral
forces to a linear mathematical model of the taagell on a rigid wall, fixed based
model (API-650, 2009).

The pseudo-dynamic design procedures containedhignappendix are based on
response spectra analysis methods and considaeesgonse modes of the tank and
its contents impulsive and convective. Dynamic gsialis not required nor included
within the scope of this appendix. The equivaleatedal seismic force and
overturning moment applied to the shell as a resfulhe response of the masses to
lateral ground motion are determined. Provisioresiacluded to assure stability of
the tank shell with respect to overturning andetsist buckling of the tank shell as a

result of longitudinal compression (API-650, 2009).

The design procedures contained in this append based on a 5% damped
response spectra for the impulsive mode and 0.5%pdd spectra for the convective
mode supported at grade with adjustments for gigeific soil characteristics (API-
650, 2009).
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Application to tanks supported on a framework elesaabove grade is beyond the
scope of this appendix. Seismic design of floatmgfs is beyond the scope of this
appendix (API-650, 2009).

Optional design procedures are included for thesicemation of the increased
damping and increase in natural period of vibratioe to soil-structure interaction
for mechanically-anchored tanks (API-650, 2009).

Tanks in SUG Il shall comply with the freeboardjuegements of this appendix
(API-650, 2009).

The tank is located within 10 km (6 miles) of a Wwmoactive fault and the structure
is designed using base isolation or energy digsipatlystems, which are beyond the
scope of this appendix (API-650, 2009).

The performance requirements desired by the owneegulatory body exceed the
goal of this appendix (API-650, 2009).

3.1 Performance Basis
3.1.1 Seismic use group

3.1.1.1 Seismic use group I

SUG Il tanks are those providing necessary semadacilities that are essential for
post-earthquake recovery and essential to theahtkhealth of the public; or, tanks
containing substantial quantities of hazardous tamogs that do not have adequate

control to prevent public exposure (API-650, 2009).

3.1.1.2 Seismic use group I

SUG Il tanks are those storing material that masep® substantial public hazard and
lack secondary controls to prevent public exposarghose tanks providing direct
service to major facilities (API-650, 2009).

3.1.1.3 Seismic use group |

SUG I tanks are those not assigned to SUGs Il @kR1-650, 2009).
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3.2 Structural Period of Vibration

The pseudo-dynamic modal analysis method utilipeithis appendix is based on the
natural period of the structure and contents amelfin this section (API-650,
2009).

3.2.1 Impulsive natural period

Impulsive period of the tank system can be estithéig the following equations
(API-650, 2009).

Figure 3.1 displays coefficients, Ci (API-650).

In Sl units:

o 1 . Ci*H . @ 3.1
1= (5555) T (ﬁ) e
D

In US Customary units:

Tiz( ! )* CixH *<£> (3.2)

27,8 tu VE
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Figure 3.1: Coefficients, Ci (API-650).
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3.2.2 Convective (sloshing) period

The first mode sloshing wave period, in secondsll $fe calculated by the following
equations where Ks is the sloshing period coefiicaefined in last equation (API-
650, 2009).

In Sl units:

T.=18*K, VD (3.3)

In US Customary units:

T. = K, D (3.4)
- 0,578
* \/t - (3,68 x H) (3-5)
an D

Where
D = nominal tank diameter in ft,

Ks = factor obtained from Figure 3.2 for the redi.

Sloshing Factor, K
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Figure 3.2: Sloshing Factor, Ks (API-650).
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3.3 Design Spectral Response Accelerations

Figure 3.3 displays design response spectra famgrsupported liquid storage tanks
(API1-650).

The design response spectrum for ground suppdtédehottom tanks is defined by
the following parameters:

3.3.1 Spectral acceleration coefficients

- Impulsive spectral acceleration parameter, Ai:

I I
A = SD5*<—>=2,5*Q*Fa*SO* (3.6)
Rwi wi
However,
A; = 0,007 (3.7)
And, for seismic site Classes E and F only:
I I
A > 0,5*51*( )= 0,625*SP*( ) (3.8)
Rwi Rwi
- Convective spectral acceleration parameter, Ac:
When, TC<TL
B 1 Iy Ts I
A= Ko Spr ()2 (=) = 250K Qe FeSoe () () < 4 (3.9)
When, TC> TL
Ac= K xSy (%)« (:5) = 255K+ QR so = (B57) « () < 4, (3.10)
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Figure 3.3: Design Response Spectra for Ground Supported Ligtachge Tanks
(API-650).
3.3.2 Site-specific response spectra

When site-specific design methods are specified, sismic parameters shall be
defined by the following equations (API-650, 2009).

-Impulsive spectral acceleration parameter:

I
Ai =2,5%Q * ( ) * Sa0* (3.11)
Rwi
I
Ai =Q*< _)*Sa* (3.12)
Rwi

-Convective spectral acceleration:

I
= * ] 3.13
Ac Q*K*(RWC>*Sa < Ai ( )
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3.4 Seismic Design Factors
3.4.1 Design forces

The equivalent lateral seismic design force shall determined by the general

relationship
Where

A; lateral acceleration coefficient, %g,

Weff; effective weight

3.4.1.1 Response modification factor

The response modification factor for ground supgmhrtiquid storage tanks designed
and detailed to these provisions shall be less tmaggual to the values shown in
Figure 3.4.

Anchorage system R, (impulsive) Ry, (convective)
Self-anchored 35 2
Mechanically-anchored 4 2

Figure 3.4: Response Modification Factors for ASD Methods (AB0).

There are three components to the force reductetorf R: (1) ductility Ry, (2)
damping B, and (3) over-strength(®

R= R, *Rg*R, (3.15)

3.4.1.2 Importance factor

The importance factor (1) is defined by the SUGIi¢8ec Use Group) shown in
Figure 3.5.

Seismic Use Group I
I 1.0
II 1.25

11 1.5

Figure 3.5: Importance Factor (I) and Seismic Use Group Clesdibn (API-650).
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3.5 Design

3.5.1 Design loads

Ground-supported, flat-bottom tanks, storing liguighall be designed to resist the
seismic forces calculated by considering the dffectnass and dynamic liquid
pressures in determining the equivalent lateratderand lateral force distribution.
The seismic base shear shall be defined as theescuat of the sum of the squares
(SRSS) combination of the impulsive and convecto@mnmponents unless the

applicable regulations require direct sum (API-65109).

V = JVi2 + V2 (3.16)
Where

Vi=Ai* (Ws +Wr +Wf + Wi) (3.17)

Ve =Ac*Wc (3.18)

3.5.1.1 Effective weight of product

The effective weights Wi and Wc shall be determirmgd multiplying the total
product weight, Wp, by the ratios Wi/Wp and Wc/Wespectively, the following
equations (API-650, 2009).

When D/H is greater than or equal to 1.333, theatiffe impulsive weight is defined

in the following equation;

tanh (0,866 « %)
W; = D * Wp
0,866 * 77

(3.19)

When D/H is less than 1.333, the effective impuwsiveight is defined in the

following equation;
D
Wi= 11,0— 0,218 * T * Wp (3.20)

The effective convective weight is defined in tb#dwing equation;
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(3.21)

3,67« H
) wo

D
Wce = 0,230 *E* tanh( D

Figure 3.6 displays effective weight of liquid @{API-650).
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Figure 3.6: Effective Weight of Liquid Ratio (API-650).

3.5.1.2 Center of action for effective lateral fores

The moment arm from the base of the tank to théeceri action for the equivalent

lateral forces from the liquid is defined by théldwing equations (API-650, 2009).

The center of action for the impulsive lateral fscfor the tank shell, roof and
appurtenances is assumed to act through the cd@rgeavity of the component (API-
650, 2009). Figure 3.7 displays center of actidnes (API-650).
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Figure 3.7: Center of Action Values (API-650).
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Center of action for ringwall overturning moment

The ringwall moment, Mrw, is the portion of theabbverturning moment that acts
at the base of the tank shell perimeter. This mansensed to determine loads on a
ringwall foundation, the tank anchorage forces, amdheck the longitudinal shell

compression (API-650, 2009).

The heights from the bottom of the tank shell te denter of action of the lateral
seismic forces applied to Wi and Wc, Xi and Xc, nb@ydetermined by multiplying
H by the ratios Xi/H and Xc /H, respectively, olotad for the ratio D/H by using the
following equations (API-650, 2009).

When D/H is greater than or equal to 1.3333, thghteXi is determined by the

following equation.
X; = 0375xH (3.22)

When D/H is less than 1.3333, the height Xi is dateed by the following equation.
D
Xi = [0,5 — 0,094 * E] CH (3.23)

The height Xc is determined by the following eqoati

cosh (3’62* H) -1
3,62* H « sinh (3,62* H)

Xc= |10

«H (3.24)

Center of action for slab overturning moment

The “slab” moment, Ms, is the total overturning n@rhacting across the entire tank
base cross-section. This overturning moment is uweedesign slab and pile cap
foundations (API-650, 2009).

When D/H is greater than or equal to 1.333, theliteKis is determined by the

following equation.

0,866 *%

tanh (0,866 * %)

X;s = 0,375 |1+ 1,333

—1,0 ||« H (3.25)
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When D/H is less than 1.333, the height Xis is aeteed by the following equation.
D
Xis = [0,500 + 0,060 * E] « H (3.26)

The height, Xcs, is determined by the following &iipn.

3,67« H
Xcs = [1,0 — OSh( D ) 1937 « H (3.27)
P36 H h(3,67*H) -
D Sin D

3.5.1.3 Vertical seismic effects

Vertical seismic effects shall be considered infatewing when specified:
-Shell hoop tensile stresses

-Shell-membrane compression

-Anchorage design

-Fixed roof components

-Sliding

-Foundation design

3.5.1.4 Dynamic liquid hoop forces

Dynamic hoop tensile stresses due to the seismitomef the liquid shall be

determined by the following formulas:
For D/H>1.333:

In Sl units:
_ _ Y Y\? D
Ni=848+Ai«G+*D = H * E_O'S*<E) *tanh(0,866*ﬁ> (3.29)

Or, in US Customary units:
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_ _ Y 2% D
Ni=45+Ai%GeDxHx|2—05x(5) | «tanh (0,866 —) (3.30)

For D/H< 1.33 and Y< 0.75D:

In Sl units:

Y Y \?
. . 2 _
Ni=522%Ai %G *D *[0,75*13 05*(0,75*0)] (3.31)

Or, in US Customary units:

For D/H< 1.333 and ¥0.75D:
In Sl units:

Ni = 2,6  Ai * G * D? (3.33)
Or, in US Customary units:

Ni = 1,39 * Ai * G * D? (3.34)

For all proportions of D/H:

In Sl units:
1,85 * Ac * G * D? % cosh [3'68 - L()H — Y)]
Nes (3.35)
h [3,68 * H]
COoS D

Or, in US Customary units:

0,98 * Ac * G * D? * cosh [3,68 *ISH - y)]
Nc = 3.36)
h [3,68 * H]
cos D

When the Purchaser specifies that vertical acaederaeed not be considered (i.e.,
Av = 0), the combined hoop stress shall be defimgdhe following equation. The

36



dynamic hoop tensile stress shall be directly comdbiwith the product hydrostatic

design stress in determining the total stress.

Nh + VNi2 + Nc? (3.37)

t

ol = oh + os =

When vertical acceleration is specified

Nh + /Ni2 + Nc? + (Av * Nh)? (3.38)
t

ol = oh + os =

3.5.1.5 Overturning moment

The seismic overturning moment at the base of am& shell shall be the SRSS
summation of the impulsive and convective companemiltiplied by the respective
moment arms to the center of action of the foraeess otherwise specified (API-
650, 2009).

Ringwall Moment, Mrw:

Mrw = \/[Ai*(Wi*Xi+Ws*Xs+Wr*Xr)]2+ [Ac * (Wc * Xc)]? (3.39)

Slab Moment, Ms:

Ms = J[Ai * (Wi * Xis + Ws x Xs + Wr x Xr)]* + [Ac * (Wc * Xcs)]? (3.40)

3.5.1.6 Soil-structure interaction

If specified by the Purchaser, the effects of stilicture interaction on the effective
damping and period of vibration may be considemdténks in accordance with
ASCE 7 with the following limitations:

-Tanks shall be equipped with a reinforced concritg wall, mat or similar type
foundation supported on grade. Soil structure augon effects for tanks supported
on granular berm or pile type foundation are o@site scope of this appendix.

-The tanks shall be mechanically anchored to tbedation.
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-The value of the base shear and overturning manfamt the impulsive mode
including the effects of soil-structure interactishall not be less than 80% of the

values determined without consideration of soilkstinre interaction.

-The effective damping factor for the structureffdation system shall not exceed
20%.

3.5.2 Resistance to design loads

The allowable stress design (ASD) method is udlize this appendix. Allowable

stresses in structural elements applicable to nooparating conditions may be
increased by 33% when the effects of the desigth@aake are included unless
otherwise specified in this appendix (API-650, 2009

3.5.2.1 Anchorage

Resistance to the design overturning (ringwall) raptrat the base of the shell may

be provided by:

-The weight of the tank shell, weight of roof reanton shell Wrs, and by the weight

of a portion of the tank contents adjacent to tiedldor unanchored tanks.

-Mechanical anchorage devices.

Self-anchored

For self-anchored tanks, a portion of the contemy be used to resist overturning.
The anchorage provided is dependent on the asswitd of a bottom annulus

uplifted by the overturning moment. The resistimp@aus may be a portion of the
tank bottom or a separate butt-welded annular fiihg. overturning resisting force of
the annulus that lifts off the foundation shalldstermined by the following equation

except as noted below:

In Sl units:
wa =99 xta*/Fy+Hx*Ge <201,1%H D * Ge (3.41)
Or, in US Customary units:

wa=79«tax*,/Fy+«HxGe <128+H=*D *Ge (3.42)
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Equation 3.41 and 3.42 (Self-Anchored) for wa aggplivhether or not a thickened
bottom annulus is used. If wa exceeds the limi201.1HDGe, (1.28HDGe) the
value of L shall be set to 0.035D and the valuewaf shall be set equal to
201.1HDGe, (1.28HDGe). A value of L defined as lmttis less than that
determined by the equation found in 3.47 and 3A&(lar Ring Requirements)
may be used. If a reduced value Ls is used, a egdualue of wa shall be used as

determined below:

In SI units:

wa = 5742« H * Ge * L, (3.43)
In US Customary units

wa =36,5% H* Ge * Ly (3.44)

The tank is self-anchored providing the followiranditions are met:
-The resisting force is adequate for tank stabflig., the anchorage ratio<1.54).

-The maximum width of annulus for determining tlesisting force is 3.5% of the

tank diameter.

-The shell compression satisfies 3.5.2.2 (Maximuomditudinal Shell-Membrane

Compression Stress)

-The required annulus plate thickness does noteekdtiee thickness of the bottom

shell course.

-Piping flexibility requirements are satisfied.

Anchorage ratio, J

Figure 3.8 displays anchorage ratio criteria (AB0X

_ Mrw
/= D? % [wt * (1 — 0,4 x Av) + wa — 0,4 * wint] (3.45)
Where
Ws
wt = [ + W‘I"S] (3.46)
m* D
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Anchorage Ratio
J Criteria

No calculated uplift under the design seismic overturning moment. The tank is self-

J=0.785 anchored.

Tank is uplifting, but the tank is stable for the design load providing the shell compres-

J=1. . - . .
0785 <J<1.54 sion requirements are satisfied. Tank is self-anchored.

7> 1.54 Tank is not stable and cannot be self-anchored for the design load. Modify the annular
oo ring if L < 0.035D is not controlling or add mechanical anchorage.

Figure 3.8: Anchorage Ratio Criteria (API-650).

Annular ring requirements

The thickness of the tank bottom plate providedeuride shell may be greater than
or equal to the thickness of the general tank botgate with the following

restrictions.

1. The thickness, ta, corresponding with the fiwal in Equations 3.45 and 3.46
(Anchorage Ratio, J) shall not exceed the firstlstwairse thickness, ts, less the shell

corrosion allowance.

2. Nor shall the thickness, ta, used in Equatiad$ and 3.46 (Anchorage Ratio, J)
exceed the actual thickness of the plate undesliledl less the corrosion allowance

for tank bottom.

3. When the bottom plate under the shell is thickan the remainder of the tank
bottom, the minimum projection, L, of the suppligiicker annular ring inside the
tank wall shall be the greater of 0.45 m (1.5 ftas determined in equation 3.47 and
3.48 (Annular Ring Requirements); however, L needoe greater than 0.035 D:

In Sl units:

L = 0,01723 * ta * /Fy/(H * Ge) (3.47)

Or, in US Customary units:
L =12%0,216 * ta */Fy/(H * Ge) (3.48)

Mechanically-anchored

If the tank configuration is such that the selffam@d requirements cannot be met,

the tank must be anchored with mechanical devigels as anchor bolts or straps.

40



When tanks are anchored, the resisting weight efpitoduct shall not be used to
reduce the calculated uplift load on the anchotse &nchors shall be sized to

provide for at least the following minimum anchagagsistance:

1,273 * Mr
WAB = (—ZW _ wtr(1—04+ Av)) + wint (3.49)
D
Plus the uplift, in N/m (Ibf/ft) of shell circumfence, due to design internal pressure.
Also wind loading need not be considered in comtimnawith seismic loading.

The anchor seismic design load, PAB, is definetthéfollowing equation.

n*D)

Pyp = wyp * ( (3.50)

ny
Where, nA is the number of equally-spaced anchasma the tank circumference.

PAB shall be increased to account for unequal sgaci

When mechanical anchorage is required, the anechbedment or attachment to the
foundation, the anchor attachment assembly anatthehment to the shell shall be
designed for PA. The anchor attachment design I1Bad,shall be the lesser of the
load equal to the minimum specified yield strenghltiplied by the as-built cross-

sectional area of the anchor or three times PAB.

The maximum allowable stress for the anchorages jshill not exceed the following
values for anchors designed for the seismic loadioge or in combination with

other load cases:

-An allowable tensile stress for anchor bolts anaps equal to 80% of the published

minimum vyield stress

-For other parts, 133% of the allowable stressccoedance with Allowable Stresses
Design Method.

-The maximum allowable design stress in the shete@anchor attachment shall be
limited to 170 MPa (25,000 Ibf/in?) with no increasor seismic loading. These
stresses can be used in conjunction with othersldad seismic loading when the
combined loading governs.
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3.5.2.2 Maximum longitudinal shell-membrane compresion stress

Shell compression in self-anchored tanks

The maximum longitudinal shell compression stragh@ bottom of the shell when
there is no calculated uplift, J< 0.785, shall beednined by the formula:

In SI units:
1,273 * Mrw 1
= ’ 3.51
oc (Wt*(1+0,4*Av)+ bE )*1000”5 (3.51)
Or, in US Customary units:
1,273 * Mrw 1
= ’ 3.52
oc <Wt*(1+0,4*Av)+ PP >*12*ts (3.52)

The maximum longitudinal shell compression stragha bottom of the shell when
there is calculated uplift, J> 0.785, shall be dateed by the formula:

In Sl units:

wt * (1+ 0,4 x Av) + wa 1
= _ —
7€ = \0,607 018667 <717 "*)* 1000  ts (3.53)

Or, in US Customary units:

wt*(1+0,4xAv) + wa 1
= - *
7¢= \0607-0,18667 x[J 122 ") " 12%ts (3.54)

Shell compression in mechanically-anchored tanks

The maximum longitudinal shell compression strestha bottom of the shell for

mechanically-anchored tanks shall be determinetthéyormula:

In Sl units:

(3.55)

1,273 * Mrw> 1

Oc = <Wt*(1+0,4*Av)+ B *1000*ts

Or, in US Customary units:
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(3.56)

1,273 * Mrw> 1
£ 3
1

oc = <Wt*(1+0,4*Av)+ B T ts

Allowable longitudinal shell-membrane compressiontsess in tank shell

The maximum longitudinal shell compression streSs1@ust be less than the seismic
allowable stress FC, which is determined by thetahg formulas and includes the

33% increase for ASD (Allowable Stresses DesighgsE formulas for FC, consider
the effect of internal pressure due to the ligudtents.

When G*H*D?/t2 is>44 (S| units) (1BUS Customary units),

In Sl units:

83 *t
E = ) 5 (3.57)
Or, in US Customary units:
10° * tg (3.58)
Fo=—F -
In SI units:
When G*H*D?/t2 is <44:
t
F,=83%x————+475%/(G*H) < 05%F, (3.59)
(2,5%D)
Or, in US Customary units:
When G*H*D/t2 is less than £0
t
F, = 100+ ————+ 600 % /(G * H) < 0,5 Fy, (3.60)

(2,5%D)

3.5.2.3 Foundation

Foundations and footings for mechanically-anchofladtbottom tanks shall be
proportioned to resist peak anchor uplift and duening bearing pressure. Product

and soil load directly over the ring wall and feowti may be used to resist the
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maximum anchor uplift on the foundation, providée tring wall and footing are

designed to carry this eccentric loading.
Product load shall not be used to reduce the arlohdr

When vertical seismic accelerations are applicatble,product loads directly over

the ring wall and footing:

1. When used to resist the maximum anchor uplifthen foundation, the product
pressure shall be multiplied by a factor of (1 4A¥%) and the foundation ring wall
and footing shall be designed to resist the ecieloiads with or without the vertical

seismic accelerations.

2. When used to evaluate the bearing (downward), libee product pressure over the
ring wall shall be multiplied by a factor of (1 +4@&v) and the foundation ring wall
and footing shall be designed to resist the ecieloiads with or without the vertical

seismic accelerations.

The overturning stability ratio for mechanicallyetwored tank system excluding

vertical seismic effects shall be 2.0 or greatetteftned in Equation 3.61.

0,5 %D * [Wp + WfM+ WT +Wfd +Wgl > 20 (3.61)
S

Ring walls for self-anchored flat-bottom tanks $hlaé proportioned to resist
overturning bearing pressure based on the maxinmngitludinal shell compression
force at the base of the shell in Equation 3.6ab$lkand pile caps for self-anchored
tanks shall be designed for the peak loads detewim 3.5.2.2 (Shell Compression
in Self-Anchored Tanks)

1,273 * Mrw> (3.62)

P = (Wt*(1+0,4*Av)+ PE

Figure 3.9 displays overturning bearing pressurthertank (API-650).
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Figure 3.9: Overturning Bearing Pressure on the Tank (API-650).

3.5.2.4 Hoop stresses
The maximum allowable hoop tension membrane stfesshe combination of

hydrostatic product and dynamic membrane hoop &sfigtall be the lesser of:
e The basic allowable membrane in this Standard tha shell plate material

increased by 33%; or,

* 0.9Fy times the joint efficiency where Fy is tlesser of the published minimum

yield strength of the shell material or weld matkri

3.6 Detailing Requirements

3.6.1 Anchorage
Tanks at grade are permitted to be designed witaoncbhorage when they meet the
requirements for self-anchored tanks in this appendhe following special

detailing requirements shall apply to steel tankcima@ical anchors in seismic
regions where SDS> 0.05g.

3.6.1.1 Self-anchored

For tanks in SUG Il and located where SDS= 0.5greater, butt-welded annular

plates shall be required. Annular plates exceetihhgnm (3/8in.) thickness shall be
butt-welded. The weld of the shell to the bottormwar plate shall be checked for

the design uplift load.
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3.6.1.2 Mechanically-anchored

When mechanical-anchorage is required, at leasarstkors shall be provided. The
spacing between anchors shall not exceed 3 m J1Wfien anchor bolts are used,
they shall have a minimum diameter of 25 mm (1, ieXcluding any corrosion

allowance. Carbon steel anchor straps shall be §bvm.) minimum thickness and

have a minimum corrosion allowance of 1.5 mm (I)6bon each surface for a
distance at least 75 mm (3 in.) but not more tham Bm (12 in.) above the surface
of the concrete. Hooked anchor bolts (L- or J-sdHapmbedded bolts) or other
anchorage systems based solely on bond or mechdnateon shall not be used

when seismic design is required by this appendisihstalled anchors may be used
provided that testing validates their ability tosd®p yield load in the anchor under

cyclic loads in cracked concrete and meet the rements of ACI 355.

Figure 3.10 displays mechanically anchored conaeston the tank (API-650).

Figure 3.10:Mechanically Anchored Connections on the Tank (AB0D).

3.6.2 Freeboard

Sloshing of the liquid within the tank or vessehibe considered in determining the
freeboard required above the top capacity liquelleA minimum freeboard shall be
provided per Figure 3.11 and See 3.3.1 (Spectratelecation Coefficients).
Purchaser shall specify whether freeboard is dg&$meSUG | (Seismic Use Group)
tanks. Freeboard is required for SUG Il and SUGalhks. The height of the sloshing
wave above the product design height can be estthiat

6s =0,5+D x Af (3.63)
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For SUG | and I,

When, TC<4
1 Ts
Af=K*SD1*I*<—)=2,5*K*Q*Fa*50*1*(—> (3.64)
Tc Tc
When, TC> 4
4 4%T
Af:K*SDl*I*(—Z)=2,5*K*Q*Fa*50*1*( 25> (3.65)
Tc Tc
For SUG I,
When, TC< TL
Af = K = SD1 (1) 2,5 %K Fa * S0 (TS) (3.66)
= ES X | — | = ES * * * * | — .
f Tc ’ Q*Fa Tc
When, TC>TL
T, Te =T,
AfzK*SDl*(T—CL2>=2,5*K*Q*Fa*SO*<ST*CZL> (3.67)
Value of Spg SUGT SUGTI SUG I
Sps<0.33g (@) (@) 8 (c)
Sps= 033 (a) 0.78, (b) 8, (c)

a. A freeboard of 0.78, is recommended for economic considerations but not required.
b. A freeboard equal to 0.75, is required unless one of the following alternatives are provided:
1. Secondary containment is provided to control the product spill.
2. The roof and tank shell are designed to contain the sloshing liquid.
c. Freeboard equal to the calculated wave height, &, is required unless one of the following alternatives are provided:
1. Secondary containment is provided to control the product spill.
2. The roof and tank shell are designed to contain the sloshing liquid.

Figure 3.11:Minimum Required Freeboard (API1-650).
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3.6.3 Piping flexibility

Figure 3.12 displays design displacements for gigittachments (API-650).

ASD Design
Displacement
Condition mm (in.)
Mechanically-anchored tanks
Upward vertical displacement relative to support or foundation: 25(1)
Downward vertical displacement relative to support or foundation: 13(0.5)
Range of horizontal displacement (radial and tangential) relative to support or foundation: 13(0.5)
Self-anchored tanks
Upward vertical displacement relative to support or foundation:
Anchorage ratio less than or equal to 0.785: 25(1)
Anchorage ratio greater than 0.785: 100 (4)
Downward vertical displacement relative to support or foundation:
For tanks with a ringwall/mat foundation: 13(0.5)
For tanks with a berm foundation: 25(1)
Range of horizontal displacement (radial and tangential) relative to support or foundation 50(2)

Figure 3.12:Design Displacements for Piping Attachments (APD65

3.6.3.1 Method for estimating tank uplift

The maximum uplift at the base of the tank shellafself-anchored tank constructed

to the criteria for annular plates may be approx@udy the following equations

In Sl units:
2
Y = 12,10 * Fy = L (3.68)
tb
Or, in US Customary units:
2
g = YL (3.69)
83300 * th

Where

tb = calculated annular ring t holdown.

3.6.4 Sliding resistance

The transfer of the total lateral shear force betwthe tank and the sub grade shall
be considered. For self-anchored flat-bottom staeks, the overall horizontal

seismic shear force shall be resisted by frictiebween the tank bottom and the
foundation or sub grade. Self-anchored storagestahkll be proportioned such that

the calculated seismic base shear, V, does noedxX¢s:

48



Vs=ux(Ws+Wr+Wf+Wp)* (1,0 - 0,4 * Av) (3.70)

The friction coefficient,u, shall not exceed 0.4. Lower values of the frictio
coefficient should be used if the interface of thwtom to supporting foundation
does not justify the friction value above (e.ggkaletection membrane beneath the

bottom with a lower friction factor, smooth bottanesc.).

No additional lateral anchorage is required for naedcally-anchored steel tanks
designed in accordance with this appendix even ghosmall movements of

approximately 25 mm (1 in.) are possible.

The lateral shear transfer behavior for speciak taanfigurations (e.g., shovel
bottoms, highly crowned tank bottoms, tanks onlagé) can be unique and are
beyond the scope of this appendix.

3.6.5 Local shear transfer

Local transfer of the shear from the roof to thellshnd the shell of the tank into the
base shall be considered. For cylindrical tanks, ghak local tangential shear per
unit length shall be calculated by:

2%V

3.71
p— (3.71)

Vmax =

Tangential shear in flat-bottom steel tanks shallttansferred through the welded
connection to the steel bottom. The shear strefizeinveld shall not exceed 80% of
the weld or base metal yield stress. This transfechanism is deemed acceptable
for steel tanks designed in accordance with theigians and SDS< 1.0g.
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3.7 Modifications in Stress and Thickness

Figure 3.13 and 3.14 display yield strength reduncfactors (AP1-650).

Minimum Specified Yield Strength (Ibf/in.2)

Temperature
P < 45,000 Ibf/in.2 > 45,000 to < 55,000 [bffin 2 > 55,000 Ibffin.2
201 091 0.8 092
300 0.8 0.81 087
400 085 0.75 0.83
500 080 0.70 0.79

Figure 3.13:Yield Strength Reduction Factors (USC), (API-650).

Minimum Specified Yield Strength (MPa)

Temperature

(°C) < 310MPa From = 310 to< 380 MPa =380 MPa
54 0.91 0.88 0.92
150 (.88 0.81 (.87
200 (.85 0.75 (.83
260 0.80 0.70 0.79

Figure 3.14:Yield Strength Reduction Factors (SI), (API-650).
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3.8 Annular Bottom Plates

Figure 3.15 and 3.16 display annular bottom plaitekhesses (tb) (API-650).

Plate Thickness? of First StressP in First Shell Course (Ibf/in.2)
Shell Course (1n.) < 27,000 < 30,000 < 32,000 < 36,000
t20.75 0.236 0.236 Oy 113
0.75<t<1.00 0.236 93 3 M6
L00<t<1.25 0.236 Hffgg lifp gf[h
1.25<t<1.50 6 e M6 16
150 <1< 175 s lfy 3fs 3y

Figure 3.15: Annular Bottom-Plate Thicknesses (tb) (USC), (ABBE

Plate Thickness? of First Stress? in First Shell Course (MPa)
Shell Course (mm) <190 <210 <220 <250
(<19 6 6 7 9
19<¢<25 6 7 10 11
25<1£32 6 ) 12 14
32<r<40 8 1 14 17
40<t<45 9 13 16 19

Figure 3.16: Annular Bottom-Plate Thicknesses (tb) (SI), (APBR5

51



3.9 Shell Design

Figure 3.17 and 3.18 display permissible plate medteand allowable stresses (API-
650).

Minimum Minimum Product Hydrostatic
Plate Plate Thickness 1 Yield Strength Tensile Strength ~ Design Stress S Test Stress S
Specification Grade in. psi psi psi psi
ASTM Specifications

AT C 30,000 55,000 20,000 72,500
A 285 C 30,000 55,000 20,000 2,500
A 31 A,B,CS 34,000 58,000 22,700 24,900
A3 — 36,000 58,000 23,200 24,900
A3l EH 36 51,000 71,0008 28400 30,400
AST3 58 32,000 58,000 21,300 24,000
AST3 65 35,000 65,000 23300 26,300
AST3 70 42,000 70,000 28,000 30,000
ASlo 55 30,000 55,000 20,000 22,500
ASlo 60 32,000 60,000 21,300 24,000
Asl6 65 35,000 65,000 23,300 26,300
Asl6 70 38,000 70,000 25,300 28,500
A 662 B 40,000 65,000 26,000 27.900
A 662 C 43,000 70,0007 28,000 30,000
AT 1 t<2lh) 50,000 70,0007 28,000 30,000
2Mh<i<d 45,000 65,000° 26,000 27,900

A 537 2 t< 21f3 60,000 80,0008 32,000 34,300
2My<r<4 55,000 75,0000 30,000 32,100

A 633 C.D 1<, 50,000 70,0008 28,000 30,000
2y <r<4 46.000 65,0000 26,000 27900

A 678 A 50,000 70,0008 28,000 30,000
AGT8 B 60,000 80,0004 32,000 34,300
AT B 50,000 70,0007 28,000 30,000
A Bl Class 1 50,000 70,0008 28,000 30,000
A4l Class 2 60,000 80,0008 32,000 1300

CSA Specifications
(40.21 38W 38,000 60,000 24,000 25,700
(40.21 BWT 38,000 60,000 24,000 25,700
(40.21 4w 44000 65,000 26,000 27.900
(40.21 MWT 44000 65,000 26,000 27.900
(4021 50W 50,000 65,000 26,000 27.900
(40.21 S0WT 5 21/3 50,000 70,0004 28,000 30,000
21/3 <f<4 46,000 70,0008 28,000 30,000
National Standards

7% 34,000 52,600 20,000 72,500

250 36,000 58,300 22,700 25,000

275 40,000 62,600 24,000 26,800

SO 630

E275 C.D 1<% 39,900 59,500 23,300 25500
gt 38400 59,500 23,800 25,500

E 355 C.D 1< 51,500 71,000° 28,400 30,400
Sle<t<1lh 50,000 71,000 28,400 30,400

1h<t<2 48,600 71,0002 28,400 30400

Figure 3.17:Permissible Plate Materials and Allowable Stre¢s&C), (API-650).
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Minimum Minimum Product Hydrostatic

Plate Plate Thickness 1 Yield Strength Tensile Strength Design Stress 5y Test Stress §;
Specification  Grade mm Mpa Mpa Mpa Mpa
ASTM Specifications
A28M C 205 380 137 154
A 285M C 205 380 137 154
A 13IM AB,C§ 135 400 157 171
A 36M — 250 400 160 171
A 13IM EH 36 360 400° 196 210
ASTIM 400 220 400 147 165
ASTIM 450 240 450 160 180
ASTIM 485 290 485 193 208
A516M 380 205 380 137 154
A 5I6M 415 220 415 147 165
A 516M 450 240 450 160 180
A 5I6M 485 260 485 73 195
A 662M B 275 450 180 193
A 662M C 295 485 194 208
ASIM l 1£65 345 4854 194 208
65<t<100 310 4500 180 193
AS3M 2 1< 65 415 5508 20 36
f5<t< 100 380 5150 206 21
AGM CD 1£65 345 485" 194 208
5<t<100 315 4500 180 193
AGTEM A 345 4858 194 208
AGTEM B 415 5508 20 236
ATIIM B 345 485" 194 208
AB4IM Class 1 345 485 194 208
ABMIM Class 2 415 550 20 236
(CSA Specifications
G402IM 260W 260 410 164 176
(4021M 2600 WT 261 411 165 177
G40.2IM 00w 300 450 180 193
G402IM 300WT 301 451 181 194
G40.2IM 350w 350 450 180 193
G402IM I50WT 1£65 350 4801 192 206
65<t< 100 320 480 192 206
National Standards
235 235 365 137 154
250 250 400 157 171
275 275 430 167 184
150630
E275 CD <16 275 410 164 176
6<r<40 265 410 164 176
E 355 CD t<16 355 490° 19 210
[6<t<40 345 4900 19 210
40<t<50 335 4900 196 210

Figure 3.18:Permissible Plate Materials and Allowable Stre$Sés (API-650).
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4. SEISMIC CALCULATIONS BY API-650

4.1 Weights

Ws = Weight of Shell (Shell Stiffeners and Inswatincluded)
= 146.582 Ibf = 652.289,9 N [1].

Wf = Weight of Floor (Annular Ring Included)

=19.977 Ibf = 88.897,65 N [1].

Wr = Weight of Fixed Roof (Framing, 10% of desigmel load and Insulation
Included)

= 31.738 Ibf = 141.234,1 N [1].

4.2 Seismic Variables

SUG = Seismic Use Group (Importance factor dependSUG)
=3
Site Class = E

Sa0 = 5% damped, design spectral response acaatepstrameter at zero period

based on site-specific procedures
=0, 4 Decimal %g

Sai = 5% damped, site specific MCE response spettthe calculated impulsive
period including site soil effects

=1, 32 Decimal %g

Sac = 5% damped, site specific MCE response spattit@e calculated convective

period including site soil effects

=0, 24 Decimal %g
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Av = Vertical Earthquake Acceleration Coefficient

=0, 55 Decimal %g

Q = Scaling factor from the MCE to design leveldpa accelerations
=1

| = Importance factor defined by Seismic Use Group

=1,5

Rwi = Force reduction factor for the impulsive magkng allowable stress design

methods
=4

Rwc = Force reduction factor for the convective maoding allowable stress design

methods

=2

Ci = Coefficient for impulsive period of tank syst€Figure 4.1)
=7,38

tu = Equivalent uniform thickness of tank system

= 0,453 in = 11,506 mm [1].

Density = Density of Tank Product, SG = 1,009 kgfd8G*62, 4 = 62,962 Ibf/ft3
E = Elastic Modulus of Tank Material

= 28.126.000 Psi = 193.928,770 Mpa

H = Design Liquid Level of Tank

=63 ft = 19,202 m [1].

D = Diameter of Tank

=39, 5 ft = 12,040 m [1].

D/H = Ratio of Tank Diameter to Design Liquid Level

=0,627
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4.3 Structural Period of Vibration

4.3.1 Impulsive natural period

Figure 4.1 displays coefficient Ci (API-650).
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Figure 4.1: Coefficient Ci (API-650).
1 Ci+H
27,8 VE

tu
D

1 7,38 * 63 ( 162,962 )
Ti = < ) * *

27,8 0,453 v28.126.000
39,5
Ti = 0,23 sec
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4.3.2 Convective (sloshing) period

Figure 4.2 displays sloshing factor, Ks (API-650).

Sloshing Factor, K,

1.1
-~
1 —
P
0.9
/.ﬂ‘"
L~
"F'
0.8 /.—"'
L~
0.7 =
L~
—__,.-""
06 s
0.5
0 1 2 3 4 5 6 7 8 9 0 11 12

Figure 4.2: Sloshing Factor, Ks (API-650).

0,578

K =

\/tanh (—3’68D* H)

0,578

tanh (%)

K, = 0,578
T.= K, *VD

T. = 0,578 * /39,5

T. = 3,63 sec
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4.4 Design Spectral Response Accelerations

4.4.1 Spectral acceleration coefficients

Figure 4.3 displays response modification factorsAiSD methods (API-650).

Anchorage system Ry, (impulsive) R, (convective)
Self-anchored 35 2
Mechanically-anchored 4 2

Figure 4.3: Response Modification Factors for ASD Methods (AB0).
Rwi = Force reduction factor for the impulsive maakng allowable stress design
methods
= 4 (For Mechanically Anchored Tanks)

Rwc = Force reduction factor for the convective moding allowable stress design

methods
= 2 (For Mechanically Anchored Tanks)

Figure 4.4 displays importance factor (I) and s&smse group classification (API-
650).

Seismic Use Group I
I 1.0
II 1.25

IT1 1.5

Figure 4.4: Importance Factor (I) and Seismic Use Group Clasgibn (API-650).

SUG = Seismic Use Group (Importance factor dependSUG)
=3

| = Importance factor defined by Seismic Use Group

=1,5

Figure 4.5 displays recommended design spectrum [2]
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Recommended Design Spectrum
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Figure 4.5: Recommended Design Spectrum [2].

The approximate formula for the recommended desigwve (1=1.0) is:

Sa=04+4+T(g9) for0<T <0,24s (4.4)
Sa=1,333(g) for 0,24 <T <0,65s (4.5)
Sa=2167—-1,28%*T (g) for 0,65<T <1,25s (4.6)
Sa=1,02%(0,6/T)%8 (g) for 1,25s < T (4.7)

T0O=0,00sn, S0=0,40g¢g
Ti=0,23sn, Sai=1,32¢g
TA=0,24sn, Sa=1,33¢g
TB=0,65sn, Sbh=1,33¢g
T1=1,00sn, S1=0,89¢g

Tc=3,63sn, Sac=0,24¢g
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- Impulsive spectral acceleration parameter (Ai)

I
Ai = ( )S*
i Q*R,* a

wi

Ai =1+ (E) 1,32
4
Ai = 0,495 decimal %g
- Coefficient to adjust spectral acceleration fro%-0, 5% damping (K)
K=15

- Convective spectral acceleration parameter (Ac)

I
AC=Q*K*( )*Sa*<Ai
Rwc

1,5
Ac=1=%1,5% (7) * 0,24 < Ai = 0,495 decimal %g
Ac = 0,27 decimal %g

4.4.2 Effective weight of product

- Ratio of Tank Diameter to Design Liquid Level H)/
D/H = 0,627

= 0,627 < 1,333

Wp = Total Weight of Tank Contents S.G

= 4.861.964 Ibf = 21.635,740 KN [1].

- Effective Impulsive Portion of the Liquid WeigtWi)
D
Wi= (1,0-0,218 *ﬁ *Wp

Wi= [1,0-0,218 x 0,627] * 4.861.964
Wi = 4.197.402 Ibf = 18.678,439 KN

- Effective Convective (Sloshing) Portion of thejuid Weight (Wc)
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3,67 * H) (4.11)

D
We = 0,230 *E* tanh( D

3,67
Wec = 0,230 % 0,627 * tanh (0 627) * 4.861.964

)

Wc =701.132 Ibf = 3.120,037 KN
Effective Weight Contributing to Seismic Respond&eff)
Weff =Wi+Wc
Weff = 4.898.534 Ibf = 21.798,476 KN
- Roof Load Acting on Shell, including 10% of Lit@ad (Wrs)
Wrs = 31.738 Ibf = 141,234 KN [1].

Figure 4.6 displays effective weight of liquid @{API-650).
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Figure 4.6: Effective Weight of Liquid Ratio (API-650).

4.5 Design Loads

- Design base shear due to impulsive component &ffective weight of tank and

Content (Vi)
Vi=Aix (Ws+Wr+Wf + Wi) (4.12)

Vi = 0,495 * (146.582 + 31.738 + 19.977 + 4.197.402)

Vi =2.175.8711bf = 9.682,626 KN
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- Design base shear due to convective componettieoéffective sloshing weight
(Ve)

Ve =Ac*Wc (4.13)

Ve =0,27 *701.132
Ve =189.306 Ibf = 842,412 KN

Total design base shear (V)

V = Vi2 4 Vc2 (4.14)

V= \/2.175.8712 + 189.3062

V = 2.184.091 Ibf = 9.719,205 KN

4.5.1 Center of action for effective lateral forces

- Height from Bottom to the Shell's Center of GitgniXs)
Xs = 27,218 ft = 8,296 m [1].

-Height from Top of Shell to Roof Center of Grai}CG)
RCG =2, 88 ft = 0,878 m [1].

-Height from Bottom of Shell to Roof Center of Gitsn(Xr)
Xr=h+RCG

=63+2, 88

=65, 88 ft = 20,080 m

4.5.2 Center of action for ring wall overturning manent

- Height to Center of Action of the Lateral Seisnacce related to the Impulsive

Liquid force for Ring wall Moment (Xi)

D/H = 0,627 < 1,333
D
Xi= |0,5—-0,094 g « H (4.15)

Xi = [0,5— 0,094 * 0,627] * 63
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Xi= 27,79 ft=847m

- Height to Center of Action of the Lateral Seisrfocce related to the Convective

Liquid Force for Ring wall Moment (Xc)

cosh (—3'63)* H) -1
3,67D* H « sinh (3,62* H)

(4.16)

Xc= (1,0 * H

cosh(5,8533) — 1

- - * 63
5,8533 = sinh(5,8533)

Xc = [1,0

Xc= 523ft=15941m

Figure 4.7 displays center of action values (APD)65
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Figure 4.7: Center of Action Values (API-650).

4.5.3 Center of action for slab overturning moment

- Height to Center of Action of the Lateral Seismizce related to the Impulsive

Liquid force for the Slab Moment (Xis)

D/H = 0,627 < 1,333
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D
Xis = 0,500 + 0,060 x =1 H (4.17)

Xis = [0,500 + 0,060 = 0,627] * 63
Xis = 33,87 ft = 10,324 m
- Height to Center of Action of the Lateral Seisrfocce related to the Convective
Liquid

Force for the Slab Moment (Xcs)

osh (WT*H) — 1,937
Xcs = 1’0_3,67*H . 367+ H * H (4.18)
ST s (37T
cosh (ﬂ) — 1,937
Xcs =11,0— 0,627 * 63
<=4 ~7367 . h(3,67)
0,627~ S"M\0,627
¥ 10 cosh(5,8533) — 1,937 63
= —_ *
= [*¥ 75,8533 % sinh(5,8533)
Xcs =52,36ft =15,959m
4.5.4 Dynamic liquid hoop forces
G=1,009 (per API-653) (Re-Rate Condition)
D/H=0,627 < 1,333
0, 75*D =0, 75*39, 5 =29,625
Y<0, 75*D
Ni = 2,77 * Ai * G * D? Y 05( Y )2
= * * * * _— *
L=4 : 0,75+0 > "\0,75%D (4.19)
0,98 * Ac * G * D? * cosh [3'68 * l()H — Y)]
Nec = (4.20)
h [3,68 * H]
COoS —D

Product hydrostatic membrane force, N/mm (lbf/in)
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Nh=26+(H—1)*D*G (4.21)

Nh + \/Ni% + Nc? + (Av * Nh)? (4.22)
t

ol = oh + os =
Shell #8,Y=6, 91 ft < 0, 75*D = 0, 75*39, 5 =29,625 ft
Ni = 2,77 = 0,495 * 1,009 * 39,52 6,91 0,5 ( 6,91 )2
= * * * * | —— — * | ———————
b= ’ ’ 2 *1075%395 > *\075%395

Ni = 444,77 Ibf/in = 77,92 N/mm

0,98 * 0,27 * 1,009 * 39,52 * cosh [3,68 *

APEE

(63 — 6,91)]

39,5
Nc =

Nc = 218,826 Ibf /in = 38,34 N/mm
Nh=2,6%(691—-1)*39,5%1,009

Nh = 612,42 Ibf/in = 107,29 N/mm

612,42 + \/444,772 +218,826% + (0,55 * 612,42)?

T = h =
ol'+= oh+ os 0315

oT+= 3.846,73 Ibf/in®> = 26,52 N/mm?>

612,42 — \/444,772 + 218,826 + (0,55 * 612,42)?
0,315

oT—= oh— os =
oT—= 41,59 Ibf/in* = 0,29 N/mm?
Shell #7,Y=14, 78 < 0, 75*D = 0, 75*39, 5 =29,625

, , 14,78 14,78
Ni = 2,77 * 0,495 % 1,009 * 39,5 * ,5 % ( )

— 05—
0,75 % 39,5 0,75 % 39,5

Ni = 808,29 Ibf/in = 141,61 N/mm

0,98 * 0,27 * 1,009 * 39,52 * cosh [

Je

3,68 * (63 — 14,78)]

39,5
Nc =

Nc = 105,127 Ibf /in = 18,42 N/mm

Nh=2,6* (14,78 — 1) * 39,5 * 1,009
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Nh = 1427,94 Ibf /in = 250,17 N/mm

1427,94 + \/808,292 + 105,127% + (0,55 * 1427,94)?
0,315

oT+= oh+ os =

oT+= 8126,44 Ibf/in> = 56,03 N/mm?

1427,94 — \/808,292 + 105,127% + (0,55 * 1427,94)?
0,315

oT—= oh— os =
oT—= 939,84 Ibf/in* = 6,48 N/mm?
Shell #6,Y=22, 65 < 0, 75*D = 0, 75*39, 5 =29,625

, , | 2265 22,65 \?
Ni = 2,77 * 0,495 % 1,009 % 39,5 ,5 % ( )

05—
0,75 % 39,5 0,75% 39,5

Ni = 1.019,47 Ibf /in = 178,61 N/mm

0,98 * 0,27 * 1,009 * 39,52 * cosh [

B

3,68 * (63 — 22,65)]

Ne = 39,5

Nc = 50,521 Ibf/in = 8,85 N/mm
Nh = 2,6 % (22,65 —1) * 39,5 * 1,009

Nh = 2.243,47 Ibf/in = 393,05 N/mm

2243,47 + \/1019,472 + 50,5217 + (0,55 * 2243,47)?

oT+= oh+ os = 0.3936

oT+= 9768,39 Ibf/in> = 67,35 N/mm?

2243,47 — \/1019,472 + 50,5212 + (0,55 * 2243,47)>
0,3936

oT—= oh— os =

oT—= 1.631,35 Ibf/in* = 11,25 N/mm?>
0, 75*D = 0, 75*39, 5 =29,625

Y>0, 75*D

Ni = 1,39 % Ai * G x D? (4.23)
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0,98 * Ac * G * D? % cosh [3,68 *l()]-] - y)]

Ne = (4.24)
€= 3,68 H
cosh [—]
Product hydrostatic membrane force, N/mm (1bf/in)
Nh=26+«(H—-1)*xD=xG (4.25)
Nh + \/Ni% + Nc? + (Av * Nh)? (4.26)

ol = oh + os =

t
Shell #5,Y=30, 52> 0, 75*D = 0, 75*39, 5 =29,625
Ni = 1,39 % 0,495 = 1,009 = 39, 5°

Ni = 1083,19 Ibf/in = 189,77 N/mm

0,98 * 0,27 * 1,009 39,52 % cosh [3'68 * (gg = 30,52)
Ne = " [3 8763
395

Nc = 24,312 Ibf/in = 4,26 N/mm
Nh =2,6% (30,52 — 1) * 39,5 x 1,009

Nh = 3058,99 Ibf/in = 535,93 N/mm

3058,99 + \/1083, 192 + 24,312% + (0,55 = 3058,99)>

oT+= oh+ os = 0.3936

oT+= 12854,47 Ibf/in> = 88,63 N/mm?

3058,99 — \/1083, 192 + 24,312% + (0,55 = 3058,99)>
0,3936

oT—= oh— os =
oT—= 2686,13 Ibf/in2 = 18,52 N/mm2
Shell #4,Y=38, 39> 0, 75*D = 0, 75*39, 5 =29,625
Ni=1,39 * 0,495 * 1,009 * 39, 52

Ni = 1083,19 Ibf/in = 189,77 N/mm
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(63 —38,39)
39,5

0,98 * 0,27 = 1,009 = 39,52 * cosh [3,68 *

368763
cosh | 25> 395

Nc =

Nc = 11,77 Ibf/in = 2,06 N/mm
Nh =2,6% (38,39 —1) % 39,5 * 1,009

Nh = 387451 Ibf/in = 678,80 N/mm

3874,51 + ,/1083,19% + 11,772 + (0,55 * 3874, 51)2
0,4724

oT+= oh+ os =

oT+= 13262,11 Ibf/in®> = 91,44 N /mm?>

3874,51 — ,/1083,19% + 11,772 + (0,55 * 3874, 51)2
0,4724

oT—= oh— o0s =

oT—= 3141,4Ibf/in® = 21,66 N/mm?
Shell #3,Y=46, 26> 0, 75*D = 0, 75*39, 5 =29,625
Ni = 1,39 * 0,495 = 1,009 * 39, 52
Ni =1083,19 Ibf /in = 189,77 N/mm

0,98 * 0,27 * 1,009 * 39,52 * cosh

368763
cosh [ 25522 395

[3,68 « (63 — 46,26)

39,5
Nc = -

Nc = 5,844 Ibf/in = 1,02 N/mm
Nh = 2,6+ (46,26 — 1) * 39,5 * 1,009

Nh = 4690,04 Ibf/in = 821,68 N/mm

4690, 04 + \/1083,192 + 5,844% + (0,55 * 4690,04)?
0,552

oT+= oh+ os =

oT+= 13564,8 Ibf/in* = 93,53 N/mm?>

4690,04 — \/1083,192 + 5,844% + (0,55 * 4690,04)>
0,552

oT—= oh— os =

oT—= 3428,10 Ibf/in* = 23,64 N/mm?>

Shell #2,Y=54, 13> 0, 75*D = 0, 75*39, 5 =29,625
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Ni = 1,39 % 0,495 * 1,009 = 39, 5*

Ni = 1083,19 Ibf/in = 189,77 N/mm

0,98 x 0,27 * 1,009 * 39’52 « cosh [3,68 * (63 - 54,13)

39,5
Nc -

368763
cosh [ 255> 395

Nc = 3,204 Ibf/in = 0,56 N/mm
Nh =2,6+ (54,13 —1)%39,5% 1,009

Nh = 5505,56 Ibf/in = 964,56 N/mm

5505,56 + \/1083, 192 4+ 3,204% + (0,55 % 5505, 56)2
oT+= oh+ os = 0552

oT+= 15799,87 Ibf/in> = 108,94 N/mm?>

5505,56 — \/1083, 192 + 3,204 + (0,55 * 5505, 56)2
oT—= oh — os = 0552

oT—= 4147,81Ibf/in®> = 28,60 N/mm?>

Shell #1,Y=62> 0, 75*D = 0, 75*39, 5 =29,625

Ni = 1,39 % 0,495 * 1,009 * 39, 52

Ni = 1083,19 Ibf/in = 189,77 N/mm

0,98 * 0,27 * 1,009 * 39,52  cosh [3'68 * (63 — 62)

Ne 39,5

368763
cosh | 25> 395

Nc = 2,363 1bf/in = 0,41 N/mm
Nh =2,6*(62—1)*39,5% 1,009

Nh = 6321,08 Ibf/in = 1.107,43 N/mm

6321,08 + \/1083,192 + 2,363% + (0,55 = 6321,08)2
oT+= oh+ os = 063

oT+= 15813,51 Ibf/in? = 109,03 N/mm?>

6321,08 — \/1083,192 + 2,363% + (0,55 = 6321,08)2
oT—= oh— o0s = 063
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oT—= 4253,41Ibf/in* = 29,33 N/mm?>

Table 4.1 and 4.2 display summary of dynamic liquadp forces.

Table 4.1: Summary of Dynamic Liquid Hoop Forces.

#of . Ni Nc Nh SigT+ SigT-
Shells V() Y () ppsy (bfin)  (bfin)  (bfin?)  (Ibfind)
Shell #1 7,875 62 108319 2363 632108 1581351 425341

Shell #2 7,875 54,13 1083,19 3,204 5505,56  15799,87 414781
Shell #3 7,875 46,26 1083.19 5,844 4690.04 13564.,8  3428.10
Shell #4 7,875 38,39  1083.19 11,77 3874,51 1326211 31414
Shell #5 7,875 30,52 1083,19 24312 3058,99 1285447 2686,13
Shell #6 7,875 22,65 1019.47 50,521 224347 9768,39 1631,35
Shell #7 7,875 14,78 808,29 105,127 142754 8126,44 939,84
Shell #8 7,875 6,91 444,77 218,826 612,42 3846,73 41,59

Table 4.2: Summary of Dynamic Liquid Hoop Forces.

7 of Width (m) Y (m) Ni Ne Nh SigT+ SigT-
Shells (N/mm) (N/mm) (N/mm) (N/mm?)  (N/mm?)
Shell #1 2,400 18,898 189,77 0,41 1.107.43 109,03 29,33
Shell #2 2,400 16,499 189,77 0,56 964,560 108,94 28.60
Shell #3 2,400 14,100 189,77 1,02 821.68 93.53 23,04
Shell #4 2,400 11,701 189,77 2,06 678,80 91,44 21,66
Shell #5 2,400 9,302 189,77 4,26 535,93 88,63 18,52
Shell #6 2,400 6,904 178,61 8,85 393,05 67,35 11,25
Shell #7 2,400 4,505 141,61 18,42 250,17 56,03 6,48
Shell #8 2,400 2,106 77,92 38.34 107,29 26,52 0,29

Impulsive component of the seismic load have bedcutated by using API-650.

According to Figure 4.8 and 4.9 which are calculaadong the tank elevation the

effect of the impulsive component increased nednédoottom part of the tank.
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Figure 4.8: Variation of Impulsive Load along to Elevation (Ut Customary
Units).

0 I T I T 1
50 100 150 200 250

) —
5 T~
8 \

E 10 \

v’

-12

14

-16

-18

Ni (N/mm)

Figure 4.9: Variation of Impulsive Load along to Elevation & Units).

Convective component of the seismic load have batlated by using API-650.

According to Figure 4.10 and 4.11 which are calmdaalong the tank elevation the
effect of convective component which is called lashEng effect increased near to
the top part of the tank.
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Figure 4.10:Variation of Convective Load along to Elevation & Customary
Units).
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Figure 4.11:Variation of Convective Load along to Elevation 8hUnits).

Hydrostatic component of the seismic load have leadgulated by using API-650.

According to Figure 4.12 and 4.13 which are calmdaalong the tank elevation the
effect of the hydrostatic component increased ligeslong the depth of the tank.
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Figure 4.12:Variation of Hydrostatic Load along to Elevation (US Customary
Units).
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Figure 4.13:Variation of Hydrostatic Load along to Elevation &I Units).

Maximum stresses have been gained to be combingdisive and convective
component of the seismic load for each tank shéksording to Figure 4.14 and
4.15, the effect of the impulsive component is meféective than convective
component’s effect. Therefore it can lead to elepfaot buckling on the tank shell
after possible earthquake effect.
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Figure 4.14:Variation of Maximum Stress along to Elevation (U8 Customary
Units).

0 T T T T T 1
D 20 40 60 80 100 120

4 \

. N

3 \
N

Y (m)

14 \
16 \
]

SigT+ (N/mm>)

Figure 4.15:Variation of Maximum Stress along to Elevation §huUnits).

Minimum stresses have been gained to be combinguilgme and convective
component of the seismic load for each tank shéksording to Figure 4.16 and
4.17, the effect of the impulsive component is meféective than convective

component’s effect.
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Figure 4.16:Variation of Minimum Stress along to Elevation (s Customary

Units).
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Figure 4.17:Variation of Minimum Stress along to Elevation 8hUnits).

4.5.5 Overturning moment

- Ring wall moment — Portion of the total overtunmimoment that acts at the base of

the tank shell perimeter (Mrw)

Mrw = \/[Ai * (Wi*Xi+Ws=*Xs+Wr=*Xr)]?+ [Ac * (Wc x Xc)]? (4.27)
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Mrw

= J[0,495 * (4.197.402 * 27,79 + 146.582 » 27,218 + 31.738 * 65,88)]* + [0,27 = (701.132 * 52,3)]?

Mrw = 61.551.050 Ibf. ft = 83.485,382 KN.m

- Slab moment (used for slab and pile cap desigs) (

Ms = \/[Ai * (Wi * Xis + Ws * Xs + Wr « Xr)]* + [Ac x (Wc = Xcs)]? (4.28)

Ms

= J[o,495 % (4.197.402 % 33,87 + 146.582 27,218 + 31.738 x 65,88)]% + [0,27 * (701.132 x 52, 36)]?

Ms = 74.048.460 Ibf.ft = 100.436,369 KN.m

4.6 Resistance to Design Loads

4.6.1 Self — anchored
- Minimum yield strength of bottom annulus (Fy)

Fy = 38000 psi = 262,010 MPa  (Material: A-51671B)
wa=79«tax*,/Fy+«HxGe <128+H=*D *Ge (4.29)

- Effective specific gravity including vertical senic effects (Ge)
Ge = S.G*(1-0, 4*Av)

=1,009*(1-0, 4*0, 55)

=0,787

- Force resisting uplift in annular region (wa)

wa = 7,9 % 0,2756 * /38000 * 63 * 0,787 < 1,28 * 63 * 39,5 * 0,787
wa = 2.988 Ibf/ft = 43,624 KN/m < 2.507 Ibf/ft = 36,602 KN/m

It must be reduced to 1, 28*H*D*Ge because thdhéesmax allowable value as per
4.6.1

wa = 2.507 Ibf/ft = 36,602 KN/m
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Ws
mxD

wt = [ + W‘I"S] (4.30)

- Shell and roof weight acting at the base of sfvetl)

Wrs + Ws]

t =
v [ m*xD

31.738 + 146.582]

wt = [ %395

wt = 1.437 Ibf/ft = 20,980 KN/m

- Uplift Load due to design pressure acting at lmdsell (wint)

T * D?
wint = 0,66 % P 144 | —2 (4.31)
T*xD
7 * 39,52
wint = 0,66 * 04267 * 144 ﬁg%

wint = 400,4665 Ibf/ft = 5847 KN/m

4.6.1.1 Annular ring requirements

- Required Annular Ring Width (L)

L=12%0,216 = ta */Fy/(H * Ge) (4.32)

L =12%0,216 % 0,2756 */38000/(63 * 0,787)
L =19,7765 in = 502,323 mm
L = MIN (0,035% D % 12,L)
= MIN (0,035 % 39,5 % 12; 19,7765)
= MIN (16,59; 19,7765)
= 16,59in = 421,386 mm
- Actual Annular Plate Width (Ls)

Ls = 25in = 635,000 mm
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Anchorage ratio

J = Mrw (4.33)
D2« [wt *(1—0,4+Av) + wa — 0,4 * wint]
Ws
wt = [ + WTS] (4.34)
mT*D

According to Figure 4.18, tank is not stable anohod self anchored for design load.

Anchorage Ratio
J Criteria

No calculated uplift under the design seismic overturning moment. The tank is self-

J<0.785 anchored.

Tank is uplifting, but the tank is stable for the design load providing the shell compres-

<
0.785<J<1.54 sion requirements are satisfied. Tank is self-anchored.

Tank is not stable and cannot be self-anchored for the design load. Modify the annular

J>154 ring if L <0.035D is not controlling or add mechanical anchorage.

Figure 4.18:Anchorage Ratio Criteria (API-650).

~ 61.551.050
T 39,52 [1,437 * (1 — 0,4 = 0,55) + 2.507 — 0,4 * 400, 4665]

J

J = 11,3764

4.7 Maximum Longitudinal Shell-Membrane CompressiveStress

4.7.1 Shell compression in self-anchored tanks

wt*(1+0,4xAv) + wa 1
oc = —wa | * (4.35)
0,607 — 0,18667 = [ ] |23 12 * ts

- Thickness of bottom shell course minus C.A (ts1)
Thickness of bottom shell course = 0, 63 in = 1Bntn
C.A = Corrosion Allowance = 0,118 in = 3, 00 mm
tsl1 =0, 63-0,118

ts1 =0,512 in =13, 00 mm

- Maximum Longitudinal shell compression stress) (
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12 ¥ 0,512

(1437 % (1 40,4 % 0,55) + 2.507
7€ = 10,607 —0,18667 [ 11,3764 |23

— 2.507) *

oc = —422psi = —2,910 MPa

4.7.2 Allowable longitudinal shell-membrane compreson stress
- Minimum specified yield strength of shell cou(sey)

Fty = 38000 psi = 262,010 MPa (Material526 Gr 70)
G*H*D?/tsl? = 1,009*63*39, 5%/0, 5122

= 378.343

US Customary units:

When GHD?/t2 is less than %0

ts
Fc = 106*m+ 600 * /(G *xH) < 0,5 * Fty (4.36)

- Allowable Longitudinal Shell — Membrane Compressbtress (Fc)

)

12
Fe= 105+ ————= 4+ 600 % /(1009 * 63) < 0,5 * 38000
¢ *(2,5+395) *V( * 63) *

Fc = 9.969 psi = 68,736 MPa < 19000 psi = 131,005 MPa

Shell Membrane Compressive Stress OK

4.7.3 Hoop stresses
Shell #8

SigT+ = 3846,73 Ibf/inz = 26,52 N/mm? < Sd*1,33353P0*1,333 = 33725 Ibf/inz =
232,53 N/mm?

(Material: A-516 Gr 70)

SigT+ = 3846,73 Ibf/in2 = 26,52 N/mm? < Fy*0, 9*E 38000*0, 9*0, 85 =29070
Ibf/inz = 200, 44 N/mm2  (Material: A-516 Gr)70

Allowable Membrane Stress = 29070 Ibf/in2 = 200 \fthm?2
t-min = 0,1845 in = 4,686 mm OK

Shell #7
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SigT+ = 8126,44 Ibf/in2 = 56,03 N/mm2 < Sd*1,33363P0*1,333 = 33725 Ibf/inz =
232,53 N/mm?2

(Material: A-516 Gr 70)

SigT+ = 8126,44 Ibf/in2 = 56,03 N/mm?2 < Fy*0, 9*E 38000*0, 9*0, 85 =29070
Ibf/inz2 = 200, 44 N/mm?  (Material: A-516 Gr)70

Allowable Membrane Stress = 29070 Ibf/in2 = 200 Nfdhm?2
t-min =0,2465in=6,261 mm OK
Shell #6

SigT+ = 9768,39 Ibf/in2 = 67,35 N/mm2< Sd*1,333 3PH*1,333 = 33725 Ibf/inz =
232,53 N/mm?2

(Material: A-516 Gr 70)

SigT+ = 9768,39 Ibf/inz2 = 67,35 N/mm2< Fy*0, 9*E 38000*0, 9*0, 85 =29070
Ibf/inz = 200, 44 N/mm? (Material: A-516 Gr 70)

Allowable Membrane Stress = 29070 Ibf/in2 = 200 N\fdhm?2
t-min = 0,3061 in = 7,77 mm OK
Shell #5

SigT+ = 12854,47 Ibf/in2 = 88,63 N/mm2< Sd*1,33353P0*1,333 = 33725 Ibf/in2
= 232,53 N/mm?2

(Material: A-516 Gr 70)

SigT+ = 12854, 47 Ibf/inz = 88,63 N/mm?2< Fy*0, 9%38000*0, 9*0,85 =29070
Ibf/inz2 = 200, 44 N/mm? (Material : A-516 Gr 70)

Allowable Membrane Stress = 29070 Ibf/in2 = 200 Nfdhm?2
t-min = 0,3633 in = 9,23 mm OK
Shell #4

SigT+ = 13262,11 Ibf/in2 = 91,44 N/mm2< Sd*1,33353R0*1,333 = 33725 Ibf/in2
= 232,53 N/mm?2

(Material: A-516 Gr 70)
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SigT+ = 13262,11 Ibf/in? = 91,44 N/mm?< Fy*0, 9*E38000*0, 9*0, 85 =29070
Ibf/inz = 200, 44 N/mm? (Material: A-516 Gr 70)

Allowable Membrane Stress = 29070 Ibf/in2 = 200 \fdhm?2
t-min = 0,4202 in = 10,67 mm OK
Shell #3

SigT+ = 13564,8 Ibf/in? = 93,53 N/mm?2< Sd*1,333 3P6*1,333 = 33725 Ibf/in2 =
232,53 N/mm?

(Material: A-516 Gr 70)

SigT+ = 13564, 8 Ibf/in?2 = 93,53 N/mm? < Fy*0, 9%38000*0, 9*0, 85 =29070
Ibf/inz = 200, 44 N/mm? (Material: A-516 Gr 70)

Allowable Membrane Stress = 29070 Ibf/in2 = 200 \fhm?2
t-min =0,4776 in=12,13 mm OK
Shell #2

SigT+ = 15799,87 Ibf/inz = 108,94 N/mm?< Sd*1,3335300*1,333 = 33725 Ibf/in2
= 232,53 N/mm?

(Material: A-516 Gr 70)

SigT+ = 15799,87 Ibf/in? = 108,94 N/mm?2< Fy*0, 9%=38000*0, 9*0, 85 =29070
Ibf/inz 200, 44 N/mm?2 (Material: A-516 Gr 70)

Allowable Membrane Stress = 29070 Ibf/in2 = 200 \fhm?2
t-min = 0,4956 in = 12,59 mm OK
Shell #1

SigT+ = 15813,51 Ibf/inz = 109,03 N/mm?< Sd*1,3335300*1,333 = 33725 Ibf/in2
= 232,53 N/mm?

(Material: A-516 Gr 70)

SigT+ = 15813,51 Ibf/in2 = 109,03 N/mmz2< Fy*0, 9%38000*0, 9*0, 85 =29070
Ibf/inz = 200, 44 N/mm? (Material: A-516 Gr 70)

Allowable Membrane Stress = 29070 Ibf/in2 = 200 N\fthm?2

t-min = 0,5934 in = 15,07 mm OK
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Table 4.3 and 4.4 display summary of hoop stresses.

Table 4.3: Summary of Hoop Stresses.

Allowable
SigT+ Sd*1,333 Fy*0,9*E t-Min
# of Shells Membrane Control
(Ibf/in?)  (Ibf/in®)  (Ibf/in?) (in)
Stress (Ibf/in?)
Shell #1  15813.51 33725 29070 29070 0,5934 Yes
Shell #2  15799.87 33725 29070 29070 0,4956 Yes
Shell #3 13564,8 33725 29070 29070 0,4776 Yes
Shell #4  13262,11 33725 29070 29070 0,4202 Yes
Shell #5 1285447 33725 29070 29070 0,3633 Yes
Shell #6  9768.39 33725 29070 29070 0,3061 Yes
Shell #7 8126.,44 33725 29070 29070 0,2465 Yes
Shell #8  3846,73 33725 29070 29070 0,1845 Yes
Table 4.4:Summary of Hoop Stresses.
Allowable
SigT+  Sd*1,333 Fy*0,9*E t-Min
# of Shells Membrane Stress Control
(N/mm?) (N/mm?) (N/mm?) (mm)
(N/mm?)

Shell #1 109,03 232,53 20044 20044 15,07 Yes
Shell #2 108,94 232,53 200,44 20044 12,59 Yes
Shell #3 93,53 232,53 200,44 200,44 12,13 Yes
Shell #4 91.44 232,53 200,44 200,44 10,67 Yes
Shell #5 88.63 232,53 200,44 200,44 9,23 Yes
Shell #6 67,35 232,53 200.44 200.44 7.77 Yes
Shell#7 56,03 232,53 200,44 200,44 6,26 Yes
Shell #8 26,52 232,53 200,44 200,44 4,69 Yes

4.7.4 Mechanically anchored

Number of Anchors =52

Max Spacing = 10 ft = 3,048 m

Actual Spacing =2, 39 ft =0,728 m

83



Minimum # of anchors = 12

- Design Uplift Load on Anchors per unit circumfetial length (wab)

1,273 « Mrw
WAB = (T — wt*(1—0,4%* Av)) + wint (4.37)

1,273 *61.551.050
WAB = (

— 95 — 1437+ (1—0,4 % 0,55)) + 400,4665

wAB = 49.499Ibf/ft = 722,672 KN/m

(4.38)

n*D)

P = W * (
AB AB ny

- Anchor Seismic Design Load (Pab)

T * 39,5

Pyz = 118.125Ibf = 525,656 KN
- Anchorage chair design load (Pa)
Py= 3*Pyp
P, = 3+118.125

P, = 354.3751Ibf = 1.576,969 KN

4.7.5 Shell compression in mechanically-anchoredrias

US Customary units:

1,273 * Mrw> i : 1 (4.39)

O'C=<Wt*(1+0,4*AU)+ B T ts

- Maximum Longitudinal shell compression stress) (

1,273 * 61.551.050) 1

= (1,437 % (1 + 0,4 % 0,55
9c ( *(1+04%055)+ 39,52 *12+0512

oc = 8459 psi = 58,325 MPa
G*H*D?/tsl? = 1,009*63*39, 5%/0, 5122

=378.343
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US Customary units:

When GHD?/t2 is less than &0

ts (4.40)
52106*m+600* (G*H)< O,S*Fty

- Allowable Longitudinal Shell - Membrane Compressstress (Fc)

Fo= 105« —2212 L 600 J(1,009  63) < 0,5 * 38.000
= — * * * 38.
¢ (2,5 % 39,5) ’ ’

Fo= 108 s — 2212 L 600« /(1,009 7 63) < 19.000 psi
= * — * * .
¢ (2,5 * 39,5) ’ pst

F. = 9.969 psi = 68,736 MPa < 19.000 psi = 131,005 MPa

4.8 Detailing Requirements

4.8.1 Anchorage

According to specification two different conditicould be possible.

4.8.1.1 Self anchored

Tank can not be designed without anchor bolts.

4.8.1.2 Mechanically anchored

Calculated number of anchor bolts are enough fut.ta

4.9 Piping Flexibility

4.9.1 Estimating tank uplift

- Estimated uplift displacement for self- anchotaak (yu)
Annular Plate:  (Material: A-516 Gr 70)

Fy = 38000 psi = 262,010 MPa

Fy = L*

Yu = 83300 = th (4.41)

38.000 * 1,3825%
83300 % 0,2736

Yu =
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yu = 3,1868 in = 80,94 mm

4.10 Sliding Resistance

u =0, 4 (Friction Coefficient)
V =2.184.091 Ibf = 9.719,205 KN

- Resistance to sliding (Vs)
Vs=ux(Ws+Wr+Wf+Wp)* (1,0 —0,4 x Av) (4.42)

Vs = 0,4 % (146.582 + 31.738 + 19.977 + 4.861.964) = (1,0 — 0,4 * 0,55)

Vs = 1.578.801Ibf = 7.025,664 KN

4.11 Local Shear Transfer

2%V

Vmax = p— (4.43)
Vs = 2 x2.184.091
T*39,5
Vmax = 35.201 Ibf/ft = 513,925 KN/m
4.12 Freeboard-Sloshing
Figure 4.19 displays minimum required freeboard|{850).
TL, Sloshing = 4 sec
Tc =3, 63 sec
K=1,5
Sd1=0, 89 g
For SUG I,
When, TC<TL
Af=1<*501*<i)=2,5*K*Q*Fa*50*(5) (4.44)
Tc Tc
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Value of Spg SUGI SUGII SUG I

Sps<033g (a) (@) 8 (c)
Sps=0.33g (a) 0.78, (b) 8 (c)

a. A freeboard of 0.78; is recommended for economic considerations but not required.
b. A freeboard equal to 0.7, is required unless one of the following alternatives are provided:
1. Secondary containment is provided to control the product spill.
2. The roof and tank shell are designed to contain the sloshing liquid.
c. Freeboard equal to the calculated wave height, ,, is required unless one of the following alternatives are provided:
1. Secondary containment is provided to control the product spill.
2. The roof and tank shell are designed to contain the sloshing liquid.

Figure 4.19:Minimum Required Freeboard (API1-650).

1
Af=K*SD1*<F>

c

Af =1,5%0,89 * (3,63)

Af = 0,368

ds = Height of sloshing wave above maxjuid level
6s =05*D x Af (3.45)

6s =0,5%39,5%0,368

0s = 7,268ft = 2,215m
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5. CONCLUSIONS

Liquid storage tanks have always been an impottakin the distribution of water,
chemical and refined petroleum products. The seiggerformance of these tanks
has been a matter of special importance, beyonddbeomic value of the structure,

due to the requirement to remain functional afteragor earthquake event.

Water supply is essential immediately following tdestive earthquakes, not only to

cope with possible subsequent fires, but also tadaoutbreaks of disease.

Another reason is the potential danger associatttdtiae failure of tanks containing
highly inflammable products, which can lead to estee uncontrolled fire, while
possible spillage of such contents might causenskte environmental damage and

affect populated areas.

The scope of the thesis is to investigate the geidesign principles of steel liquid

storage tanks with API-650 specification.

A comprehensive review and application of the saigmart of API-650 have been

presented with detailed numerical study.

Impulsive and convective component of the seismad|have been calculated by
using API-650. According to graphics which are gldted along the tank elevation
the effect of the impulsive component increased teéhe bottom part of the tank
and the effect of convective component which isedahs sloshing effect increased
near to the top part of the tank. After maximunesses have been gained to be
combined impulsive and convective component of dbismic load for each tank
shells. According to graphics results, the effddhe impulsive component is more
effective than convective component’s effect. Tfaee it can lead to elephant foot

buckling on the tank shell after possible earthguefikect.

Elephant foot buckling has small amplitude. Iteslized under the critical buckling
load. It has a non-elastic characteristic. In tlvené of a possible failure, first
material of the shell can start to yield. Therefatamage can be occurred in the

structure before failure. Failure can be carrietlater. In this way, possible failure
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can have a ductile character. This failure form bandesirable for the earthquake
resistant structure design. In this scope, whitacstire is taking damage, seismic

energy can be absorbed.

Also all of the specification controls have beewoved inside of the API-650’s

seismic part.
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