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ABSTRACT
Article info: Background: Aboveground cylindrical steel storage tanks are widely used for

storing water, petroleum products, and other essential liquids, making them key
Article History: components of industrial infrastructure. Because these structures are highly
Received: 22 November 2025 susceptible to seismic loading, their damage or failure during earthquakes can
Revised: 18 January 2026 result in significant economic and environmental consequences. Therefore,
Accepted: 20 January 2026 understanding their dynamic behavior is crucial for ensuring their safe and reliable
Published: 4 April 2026 performance. In this context, the present study examines the effects of different soil

conditions on the vibration characteristics, natural frequencies, and effective
modal mass participation of fluid-filled steel storage tanks.

Methods: In this study, the results of free-vibration analysis of anchored steel
cylindrical tanks are investigated using the finite element method while accounting
for fluid-structure-soil interaction. The full-scale steel tanks were designed
according to the seismic design provisions of the API 650 standard. The steel tank
diameter is 30 meters, and the height-to-diameter ratios (H/D) for the broad and
slender tanks are 0.4 and 0.8, respectively. In the finite element models, three soil
mediums with appropriate dimensions, representing hard, medium, and soft soil
layers, were considered.

Results: The natural frequencies, mode shapes, modal mass participation factors,
and hydrodynamic pressure distributions of the impulsive mode were calculated
using the free-vibration response of tanks with and without soil-structure

interaction.
Keywords: Conclusion: The results indicate that considering soil-structure interaction has a
Steel Tank greater influence on the free-vibration response of slender tanks compared to
Soil-Structure Interaction broad tanks. When soil-structure interaction is included, the modal mass
Free Vibration participation factor of the slender tank with a flexible foundation decreases by 33%
Finite Element Analysi compared to the fixed-base support condition. Softening of the soil beneath the
Hydrodynamic Pressure tank leads to a significant reduction in the hydrodynamic pressure acting on the

shell of the slender tank in comparison with the broad tank. In the slender tank, soil
softening causes a notable change in the hydrodynamic pressure distribution.
Accounting for soil-structure interaction in broad tanks reduces the amplitude of
the modal shape function in the mid-height region of the tank shell, whereas its
effect on the slender tank is negligible.
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Introduction

ue to the critical role of steel
storage tanks in various
industries, their stability and
structural integrity are of
great  importance  from
economic, environmental, and
safety perspectives. Previous
studies have identified three
principal categories of free-vibration modes
in anchored cylindrical storage tanks. The
first category is  associated  with
circumferential shell vibration modes,
described by the harmonic function cos(n8),
which generate wave patterns around the
tank perimeter. The second category
comprises axial vibration modes
characterized by deformation shapes
analogous to those of a cantilever beam.
These modes are defined by the number of
axial half-waves, represented by the
parameter m. The third category
corresponds to fluid sloshing modes, which
are associated with oscillations of the liquid
free surface and are classified according to
their distinct free-surface wave
configurations. Limited studies have
simultaneously investigated the effects of
fluid-structure-soil interaction in cylindrical
steel tanks, and most existing research has
primarily focused on the buckling behavior
and seismic response of tanks under
earthquake loading without considering soil
effects. In this study, the free-vibration
behavior of anchored cylindrical steel tanks
is investigated using the finite element
method while accounting for fluid-
structure-soil interaction. The objective is to
evaluate the influence of different soil
conditions on the dynamic characteristics,
natural frequencies, and effective modal
mass participation factors of aboveground
steel storage tanks.

Methods

The contained fluid was assumed to be
incompressible, and the soil medium was
modeled as a massless foundation. Full-scale
steel tanks were designed in accordance with
the seismic design provisions of the API 650
standard. The tank diameter was 30 m, while
the height-to-diameter (H/D) ratios of the
broad and slender tanks were 0.40 and 0.80,
respectively. For all models, the tank was
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assumed to be filled with water up to 90% of
its total height. The tank shell was designed
in accordance with the seismic design
provisions of API 650 for design basis
ground acceleration of 0.35g. The steel
material was assumed to have a density of
7800 kg/m3, an elastic modulus of 200 GPa,
and a Poisson's ratio of 0.30. For modeling
simplicity and consistency with previous
studies, the tank bottom plate was assumed
to be rigid and fully bonded to the underlying
soil without uplift or separation, since the
tank was anchored. In the finite element
models, three soil mediums with appropriate
dimensions, representing hard, medium, and
soft soil layers, were considered. In this
study, the finite element modeling and
analyses were performed using ANSYS
software. The tank shell and bottom plate
were modeled using the four-node shell
elements. Since a modal analysis was
conducted, the tank material was assumed to
exhibit linear elastic behavior. The contained
liquid was represented by the three-
dimensional acoustic elements, consisting of
eight nodes with one pressure degree of
freedom at each node. The surrounding soil
domain was modeled using the three-
dimensional solid elements, which is defined
by eight nodes and three translational
degrees of freedom per node. The natural
frequencies, mode shapes, modal mass
participation factors, and hydrodynamic
pressure distributions associated with the
impulsive mode were evaluated and used as
criteria for comparing the free-vibration
response of tanks with and without soil-
structure interaction.

Results

Model validation and sensitivity analyses
were conducted to assess the accuracy of the
finite element model and to verify the
robustness of the numerical results. A
comparison of the natural vibration periods
obtained from the present numerical model
with those reported in previous studies and
predicted by code-based equations is
presented The results indicate a satisfactory
agreement  between the  numerical
predictions and the corresponding reference
values. The results indicate that soil-
structure interaction has a more pronounced
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effect on the free-vibration response of
slender tanks than on broad tanks. In the
most critical case, when soil-structure
interaction was considered, the modal mass
participation factor of the slender tank
resting on soft soil decreased by 33%
compared with the fixed-base condition. Soil
softening beneath the tank resulted in a
significant reduction in the hydrodynamic
pressure acting on the shell of the slender
tank compared with the broad tank.
Furthermore, the hydrodynamic pressure
distribution in the slender tank changed
considerably as the supporting soil became
softer. Considering soil-structure
interaction in broad tanks reduced the
amplitude of the mode shape function in the
mid-height region of the tank shell, whereas
its influence on the slender tank was
negligible.

Conclusion

The obtained results demonstrate that a
reduction in soil stiffness leads to a decrease
in the natural vibration frequency of the
system and, consequently, an increase in its
natural vibration period. The hydrodynamic
pressure distribution in the broad tank was
not significantly affected by changes in the
supporting soil conditions. However, in the
slender tank, soil softening caused
substantial changes in the hydrodynamic
pressure distribution along the tank wall.
Therefore, the use of hydrodynamic pressure
distributions derived under the assumption
of a rigid tank wall may not be appropriate
for nonlinear static analyses of slender steel
tanks.

Declaration of Generative Al and
Al-assisted Technologies in the
Writing Process

The authors declare that no generative Al or
Al-assisted technologies were employed in
the writing and preparation of this
manuscript.

Ethical Consideration

Compliance with ethical guidelines

The author declares that this study is an original
research work. All sources, data, software, and
methods used are properly cited and referenced. No

data fabrication or falsification has occurred, and
the research adheres to all academic integrity
guidelines and ethical publishing practices.

Funding

The authors received no financial support for the
research, authorship, and/or publication of this
article. No specific grants or funding were provided
by any agency in the public, commercial, or not-for-
profit sectors.

Author’s contributions

First Author: Investigating, Methodology,
Conceptualization, data analyzing and editing
original manuscript.

Second Author: Investigating, Methodology,
numerical modeling, writing original draft
preparation manuscript.

Third Author: Design and supervision on
investigation, reviewing and acknowledging the
results.

Conflicts of interest

The authors declare that there are no conflicts of
interest regarding the publication of this paper.

43

Volume 20, Issue 53



— AR B ——

AUSSBY LY

E R
AUBSY; Ly

(\Z'O)LE>OV=)L«:«‘Y' 09
08—-8) Sloeis

www.journalisss.ir 14, &5 Culwe s

SOY 98 (3§60 13T Yilad y) 3 SB—0 jlu— Jlow S 0! 1 gous axdliae

PPy o3y 2L ¢ TS b U Slor derwdosus

s (Mows e 3 gal S e ¢ pwilige 0SS (Lskiul =)

O oy s oSS Ol jas pilige odSEls (il ol )18 axt gl 25l -

O, iy b smo NS Olyos pwdige ISCA PR Co e o

- Steel and Structure, 20(51), Article e246870.

by }' doi 10.22034/jss5.2026.580905.1034
T

@ Citation: Sobhan, S.M.S., Khaki, T., and Rahimzadeh Rafouei, F. (2026), "Numerical study on
l:ﬁ':i the effect of fluid-structure-soil interaction on the free vibration of steel tanks", Journal of

oS>

5t Vo sl 5 0 o (il 3 (6l Sl slaesla Sl imadas 3V Db 1 RR % K
3495 A 53 03kl il 4 s Ll s a5 s Shes ol 3 ege JHE
Wl 5 1 (8o el 31 0T (St S35 syl 5 oo aOT 5 b i 51 A (slaaly
S5l reb Sl b 2l sla Sy Sb e Ll ) Sl sy ol s

ol Jlows S5l 5V O3le e 0

Oy 3 eslinal b ol slee sladlgrd (358 03la slT il bos b Rasn cal 3 iR R
Syt O 0300 dhw ool 0 ooy S—ojlum b SESSU 58 8 Bi5s b s gl
Jz.nj.,;)\uLu\,,j@s\};LU.\);6;\1}5;};uu.g;,du,\.zu,z;mo},\{oiﬁj;sukw,ﬁjiuvsg
Open a3 a4y plii ) Cond 5 0 W0 (63958 O3be a3 o 1 b APT650 31kl (glo3 ) o~ b
S b Sb 65 55 e 2 9dom (5l (gladile 3 sl /A 5 2/l o (/D) i e 5 o o

.wlnua;#ﬁv,b};ﬂg}wéuw&uWL;A

Sl 250 Sl pdon i w5 5 o se oa e S8l g o dange IS aeb (gla S 5 iy
olam S 1S, 8 8 Ja s Osdy 5 b Obe ST Bl Gy flie gl olaslne Olsiees Db
sl s dasles

i O3le 33T 3l el 55t U Simeile GRS 8 S iy oS 3l 0L gl g S A
Al O e Sl oo (Sbi—oile [uS G Osseibsmle js 55l 2 o O3be b anslie s
O i ol 4Bl 2 o3 YT (Sl SES 500 05) Colb oSS Sl 4 i 3 S (55
oo e banalie s il O S gy p o))y sl pden JLES o gums 285 4 2ie U35 5 S
s e 5B S Sl soden JLAS w55 O e ) SBE OB S L iy O s el 0

e Sledb|

e dilu

VErg sle )31 tcdlys &b
Verd oo (g5 YA 5)§-'.)l-‘ 'CUU

Vert oo o3 ¥ i b ad 'cul.?
VE0 ol ()55 10 LS G0

(sAds 083
3V O e
Sl 28,4l
sIT sl

sgdoea glpl o
Saliysgoden LIS

ssobhan@mailir :J st ot 5 ozl 531 *

e ol (8l smn el el HIAST5 Ol 53V 58 laosle ezl Sl Lasl 4 OF HLES G g 5 ol B giimes (U)o 55 (51 Wi ol 25 G s
Solecs & 5] ot ledbl (gl ik . Creative Commons Attribution 4.0 (CC-BY-NC 4.0) MJlopy 5o Lail 3 5 5153 @l: BY NC

https://www.creativecommons.org/licenses/by-nc/4.0 /legalcode .auls 5 ax> 0 b 45 50

rr

Pgw g dlxiy ojladd (@i 9)90



https://www.creativecommons.org/licenses/by-nc/4.0/legalcode
mailto:ssobhan@mail.ir
http://www.journalisss.ir/
https://www.journalisss.ir/
http://orcid.org/0000-0002-0117-0699
http://orcid.org/0009-0009-9144-1621
http://orcid.org/0000-0002-3308-1498

§oVgd jlixo ol Linle)l s S —ojlus—Jlow ixiS)ail 5l g0 uc dsllao

Wl 8,53 O3 (Salon S, L Lad o Al Slids o
Lol 5T 0ls Alge 55 4 O (Saluzgsden 2l
L obo Jol e a5 58 0l Jisle 5 A s * aloDS
313 IS L3 Oy geay L, O sl &Sl (58
Sy ole 53 SN s iomen [0] ol gy 5 LB
Loadlse 53 cnl (b 550 5 SLyb 55 b S5
sp0 S Jpn w2 8 B s s Sl e S pen Ol
2l os ol el mal Sl 3 1 g op SN Sl
A e O3l (Saals Sl 5550 53 eddelnl gl iy
S Aoy (SLad sa Lol (Seas ( (B S o LS O 3e )3 S
[ sl S8 50 0 5 e J S 350 Sy o
O3 ol 33T sl ) gl ilies (6350 Sl IS ol ol
P ol (slasge &8 5l 0L b ol s sty
sl s b oy Loyl ces Jomes oo 3¥8 Obies sl
glsel de Sl eslinal b bl 5 diaed J S 58 o gty eS|
g 3 SN oS Wisd ) €08 (0) &) oty gl
ol slgs (g1l gl O3l 33T bl glasgo ol el
ol g5 (V) U8y a5 b lilodd ey g5 L 53
lsel S 4 oS wxes cos (00) oy o L33l slas e
IS O fB ) sses 5 ame slly 5o S e sle
Lo e gli) slinly 5o palal Slasse oo & 5 Lisd o
Slaz s b aS dtas J S 15 S0 i alin s, 25
g5 () IS0 a5 L lsd e patlem bl b (5 e
S dnes O 0550 b WO L Slag Glas e cp s
il Jow ST o 2lpel e gla S & pony

Lyl

m=1 m=2 m=3 n=0 n=1 n=2 n=3

[Vj‘\]d)ﬁ;ﬂkﬂjé)}?:ﬂ&l&i)\éhé}ﬂp—vp

3 Impulsive
4 Convective
5 Sloshing

¢ Housner

o

dods —
Sloslo 3 Shas iz wlbio 53 O3l g Ak 4 ax 57 L
(ol slaaiar 5l s Gl IS0 il s Lol ks
o el Doy 5 VU el Sl fal 5 eeens
Ll S8 oS sl 0L w8 sl 5 s baosla ol Ll
ssd eV gl gl O3l conl G Llge e
b Sl B Gl e babonl (s s &
sl W3ss s L) Sl s b b3 O3be sles )
35 g s s S 2 il gl [V] W
olS bald Viems ol okd sdalie oddjlgs O3l
Dl li! s gy Sy NP ks Ly Sl
| -EICIPN S URUOV JS POV K P SO RN (PR IRV T Bt
dozl Ll el gladyd sy Selussdn
4S ol O30 B gy 25LeS (93Y 5 O3ls 3 s sl
erg;l"jb LS L Sl (BLS e 55w
Ll alie gla el )l s (63Y 58 O3le an gy 23LeS LAas o
¢ s Sles e Libe) (G50l b (eds Olasiiae
Gk g5 s ki ey pllas SO ol (it
LS () S a5 L Y] a0l (S ate s s s
53 (Sibys b s din gy o sel b Y palall (ELS L SaY)
S L St 52 5 Ll ol ol o 4y 51 bl
Oypn o84S @V &b s Sy (Sl & pon J3L
O s SV el 42 15 o 0y ol 355 o otalie

[V]J)Jdaufuiﬂiw" C)ﬁ%yjoﬁ

Sl Jsls (Ll ) s

[£] O B gy IS5 miled] (5LS (0

! Diamond-Shaped Buckling
2 Elephant Foot Buckling

P94 g dlexi ojlaus qmius 0y90




=299 00ljpusy USLS (Sl db iyl Juewdazo

S g o Asloes 5 o e (Sl o (gl (5,180
DY et sldd Gl b len O3l

O (Sl (HLS 5 sloy ) mul OLSes 5 Ol
S slas sams o )l § 555 a2l (659 58
el Saliys oot 5 ezl L 305 w36 5 A1 claadl o
D11 8] 5wl 05 5LL Ll Sl il

L sl szl 62Y 58 O5le (glo ) s (S 5 elidle
o A5 B A e Cod el les b s el ke s
OE S 313 OLES LOT Gl il s S aglie SO L
o iS5l O b alio 3 0l jlge O e 555515 S 5wl
5ol Ol iy el a8l S oy YU A e
DVT e 5t dbw Sl yo o Ol

3 o3l lJlw SRS, Olejan (63 sdme Dlids o
oo el edd e lailsial (@3Y 5 O3l jy S
SO () o3 Sl 3 s se el e S e 5 LB
selhatl ke Glassle ple s iolasle 53 o5le 5 S
Il 31 @3V 58 Obre Saliys Sl & Lo 5 )0
[=VE] C?lf’ 03 ol gla Tagn e LIS el
GOl o O3l (sles ) el 5 LS LB, buas
Gl oS I3 ez g S aze S 3 S Laiys Ol Y5
2 S o Bl S e n ol ey Lol
For e S5l 5 b Gl S Al sla S
el s g5l 63V 58 O3l

ST ST RTIS PSR
55 53V Oslbe s o3l 5 Sk xS, 5t e sl
A 5 IE b e p Ul Cend b e Al 5 R e O e
Glos )l U Jas e gla 3158 Lol ol ol S L5 s
S L asbie S cnl O 51 Sl glail szl (63Y 55 O3l
e Llodss ol 315 8l o 5 Vb o34
o o 0 3 0les & i O e 35 Ol ]
o o ol 53 VAT Lgd o ()10 doys Voo B A
Wl ol 55 Ao 3 A0 bl Ope 05 ol S,
pl Ve O3 sl Cubhs 5 sl (Olasis
ol s me W Jhad il el asls GLAS (8) ISSE s g
lw (ol 3V 5 O3l L s o sate Dladllas 3 s

1 I |

—1 |V
| |

[ T I ..
/\4\/
|

WJl 350 (Ll i35 O el Slugi (glas 5 Jg;;_r JS'J‘

[ p s 350 (g cps3 30 (&

on 4 3sdes OLl g5 5l eslinal b (6 505 cpndizes
OLL 5 sy ol len 5 oddlgn O3be el (las s
S 3l 5SS Gl cos (N8) o soas lasse a5 Lsls
S sbagiagy 53 D] sl sl mal s Swl b
B3 Vb Lsbe B850 B, 55 48 A Oy i
gy Pl lasse 655 s Dl 3 ol ply
sdysal 63V Obe oy b Cpdime A S 05 O3
e giladde 5 g3de Joss 5l eslizad b x2S glad J5 53
Sl a8 Ldow)y amt b @ o8l o Do
S35 bl G e (5 w4 O3l Al b
Slo3 ) gl s 51 56 Ojbee w o3l slacaul 503y
IOV ] e

pdoe (slrl Ghgy ) eslimal L oOLSGa 5 'Y s
b AL la 3l 3 s as g IS ¢ (Seals Sl ot
OB S s b a0l 38 s 15 0B e (52Y 55 O3la
b5 Toss 38l e iy Ly O35 0555 mle b 350 Jais
Gsled e far s OWIIL 1 055 65l 5" S ST O L
IA] &is 8
O3 sl ) ol Glasge §luil (opane 5 sl
Sheslinad U ol s S s p 1y sddilge uns 93Y 58
Sl il s b b SOkl e gla )
Lsls 3LES APL 650 &byl (glos ) Lol ps Sl 5 o 8
O b 4y gl ol b andllae )50 305 5les O5lne &S
DY) dzes SILLE H/D2D) G sobun b 55 55

o3l L1 lpa O5le JU8, b Dl 5 OLs 5=
L3S ey g o Sl 5 SSbl S sla b

G cp fmlin S jate b (58N 4S sls 0L Gudioss e

! Virella

2 Added Mass

3 Acoustic Element
4 Shell Element

|44

P94 g dlexi olas (@i 0)9



§oVgd jlixo ol Linle)l s S —ojlus—Jlow ixiS)ail 5l g0 uc dsllao

SO ey Seles B, 5 Sie0 s e Sdany
Lyl ot OF 3 5 0 B0 5o s s (53l e
e Jm ol bl 0 Bl 653 1 s dabes (55,0
Opn (Soalys oy Ll o (Bl i gL22 5 Las
L) o il S om0 S3ladie 5 50K 30
pde oonl 3hdas pod SUSL ) i ()l e eled
Sacussdon 51 S Olpea O b 335 (g5led e
Ll ol fags,

O a4 g b VT E] s 23S Dlides o 5
L Oy hal (Dlwbs dypa S Gl 5 Ope wkia
ol o3 ol el giledte LW (650 dal b o S ks
O Sl o g 5 ol eoliiad (g dde G 5l Ry
bl B 058 dmio (6550 Ll 2l 0 (5l
S5l slasge eolad pl ol (S o 3 5dos |y s 5 5508
il sl s ek Sl Olomas (OB by ol L
0355 Ol 5 ymee Joe S Usbas c oy ol 5l eslizad amtys
Dphp e ase Slasge oS Gl 4

25 S e Jils wedtplol s ol
Sl ol B O S8 ol ol O Jsb sl p S o5l
Vps Jls Sb b g e () dste 53 1) 5 T4
LGEIDY ¢ 5 «Soil €) coew S+ ol eSS LY KL SD
¥ ¢5 5 Soil G, Soil D) b 5 Coew S AN s
pr s hese (o sl WY we L GHID
Soled Kol ods a3 S L 55 (Soil C, Soil D, Soil E)
o (0) JSE 5o U5 &Y aw S gl S s
St ps e mlas clasie () o 5o sl o
Sles o b plas 5 ASCE 7-22 &bl (gduaids ulul
ol ods 5 b anidS slatash s eslizal 5,50 St
S5 syl 03bn 53 Ygame S ol a5 L [YY 5 VY]
e 53 35 n o3l O35e 55 53 S S5k O sl 53 )
b il Osral s (St 55 Jold ssdoms (5l
el 0dd a8 K5 s (L) e ) 3 (5 ,8) e /0 elaie
S 54 /¥0 Usl gy g SRS e itV sl
P sl o Hllas sl S e e SAS Y

RGP W

rv

O3 O (sl 5 438,813 il 3550 [VIVE] o ol
33 a,\ﬁzfl;u'l Ol 5y ol a3 Cs 53 s ge 3l
el ol oslanad e Ve b L 3l SI[VE A Y] &l
ojuaASQMlaJ,i@JéJl)Kwa}Yﬂjwamﬁw

ol a4 S S0 S5 HsiS 3 e T s 4 ooV

IA] el

T t=8mm Z
] t=8mm
5 t=8mm
® = 1Z2m
O

t=8mm
AL t=10mm

} 30m |
()

t=8mm Z Y

t=8mm

t=8mm

t=8mm

t=8mm

1100 24m

t=14 mm

|-<—12@2m
5E|E|E

|

I

{ 30m [

()

Ay O35 (o O35ee (Ll iesY 6 O3lee -8 IS

55 ol o3 eslinal 5 50 63V 5 O e sl 5 Dlails
o DAl O lSas 5 Ol a5 0ol Sl i
b Ll b s O 5ol b V6]
ol +/78 2 b sl St (gl 5 APLE50 3,1kl (gl )
2SS VAL J&n b oV las 18] el o
RYSPYRCHAEAPING|COUH Vg CERPERIC Y PRVIPNIVE SYER
i Sliis ol g 5yl 0l b5 Y
Cogots O S B5 (anl eddjlge O35 0 [VE 5 Y]
odd 55 Sk gy, 5l (Sadad 5 Sadlir ek s o
ol
salitean 100X arl e i addS Slides wlis
Golwdde O3e VL Cadw g sl | Joe (g5luesl
o Al S 28 L O e e ST Ll el

ool gl 58 s pl 5 el sl Bld oylds (YL s

Pgw g oloeiy ojlaud iy 0)g0




=299 00ljEusy UsLS ¢Sl db iyl JuRwdao

S, B imen el 0 S a3 33T 4 e 50 S
O 650 Jal i Jlesl bl ok Blod St (gl o
O 3l oo O3 dde OB dmio 3 39250 Lo S @
bl oo SRS Sl a5 5e Slowles IO0 5 0 (g5lede
S b 5 03lo SES,HA0 5 alies 55 St ST OLI 5525 L
SLoldl 57 bl (slad s St ST SOl b Sl Jaes
»edle L L Ll i m B8N glas s ol
Doleo ol 7 Sgmalp s Vol il oS > sl
S ol st 4B S s a (S sy Bsles g gt
NFEIN PR TS SO - R Wi S WO S A
Aslae Colgys ol sld oy, s i Sl dsles
gt gl B S 5 Ll 5 ol gt &S >

IVET s dal LS (1) daly 3 ol sla s Sle

[[Ms] 0 ] {{ue}}+[[c5] 0 ]{{ue}}
po[RI" [IMel+[SEl| \{P}) "1 0 [cell |{P.} M)

[l )

dhw pz Sl IME] sl or o Sl [Ms] oS

ol R St ST ol g 5le [S5] oS 5T
S STl o S b () St STl (55 0
Sz STl ol s oo 5l [Crl wo3les ol a5l [Cs]
St ST s s s 5o [Ki] o3l o s 5o [K]
WJhw a5 Las 5ls 5 {Pe} sl a5 O ot Sl 5 {ue}
el Sz ST Il S Sl (i} 5 o5le o8 8 L Sl {fs}
Uslas 53 ol by sl o Blod e 351 St 5o

o b S 5 53 ko ol Sl Sl T 2l ) S >
3 ek G B e 3 e s Gl Sl e
e 331 B S Wslae 15 S5l s ge IS5

1l (V) iy & gty Jloim O 3500

M) 0 () [k IR fu
[pg[ﬁr [Mp]+[sp1]{{ﬁe}}*[ 0 [KF]]{{;Q}}={Z} ®

e Sl Gl Ol 5 ol Dliies Gillas
BE) ggSLﬁ-.]a:zA)b Cl}nl)mljéb- 3)-3)’.' Lf"’b- 6‘.#:)]0
Lo 8 0o is Bl (331 Dl S 4 plis) 515

2 Eulerian
3 Navier—Stokes Equations
4 Momentum Equation

St g s st Sl Y dyds

C}" 4.1\( Sl sldes 3)1}2-
oY Olasise

Sl m) oY Sl
o 30 e &Y S S-1
C 10 b aY

3 S-II

D 20 LAY
C 10 b oY
D 10 she Y a S-11I
E 10 =Yty

[TY] Sk gl olasia =Y oo

T ==

Erdske S , S &
(MPa) O gl g i kg/m®  Sb=
m/s)
623.4 0.28 600 1730 C
177.3 0.39 320 1730 D
33.1 0.40 150 1470 E
v

Soil E T

Soil D 30m

Soil C i
< 120m —

<S-III)Y’&}6L>’¢JB—;>J[:‘-ZI;J->_->la.3l);3)->'uJS.i—OJS.Z

Sir Bl giledae Y
Sl Jolos 5 3ladde 6l ANSYS i3l 5 5l oo ol 3
Ol L O35 &gy 5 &S B o Cowl ol oslatul 3 gdoes
3 b Oe S a 53 S SHELLIBL o S ile 5 (sduaw
Iz go Johows ool (g1 2 el o (g3l ie 313 3 50 5 sl
Sl el odd (B3 el 5 e O mlas U
P S ST St W iledie 3 Jle s3leand
oS a s lis eslil ax s K 5 oS coia L FLUID30
OLI 5l St e giludbe | shieds ool sl oslizul
Coia ghls aS ol sl eslinul SOLID185 el (gdasas

! Acoustic

¥A

g g oloeiy ojlaud iy 0)g0



§oVgd jlixo ol Linle)l s S —ojlus—Jlow ixiS)ail 5l g0 uc dsllao

slaaisy ) ebd pn e b Syl sy Ty &S
el IS s (@) 5 Ojpee gl

PR
Ti=CH | ®)

G282 €D (Glpd bl do rk Sl s s (T &S

Wl o gazis 055 () (Sl gl (D bl (golgning
s (B) 5 O 5l ales Catlses ) 350 pla (R)
L O3 oyl doles Culbeds pooman .ol 5V 55 dnz Y
5 e ME 0 I e 5 G55 68 5Sole 23,
e b il APL650 5,6kl E1 S5 ol s G
b Al 35 el el 18] ol o5 lons 1A
Ly, 5 wddlS Clides 5 gode Jis 5l eslinad b 05

2 om S8 Gl S sls 0L (F) Jsdr 3wl

.>)\J LR =)
DT (0) oo S rmb bl glasy 2 =Y Jgdr
Sl RS N e
OGSl APIB50[VA] OLes gl alsl s
%) [\ f.] S 9d>ee
0.8 6.145 6.09 6.142 b Jyl
0.3 - 337 3354 obMps
3.7 0.223 0213 0221 b ds

Sy M (S e ldde arwcooe Gl

(V] ar e 53 (0) Al Sl sslinad b Skt b 2l
Jlow 5l ol Sl 6 bl 3 b os A alous
ol &, () Jad 55 01 2l S L alie ssdoe (515!
olie 5 (9350 SN &S el ol KL b dolis .l

4H

7 (0)
(2n+1)

Ton =

St Gas H) (S ol e nn Sl 55 5 (Tsn) &S

rq

S Ol Jige Jos glp V0] Ld ade KU«
L FPU PP T S S N | I PO | P S WE
O35 A g SOl day 1o aomti s 05 S wslinal bt 2
o 10 ssde 3 sl Slidew U il O 0553 Jbw
slal (Slowlows uga 2alS gl p 10 5 V8] ol sl L5 3
Yol o, 5 250 L oS g sba ool ite S g0l
el aalsl sl il a5l ol sll (Sl glaoll
el e gl ke o S b gyl Conles
a5 O ssdeee (Sl e slal el s bl 385
Wl ol esls LA (1) ISSE s S
Slr s Flee 5l o J= 5L Olyeas Joge Lo
elrl 350 JSGH 5 05l ks Al S 3 0351 mzey
WSl O S Sl s Jlage s sl gl 5 e
Gl ol Ade o3l Sl s plad 3> O S glae S
Golwdde S 65 5 0% S I 5 5 (Fixed Base)
el Lds o331 ol s plas 53 St b S (el o
23 S5 e Dlde (V) dslee 53 s s Sle 05 50 lit Jdsa
Ao S5l L b 55 dal 5 A3l e 50 8
(Mass Participation Ratio) _«lul 340 %o ST
03) Sl oBasT L O35 b5 aglis (gl sl sl |5
o Sb o LS 63l (ST O e 5 (S
O sop S g pdybllanil 0o Bl L L 5 ol
2ROl il glaldl s O S e ISl

540 dal g

Sl ;ﬂf-)dl?nu)f‘xa :\S.aaﬁ)}.l:u ‘_Q‘F“JJA—-\JSJJ-

sgdowe gl e Sl Jow 9 oewcoew -
glie b O e sl e il 51 Oliabl (6l
5 bW Glads 3 e e O ek A Lz
(8) 5 () ladaly 5 ssdme lyml Jbo 5l ol Lo
Sl odd plol inZms API 650 5,18kl 53 55 5o

V4]

1 A
Ton = 5 /g 7 tanh(iyy) ©

P94 g dlexi ojlaus qmius 0y90




=299 00ljEusy UsLS ¢Sl db iyl JuRwdao

dIs g0 Judoes @l:;' -0
bz S 5 O s b S| sla il sl
i Jsse o Ja s 50 ¥ S 36 oSS 5
5 dol Blaase SSE @ b Sl ke Ll sl

el ol B11(0) Jadr 53 Slyo 5 WbO £9°

Obe Wb 5 Gl o e las e S L s
S 550 e 4 S ol oSS Ll s il 5 a0
O I 550 3 55 o sdalie (A) K 3 e s Je 5
n=10 Gbrb dslage i 5 ph e O 93 8 Gln
SLrd 2sm g O Gl e e e cnim =1
sn=10 Jb,s s il O gl sm=5sn=11
slasse I8 C g (V) 5 (1) b K8 55 .cwlm =3
oSS Lol i b il 5 s o 05l Sl 5 el il
S5l slia 1 pes (1)) S5 53 el ol esls 0L ol
Sl B3 sl mlal 35w edddle S i glap
ol 0 1) L o Cilisn

ol s Selus gyl LS 055 polis (OT) IS s
ol SeSs al aBas Sslite el ]y O3
s Sl el osls QLIS (S 6 5 5 ¢ 56 a5 (Fixed Base)
e ke eolein e el L D s e s LS
555 gm ealie Lo aglis Ll 55 5510 5,5 L[TA]
Ol b Lae 0 5 Selusgsdalid g8 &S
el et Sl Syl L O35 53 LIS 555 L ¢ p el
s s e e W Sl b s s
395 o Sl L O 5 il 05 Salus s sdes

ls

ledllae salgiiyg sl Lelal S S 5 5 bl Wi ol
Jebos Gmen el s Sl [Y) 5 Vo] e s g
DM ol 4B S e St Olebl Sl ol
St s Jsb i s Sl e VT 5T Ar il
el o a8 8 055 e 35T A o s 555 2
g5 S Gy O S de LS mls (V) IS8
Gille ol el £yl St s cilshe sl L S
sorb ) 5 Y glad b sl S e Ml (V) IS
o S snr Jsb ln by prlpe sletn nlple o

G WLAJ.:A\Y' ‘;\.\_{QJMJJQ})JJJ‘)L@Z- ;‘)l-/\."

(4—;»[.») 6\9— Zﬁj}ﬁb&wﬂ 61.&:).1].1—1 d)-‘?

1 Lo
o el Pk, ST ET L
S 9d>e
0.15 0.2 0.1997 m=0) J3|
0.15 0.0666 0.0665 m=1) o5
3.6 - -
355
N
2
Z 35
5
=]
8 3.45 -
s 9
34
80 120 160

Soil medium length (m)

LS g5 Sbt (555 05 Sl 50 (3083 hglia -V JS3
St b ciliss slad b

(Ga) dlsse Jlows 51 ol e Al sla S 5 -0 J gt

Aok O e R O

Sk b O3 Sk b O3 Al 25
S-1II S-II S S S-III S-I S Sk
0.17 0.17 0.17 0.17 0.16 0.16 0.16 0.16 PREUNN
0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 PAER
2.12 2.80 3.04 3.28 3.40 411 435 4.50 Sbe sl
6.10 6.32 6.41 6.49 16.06 11.14 11.21 11.29 s ps

o

g g oloeiy ojlaud iy 0)g0



§oVgd jlixo ol Linle)l s S —ojlus—Jlow ixiS)ail 5l g0 uc dsllao

o)

1.2 12
= =
= _O
g 1 g 1
[=} [}
0.8 0.8
= =
g H
s i [ .
= 0.6 = 06
E Z
5041 5 0.4
£ E
=02 4 = 0.2
- ‘ | | - |

o1 1 1 .l.“.ll." o s 1J.l
[} 2 4 1] § 10 12 14 16 18 20 0 2 4 6 g 10 12 14 16 18 20
Frequency (Hz) Frequency (Hz)
) (b

mbﬁﬁ(ucﬂfbﬁﬁ(uj‘(X)_}M)O)u;i’ul.p‘SLZMA‘))JC)ij}rf:MJLﬁfd)uﬁﬁéuﬁdM—AJs-:l

(&)
-
(>)

(<

@
Li’L'J“’ r_,: S0 (J ‘LS’L’JJ d}\ J}A(C‘J‘Lw r}b S0 (u ‘u‘]"’b J}‘ S0 (d‘u@.fuﬂéubﬂp_‘ JS.Z

) )
) ©

LS'L'J"’ r}) S0 (.} ‘Li’L'J"’ d}\ J}A(chbw r}b S0 (u ‘Li“bw J}‘ S0 (g_.d\ J..L:québ%)ydg.i—\' JS.::

P94 g dlexi ojlaus qmius 0y90



=299 00ljpusy USLS (Sl db iyl Juewdazo

1.2 1.2
= ——Fixed Base = —Fixed Base
2 .8
g 11 5 17
& —S-I A —s
<08 7508 1
2 2
T 3
~ i i
= 0.6 = 0.6
S B
£ £
5 0.4 504
€ h=
< <
[ ~
v 172}
2 0.2 1 2 0.2 A1
= I = I
0 4 SRR SR E Y0 N I I
0 2 4 6 8§ 10 12 14 16 18 20 0 2 4 6 8§ 10 12 14 16 18 20
Frequency (Hz) Frequency (Hz)
) ()
1.2 1.2
= —Fixed Base = —Fixed Base
] S
5 1 g1
= 2
= — 8- A —— 8-
X 0.8 =< 0.8
e} o
$
~ 0.6 1 0.6 1
2 .8
g g
504 1 504 1
= h=
< <
A [
2 0.2 1 % 0.2
- || - J
e .I.II.“.“ o1l .h.H. .kJ
0 2 4 6 8§ 10 12 14 16 18 20 0 2 4 6 8§ 10 12 14 16 18 20
Frequency (Hz) Frequency (Hz)
1.2 1.2
= —Fixed Base = —Fixed Base
R S
é) 1 § 1
3 —— 811 A —S-Il
>.< 0.8 >f: 0.8 1
£ 2
5] 5
=06 1 2 0.6 1
£ 2
= ]
504 504
2 =
202 1 202 -
i Ll :
0 R | e 1 AR T 0 I WENEEY
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Frequency (Hz) Frequency (Hz)
(}) (o)

i AEASS Lyl E 55 O sl edkidle S go5e Fas o CSOlie alis dglie -V SCE

.LJ;Q)aA(J ‘é‘ﬁ‘ﬁj“dﬁ(czu el

P94 g dlexiy ojlaus qmiuss 2)90




§oVgd jlixo ol Linle)l s S —ojlus—Jlow ixiS)ail 5l g0 uc dsllao

----- Veletsos

Normalized Height
<)
=N

Fixed-Base
0.4 S-I
—S-1I
02 ——sm
0
0 02 04 06 0.8 1 1.2
Normalized Pressure
(©)

----- Veletsos
Fixed-Base
1 S-1
—S-1I
0.8 T S-1I1

Normalized Height
(=)
N

0.4
0.2
0
0 02 04 06 038 1 1.2
Normalized Pressure
(<)

A 05 (O (s, O (il icilises BT Ll o 55 O55ee 5l 35l Sl g ydes Lid G;;JQL&—\YJSJ

s 5 Sl o ol 2308 Sk gl L Gollas
Loy b oLas Wb 3 Selussds LS w55
Dl 24 L Salussyds Sl 8 ad il
23S e SalE LS A sdalie imens Sl Ll
Ak Al O f gy 23l Sealusssden SLAS O
Sk g i b pa,e O 53 Salisgydea LS 55
Lol O o3 bl oS8 gldasde LB is 5 5
22l Salusssden LS m5 55 WDpe 5 S O Se
A S-ID ¥ Cy G [ L T O LI L RINE
Seabysgoder JL3 w350 il 53 O35 Sl pdilanl]
el J0S e ol b Ope LS a5 b alie o
AL Sealusgdes 5L mss @S Sl eslinal sty
el iy O3le o b (Sl o 6l o 81

oy

S St 5 Lom
Gl s 5 Sy le Sl S hasn ol s
Sealos sk lid 0585 Wl 5 050 @l SS51 acd
G0 Sl eslial b O55e dnsy S350 JS0 5 ol 3l
oo 8lee Gl sl D3P 53 LS o) 3 pome Gl
ol A 5l s b el e Ll
Cilises ABASS Ll 5 55 03bke sl 0l 1 b aslop]
s f g a5 O 25 SOl 5 Sl W8S Lels
@B BAd e O35 5 ST 5 ST ST S 65
Gl b Slasl 5o s e s L ol glede
2 S5

slasse oS sy Ol Jlsse J.:bd G;j:d (G Cfﬂ‘ B
G330 oSHlie b €0s (N0) ) spoas e 3la3 )l
el D=1 L Jass 350 (O35 LI 340 5 anils g5l
3305 S SSOLe alS Corpe S g a5l S
i o Sl ol scd el il 5 a e O3l b
Yo Sl e 4 yhs e Ope sl GIID Y g S
Tl Ormer Lol o3 YT i 4 dils O35 53 5 A2
O 55 St Ol a0 &Sl OF 51 Sl selonsa
O b a5 58S e greb (31 (S5 3L S 5
S Clidsw b oS Wb e bl gl aub s

5ls L;:‘)}V.A

Pgw g oloeiy ojlaud iy 0)g0




=299 00ljpusy USLS (Sl db iyl Juewdazo

Infrastructure  Researches, 8(1), pp.21-34.
(in Persian)

[16] Sobhan, M.S., and Dehghani, E. (2024), "Numerical
study of buckling of steel storage tank under
horizontal and vertical ground motions", Journal of
Structure and Steel, 34(46), pp.19-29. (in Persian)

[17] Alemzadeh, H., and Shakib, H. (2017), "Numerical
study on the response of steel ground tanks with
free rocking motion under horizontal earthquake
excitation", Journal of Structure and Steel, 10(20),
pp-71-79. (in Persian)

[18] Virella, J.C., Godoy, L.A., and Suarez, L.E. (2006),
"Dynamic buckling of anchored steel tanks
subjected to horizontal earthquake excitation",
Journal of Constructional Steel Research., 62(6),
pp.521-531.

[19] API Standard 650 (2007), "Welded Tanks for Oil
Storage" American Petroleum Institute.

[20] Wolf, J. (1985), "Dynamic soil-structure
interaction”, Prentice Hall, Incorporated.

[21] Cayci, B.T., Inel, M., and Ozer, E. (2021), "Effect of
soil-structure interaction on seismic behavior of
mid-and low-rise buildings", International Journal
of Geomechanics, 21(3), pp.04021009.

[22] ASCE, (2022) "Minimum Design Loads for
Buildings and Other Structures, ASCE 7-22",
American Society of Civil Engineers.

[23] Tabatabaiefar, S.H.R., Fatahi, B., and Samali, B.
(2013), "Seismic behavior of building frames
considering dynamic soil-structure interaction"”,
International Journal of Geomechanics, 13(4),
pp.409-420.

[24] ANSYS, 1. (2012), "ANSYS Mechanical APDL
Theory Reference ", ANSYS, Incorporated.

[25] Sadjadi, M., Fadaee, M. Ghannad, M.A, and
Jahankhah, H. (2023), "Seismic performance of
deformable rocking soil-structure systems
subjected to pulse-type excitations”, Journal of
Earthquake Engineering, 27(12), pp.3290-3318.

[26] Malhotra, P. (2000), "Practical nonlinear seismic
analysis of tanks", Earthquake Spectra, 16(2),
pp.473-492.

[27] Kramer, S.L. (1996), "Geotechnical earthquake
engineering”, Prentice Hall, New York.

[28] Veletsos, A.S. (1984), "Seismic response and
design of liquid storage tanks", Guidelines for the
seismic design of oil and gas pipeline systems,
pp.255-370.

8-|ja—\’

[1] Fingas, M. (2022), "Above ground storage tank oil
spills: applications and case studies”, Gulf
Professional Publishing.

[2] Niwa, A, and Clough, RW. (1982), "Buckling of
cylindrical liquid-storage tanks under earthquake
loading”, Earthquake Engineering and Structural
Dynamics, 10(1), pp.107-122.

[3] Buratti, N, and Tavano, M. (2014), "Dynamic
buckling and seismic fragility of anchored steel
tanks by the added mass method", Earthquake
Engineering and Structural Dynamics, 43(1),
pp-1-21.

[4] Brunesi, E., and Nascimbene, R. (2024), "Evaluating
the seismic resilience of above-ground liquid
storage tanks", Buildings, 14(10), pp.3212.

[5] Housner, G.W. (1963), "The dynamic behavior of
water tanks", Bulletin of the Seismological Society of
America, 53(2), pp.381-387.

[6] Haroun, M.A. (1983), "Vibration studies and tests of
liquid storage tanks", Earthquake Engineering and
Structural Dynamics, 11(2), pp.179-206.

[7] Amabili, M. (2008), "Nonlinear vibrations and
stability of shells and plates”, Cambridge University
Press.

[8] Virella, J.C.,, Godoy, L.A., and Suarez, L.E. (2006),
"Fundamental modes of tank-liquid systems under
horizontal motions", Engineering Structures,
28(10), pp.1450-1461.

[9] Dodge, F.T. (2000), "The new dynamic behavior of
liquids in moving containers"”, Southwest Research
Institute, San Antonio, TX.

[10] Barton, D.C., and Parker, J.V. (1987), "Finite
element analysis of the seismic response of
anchored and unanchored liquid storage tanks",
Earthquake Engineering and Structural Dynamics,
15(1), pp.299-322.

[11] Malhotra, P.K, and Wenk, T. (2000), "Simple
procedure for seismic analysis of liquid-storage
tanks", Structural Engineering International, 3(1),
pp.197-201.

[12] Hosseinzadeh, N., and Masoumi Goudarzi, A.
(2008), "Evaluation of seismic failure modes and
retrofitting methods for unanchored cylindrical
steel tanks in an oil complex", Journal of Structure
and Steel, 2(3), pp.25-34. (in Persian)

[13] Khoshnoudian, F., and Jalali, R. (2008), "Behavior
factor of elevated reinforced concrete water tanks
with shaft staging”, Journal of Structure and Steel,
2(3), pp-35-47. (in Persian)

[14] Sobhan, M.S. Rofooei, F.R, and Attari, N.K.A.
(2017), "Buckling behavior of the anchored steel
tanks under horizontal and vertical ground
motions using static pushover and incremental
dynamic analyses”, Thin-Walled Structures, 112,
pp- 173-183.

[15] Sobhan, M.S., and Hosseini, P. (2022), "A study of
the buckling behavior of above ground cylindrical
steel tank under seismic loading”, Civil

or

P94 g dlexiy ojlaus qmiuss 2)90




   [     [  M S ]  0      ρ 0  [ R ] T   [  M F ] +  [  S F ] ]  {     {    u ¨ e }    {    P ¨ e } } +  [     [  C S ]  0   0   [  C F ] ]  {     {    u . e }    {    P . e } }


  +  [     [  K S ]  -  [ R ]   0   [  K F ] ]  {     {  u e }    {  P e } } =  {     f S    f F }


  +  [     [  K S ]  -  [ R ]   0   [  K F ] ]  {     {  u e }    {  P e } } =  {     f S    f F }


   [  M S ]


   [  M F ]


   [  S F ]


   [ R ]


   ρ 0


   [  C S ]


   [  C F ]


   [  K S ]


   [  K F ]


   {  u e }


   {  P e }


   {  f S }


   {  f F }


   [     [  M S ]  0      ρ 0  [ R ] T   [  M F ] +  [  S F ] ]  {     {    u ¨ e }    {    P ¨ e } } +  [     [  K S ]  -  [ R ]   0   [  K F ] ]  {     {  u e }    {  P e } } =  {    0   0 }


    T  c n =  1  2 𝜋  g     𝜆  n  R t a n h  (   𝜆  n 𝛾 )


   T cn


   λ n


  γ


  R


  g


    T  i =   C  i H    𝜌 R  t E


   T i


   C i


  H


  ρ


  R


  t


  E


   C i


    T  s n =   4 H    V  s ( 2 n + 1 )


   T sn


  H


   V s


  n = 1


  m = 1


  n = 1


  m = 5


  n = 1


  m = 3

