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ABSTRACT: Process towers or vertical vessels are among the industrial structures that play a key
role in the production process of petroleum products and their derivatives in refineries and oil and
gas industries. Due to the vulnerability of these structures in past earthquakes, and the lack of valid
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regulations and methods for seismic analysis and design of these structures, a case study on a designed
and constructed process tower 26.5 meters high, located in Qeshm Island Refinery, has been conducted
in this research. Since considering a rigid foundation, without the interaction of soil and structure, may
lead to wrong results, in this study, the tower has been modeled in Abaqus finite element software
considering soil behavior. The Winkler model used for soil modeling and the seismic behavior of the
tower was investigated using pushover and incremental dynamic analysis, and finally, the resulting
fragility curve is presented to show the structure’s vulnerability at different levels of seismic intensities.
In this investigation, the probable failures, including the failure of the body and the skirt, as well as the
overturning of the structure, have been investigated. According to the incremental dynamic analysis
results, no buckling was observed in the body and the tower’s skirt before the tower overturned. The
results show that overturning was the predominant failure mode and the probability of this failure mode
until PGA=0.1g is approximately equal to zero, and for PGA= 0.35g, this probability is less than 20%.
But for rare seismic intensities, the overturning probability is considerable.
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1- Introduction

During the past earthquakes, many vertical process
vessels have been damaged by strong ecarthquakes and
investigations showed this phenomenon for such structures.
Seismic analysis of these structures without considering the
SSI effects does not indicate the correct seismic response.
This research was carried out on a constructed process tower
in Qeshm Island Refinery. The modeling of this tower has
been done in Abaqus finite element software considering the
effects of soil and structure interaction. Seismic behavior
has been investigated by performing incremental dynamic
analysis and its fragility function has been generated.

As presented in most reports about the overturning
of process towers, considering soil-structure interaction
and removing soil tension can potentially affect structural
responses [1]. Also, according to the observed damage for
towers and vessels in past earthquakes, in this article, the
stress in the body and skirt, the strain, and the overturning of
the tower have been investigated.

Fig. 1. Finite element model of the tower

a height of 26.5 meters and a diameter of 2.8 meters mounted
steel base (skirt) with a diameter of 2.8 meters. The weight of
the tower in operation condition is 204 tons.

S4R shell element has been used to model the wall, skirt,

2- Methodology
2- 1- Numerical modeling
The process tower studied in this research is a tower with
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Table 1. The equation for calculating the surface stiff-
ness of the foundation

Vertical Translation, Kz'

GL /(I -V)[0.73 +1.54(B / L)""]

Horizontal Translation, Ky'

(GL/(2-V)[2+2.5(B/L)Y*]
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Fig. 2. IDA curve for skirt von Mises stress

top and bottom caps of the tower. The beam element is used to
model the tension force of the anchor bolt. C3D8R element,
which is a solid-homogeneous element, has been used to
model the pedestal and foundation.

2- 2- Soil modeling

The effects of soil-structure interaction (SSI) are
considered using Winkler modeling according to the ATC-40
code [2]. The stiffness of the foundation springs is obtained
from the equations presented in Table 1. The foundation
is placed deep in the soil, so, additional coefficients are
multiplied by the corresponding stiffness.

In this article, modal analysis has been done for the
structure without consideration of soil-structure interaction
and for the structure with consideration of soil-structure
interaction. It is observed that the period of the first mode of
the tower has increased from 0.26 to 0.34 considering SSI.

2- 3- Analysis Method

12 accelerograms corresponding to the soil characteristics
of the site and the distance from the fault have been selected
to perform incremental dynamic analysis. PGA is considered
a fine measurement parameter for representing acceleration
magnitude.

For the maximum von Mises stress of the body and
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Fig. 4. IDA curve of the equivalent strain of the tower
body and skirt

skirt and the equivalent plastic strain have been selected as
engineering demand parameters (EDP) and according to the
following limit states, the fragility curve is drawn.

Limit state:

Rupture of the tower wall: when the equivalent plastic
strain, reaches a value equal to 0.4% [3].

Plastic limit: The equivalent design stress should be
less than the value of yield strength mentioned in [4] and
[5]. According to the characteristics of the material for the
process tower shell, it is equal to 260 MPa.

3- Results and Discussion
3- 1- IDA curve
Obtained IDA curves are shown in the following figures.

3- 2- Fragility curve

According to the IDA curves, the final limit state has not
been reached before the overturning of the structure, so the
overturning of the structure is the dominant failure mode in
this case study.

Fragility curve of the overturning has been calculated and
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Fig. 5. IDA curve for von Mises stress of body

shown in the following figure.

4- Conclusions

According to the IDA curves, the von Mises stress and
the equivalent plastic strain in the body and skirt have not
reached to their limit state until the tower overturns and no
yielding has been observed body shell, and this indicates that
the overturning failure mode is predominate for the structure.

According to the fragility curve obtained for the structure
up to g0.1 acceleration, the probability of tower overturning

is zero, and for g acceleration of 0.35 this probability is less
than 20%.

But in higher intensities, this value is much higher, and for
rare earthquakes, the probability of overturning is numerically
large and significant.
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Fig. 1. Specifications of the process tower (1) and the finite element model of the tower (2)
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Table 3. Soil characteristics
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Table 4. Relationships for the calculation of surface stiffness of the foundation
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Table 5. Incremental coefficients related to placing the foundation in the soil
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Table 6. Stiffness of springs
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Fig. 2. Modeling of springs
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Fig. 3. Tank with triangular load distribution
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Table 7. Characteristics of accelerometers

oot sl Ju ol so» PGA
) san Vavy La — Hollywood stor idla -IYY
fernando
Y Imperial 1av4 El Centro Array #11  #10 YA
Valley
Superstitio
Y . VAAY #10 AN
1 hills Poe road (temp)
f Loma. VAAQ capitola #I1q - 16Y
prieta
o Loma. V4A9 Gilroy array #3 714 - 1bF
prieta
4 Landers Vaay Yermo fire station ) AR
Al Northridge Vaa¥ Beverly hills - mulhol ~ #/¥ - 1Y
A Northridge Vaa¥ Canyon country-wlc #Iv /A
q Kocaeli, 1444 Duzce VI vF
turkey
Imperial .
\e. yava #10 <[+ ¥Y
Valley Plaster City
VA Loma. VaAd Sunnyvale Colton ¢ YV
prieta Ave
VY Imperial 1av4 El Centro Array #13  #i0 Y
Valley

5 dibie SB Slaseis b Gt 45 osSaudlysly 5 J5,S clillas o
ol 4 bgrpe Ml casl ond O5l 18l o (199) JuS ) dlold
ol ol sl 0133,8 181 PEER SleMb] S0l 1 lacaslss ol
o] dlolb 5 0395 sy, VIO b SID (58 o 6550 (sl ol
3350 39° S0j> Sl Qb adlas ol ) Al e y93 JuS
o1 Jloel K035 (g05 cBeudlSs b g Canl 45 5 Loy

SIS la e ]yl —F —F
2 Sloilnd g lojl il (dlinl (sl oS ol yolaio 4
Slojloyes sl b ojlo g95 2 3590 13 (oo ) slad e o
Ol Sl B3I L g8y Jlonl ¢ (laable b Qs & ol
s PGV! s PGA [l Gpno Sy S s ]y (0B )l

1 Peak Ground Velocity

youd

Sl yio plo & dluly 395 5 0392 £9d90 (nl }Klo (wolio 5 & &S
s ansdS sladl 5 50 ol odmlie sla ol 4 da g bl S0
sl yd g9y Sl gy YU ool Sl @y anb g o)l i
Sl lajiahly glois @ Semdly (S 5 Ggmlaid SLbL g ;5
Seelud gl o (gy5 5l 48 cunl oy, sl (EDP) wsige
olge 4 )55 do (sla eyl s Slalllas ol 3 5 ] o Cowd 4y (s i

LD o4 ul?wl (N L;Lolm dL&a).».c])L

el o g bl lsas! - ¥
dawgio gl b ol Sy (gl amd o LS pads g )5 lalllas
Gl 385 (e pliie 4 il Sk Yo b Ve ) oslisal Loges
) dihie S gg 4 ang b VA ol aslio g (S o5l (loj))
FEMA P-695 4ol 40 51V Jodo sllae coslss olis sae VY (11



VOVA B V0FY domis VFY b A o)loud B 0,95 ¢y ol )] pos  wvigo 4y il

s Jol g com -0
Ige Julos ol =Y —0

ojlo sy SSIclil g ©ygpe 4 pop car dlio ol
olw § S S )al Bld (9 o5l sl LS Jdge il jlais g
sl 58,5y ool gl g S Syl Lo b o3l sly 153 4
oy 45 ojlo 5 S5 LS, 0l Bl e gy e L) 390 ds
ol o ool lis & S o a1y ey <8 )lie

T Jol 290 29l 0)9 Cunl ol LB A Joux 3 a5 jshailen
3 ol oo ol 03,8 oy ial8l </¥YF & «/¥S Jlade 5) SSI Llsd L
FB e 4 jlainyge g sl gplid SLbl g pj S (85
8l oo )38 36 o5l (alpe 9 9l 0)93 3 (k29

335 015 4S5 b osls sl (1) sy Billas 3350 g1 gl 0gd
G581 S 3,8 blod b ol sl (V) dlaly gillas 5 +/¥0
izl Jae 0glis 0,93 b g ol odal cawd 4 +/YFVY plyy ojle g S
o Csllas Gl astine &S jslailen sl 0l duslis g dgaome
ColSo (pizmen g AL iladie Cono (> g5 oo Jlade 93 ()
S )N Sl 655 )5 )3 pie Spgo 3 Jlaidyge ojle &S )l ]
Ol (658 5ka 1> a8 20 o odmliie g 3yl 0k 5 wilen (5)L3, S

Syl olyer oo BB jlade a5l gl 0)gd il s S ]

S Sl Jelos gl =¥ -0
Oy &y woSae ilio Hb 668 b ojle Jos e Sliwl Julos
Siliwl oo .l oads 0ol inles £ JSS 0 K 1t 950 g0l
@ (g 2 g Conl (o (g0 3935 U Loy ojle el & ams e LS

b el Mo b bz Cudyls gty o0 Cudyls Sl

sl (Sealiad il ol -V -0
s sacatlSs ol gl il Saals sla b plosl |
Wby y5de glails | alols @ls jope & (i cpl ) 0ad
g akald g o)lis juwe 98 i Sl gl IDA cla sove 09
5 IDA sl sove duwslie b .l od augs Jolee Stwdly 55,8
T Al ) IS Cumdg & Sl @ly gy aisls g ol ) Sl
oyt Joo o] S o a3lpo @ olizyd G5 Cndg 1 5l

b o g diold bawgs i

g0 PGA bz wolis gly lles ol ST 08 by PGD!
b goxio (pl g oo (SISl sla dotie 4 pawpe ol Sove Mg
@ (SUSS lagizio S 5k 4 Wgd oo puy S b ya

Y] Sgdoe iy 0 dlasly ©)j50

PC =1 ")

olee 51 (1| PC )iy by ot o d o o o 1>

oboys a8 d oas b clapdbl sl o] jd oS T o cowd 4(¥)
T e o onipbel cslapdtl S sl N g conl skl 5lis] 1 ol
Olys 4 olg (oo 1) (Blgy8 0 03] (o3 by Jlaisl jlages can
o 521> dnsgs oSSy 5l sl pe5 5l eolitol L ok §) as

D sl bedly 4 g o 1y Jloy S mje5

> oYl -0 ¥
ol et pi g 4 i CunSl Hlme 90 cadllas pl y

o]

S Can (3 (e olpd (SHb) ) cwsid b @
[8] dyen 4+ 1F 4l slaie 4 (peQ) " Joles Sy 5,8

@bl 5 (0) daly Blhae : (Sstwdly 25) ¥ Sl Jlne @
SP rd ¢ el el Caoglie dasuie Jlde I 5eS Ll Jolee
ot Coglie duaseiio jlade [YV] 5 [TV ] 2L (Yo ) Sty >
Cluogad & dag b &5 Cusl oad a8)S jlai )3 wulud Cuoglio b il
ails ¢y MPaYs. ply zp dwg lp ) Jodo )3 odd lgie o3lo

~

k
0y <7 ®)
Mo

1 Peak Ground Displacement
2 Equivalent plastic strain (PEEQ%)

Yoy



VOVA 5105 doxio VF-Y Jlo A o,led DO 095 ¢pusS ol ()l yo suobie 4yl

Model Mode3 Mode5 Model Mode3 Mode5
) )

Ot yiaiind U (V) 05w o S WS 001 (605 a5 )3 U g (V) 05l g ST (i yuil (g 8 312553 (g g0 I onilad )l D90 A .0 JSCS
o S5l

Fig. 5. The three dominant vibration modes of the tower without considering the interaction of soil and
structure (1) and considering the interaction of soil and structure (2) with the largest mass contribution
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Fig. 9. PGA accelerometer is equivalent to the uplift of the structure
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