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Probabilistic Seismic Performance of Pipeline Supporting
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Abstract - Piperacks are pipeline supporting structures in petrochemical complexes. Chevron-configured concentrically braced
frames (CBFs) have been commonly used as the lateral-force-resisting systems for such piperacks in the longitudinal piping
direction. The Korean Seismic Design Code (KSDC) classifies piperacks as non-building structures similar to buildings. KSDC
prescribes that without specific height limitation, they should be designed to resist seismic loads calculated using seismic design
parameters that are the same as those of CBFs employed in buildings. Based on their collapse probabilities, this study estimates
the seismic performance of piperacks designed to various seismic design codes, parameters, requirements. To do this, archetype
three- and six-tier piperacks were selected and designed using different design variables. Their analysis models were then
constructed for nonlinear static analyses which were utilized to evaluate the base-shear strengths and the collapse mechanism.
Finally, the seismic collapse fragility of the archetype piperacks were evaluated throughout the statistically manipulation of the
nonlinear static analysis results. The seismic collapse fragility shows that CBFs in piperacks designed according to the Korean
general steel structural provisions could not achieve the codified target seismic performance.
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Fig. 1. General configuration of piperacks consisting of typical
double angle bracing members, columns, and beams
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Table 1. Seismic design parameters, requirements, and height limitations for OCBFs designed according to KDS 41 17 00 : 2022

and ASCE 7-22

Structural height limit* [m]
Type of Type of 0 C - .
Code Structure Frame Req. R ) 1 Seismic design category

A,B C D E F

Piperack OCBFs Seismic 3.25 2 3.25 NL NL NL - -

KDS 41 17 o OCBFs Seismic 3.25 2 3.25 NL NL NL - -

00 :2022 Bulldlng

CBFs General 3 3 3 NL NL 30 - -
OCBFs Seismic 3.25 2 3.25 NL NL 20 20 NP

ASCE 7-22 Piperack OCBFs Seismic 2.5 2 2 NL NL 49 49 30
CBFs General 1.5 1 1.5 NL NL NL NL NL

a) - = blank; NL = no limit; NP = not permitted

st Al a+2dE usty] Al Qe A2t
He 7HESHE CBFs(R=3.0, 2, = 3.0, G, = 3.0)Z
7t WEA S 4= 5 a2 FA9 A
dojtt.

QA AFet uet Zol, wj= WAAARENS S
WA A 7]1EMo) B8] sto] L2 OCBFsO] WA H
HAALF2AS Brt dF5H gt = 7€
Zo] WAIHAMS(R=3.25, 2,=2.0, C;, =3.25)%
7FA& OCBFsE mo|ndl] 250 AT = A
2 WA EAH S D, Eofl i3 ¢ wo] 2 9] o]
€ °F 19.8 m(65 f)= At HALA Y S Foll &3}
£ 7% OCBFs& A& = ot whef, mpojze
OCBFs& WA AAHF(R= 2.5, 2, = 2.0, C; = 2.0)
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(100 f)2 3}H ). o] & £F9] OCBFs 5 AISC
34110 B A Q@ F2 AL wkEs|oF gtk AISC 3412
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Fig. 2. Plan and elevations for archetype piperacks
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Table 2. Seismic design parameters of archetype piperacks

R
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Table 3. Member dimensions used for archetype piperacks

Type of g SDS 5171 0 C 7
BemiGs Req Site [g] [g] R 0 d E
N-KBC | General | S4 [0.73]0.44| 5 2 | 45|12

G-KDS | General | S4 [0.69(0.37| 3 3 3 |15

G-ASCE | General | S4 [0.69(037| 15| 1 | 15|15

S-KDS | Seismic | S4 [0.69(0.37|3.25| 2 |3.25| 1.5

A2 TE Wilds
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A G AT R PRI

() N-KBC : 438 32 70] =YY= A &2 7
79] AZE 7]2(KBC 2005 0.2 HA =] o] 1]
WRIGAE 2= CBFs

(2) G-KDS : &¥F 724180 5ot =y 7]
FS et A

(3) G-ASCE : ¥gt Z+2 41380 wrEoty vl
712 wet AA = o] AeAlE 2= CBFs

(4) S-KDS : &7
£ wet AA = o] WRIAIE %= OCBFs.

FRuto] ZHof gt 2 A FAI - Y] FA O N,
G, S&= & WXIAA 820 B3t A o= 77} vl
A8t +4 (general), WA
S 9u|siy, “tp2o] 2= KBC, KDS, ASCE: &
L71&9 HAo g Z+ZF KBC 2005, KDS 41 17 00 :
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Archetype Type of members

piperacks

Brace Beam Column

3N-KBC
3G-KDS
3G-ASCE

2L-65%6 | H-175x90x5x8 |H-150x150%x7x10

2L-65x8 | H-150x150%7%10 |H-150%150%7%10

2L-75%9 | H-248x124x5x8 [H-150x150%x7%10

3S-KDS
6N-KBC
6G-KDS

2L-65x8 | H-350x175x7x11 [H-150x150%x7%10

2L-75x9 |H-200x100x5.5x8 |H-200%200x8x12

2L-75x12 | H-248%124x5x8 |H-200%200x8x12

6G-ASCE | 2L-100x13 | H-244x175x7x11 |H-200%x200%8x12
6S-KDS

2L-75%9 | H-340%250x9x14 |H-200%x200%8x12
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Yorgom], S LN A Kol AL ZES 5
3 2o =M E A3 Fig. 3(c)= 4 E IMK
model®] B-7]5 e mde] o2 Holxn Zejo] 7}
FAA =dEHE 19 75, Ko Rdd ot EE 4
2] 5}of Table 40] A| A 5F Tt

—‘T:HI
SO

ol

/ Modified IMK Spring Modified IMK

Spring

0.75 Lp
0.5H,
Hy—
W.P. o
Rigid link ‘ L,
I |

(b) Brace-beam-column connection detail

A A 6; or 05 : yield rotation
M[%/[*: < >i< > 0y, : pre-capping rotation
a MJ; ........ By - post-capping rotation
Y 6y,; : ultimate rotation
v A v 1{/1; = kM Mj, : effective yield strength
4—1 LX —l s M; : capping strength
p 9; 04 0 M : residual strength
(a) Overall Schematic of CBFs Model (c) Beam-column hinge property
£ :Roller support O :Fixed in XY & Pinned in XZ : Leaning element o :Modified IMK Spring of Beams
A Pinsupport &YZ-plane - Elastic beam-column elements o : Modified IMK Spring of Col.

o :Pin connection mmm : Rigid links

¥ : Gravity load —— : Disp.-based elements with fiber section

Fig. 3. Modeling schematic and beam-column hinge property for archetype piperacks
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Table 4. Beam-column hinge properties of 1st tier beam-column members

Type of Modeling parameters of 1st tier"
Piperacks Pg/ P, a* 0,* 0,.* O™ A, P
3N-KBC | 0.21 | [0.05] | 1.03 | [1.30] | 0.008 | [0.143] | 0.035 | [0.300] | 0.070 | [0.078] | 0.35 |[3.00]| 0.42 |[0.48]
3G-KDS | 0.10 | [0.05] | 1.00 | [1.30] | 0.007 | [0.143] | 0.053 | [0.300] | 0.075 | [0.078] | 0.40 | [3.00] | 0.46 |[0.48]
3G-ASCE | 0.16 | [0.05] | 1.30 | [1.30] | 0.025 | [0.143] | 0.086 | [0.300] | 0.072 | [0.078] | 1.97 | [3.00] | 0.43 |[0.48]
3S-KDS | 0.33 | [0.05] | 1.00 | [1.30] | 0.003 | [0.143] | 0.017 | [0.300] | 0.064 | [0.078] | 0.08 | [3.00] | 0.37 | [0.48]
6N-KBC | 0.40 | [0.06] | 1.00 | [1.30] | 0.005 | [0.129] | 0.018 | [0.300] | 0.063 | [0.077] | 0.09 |[3.00] | 0.36 |[0.48]
6G-KDS | 0.10 | [0.06] | 1.20 | [1.30] | 0.011 | [0.129] | 0.073 | [0.300] | 0.073 | [0.077] | 0.77 |[3.00] | 0.44 | [0.48]
6G-ASCE | 0.20 | [0.06] | 1.14 | [1.30] | 0.009 | [0.129] | 0.045 | [0.300] | 0.069 | [0.077] | 0.43 |[3.00] | 0.41 |[0.48]
6S-KDS | 0.60 | [0.06] | 1.00 | [1.30] | 0.001 | [0.129] | 0.002 | [0.300] | 0.049 | [0.077] | 0.03 | [3.00] | 0.24 | [0.48]
1) : Beam [Column] properties
M dgas do TAHY, W A B. o] AT Fig. 59 AW 4 AT w1
7% 845 A& 7Hie 1Y AE Az B g 59 iAol H= & F4% F=AG, AF
WSl A BAY TEANE AT A4 ARAS o2 W] e FE U ZHAs 5 el oles
18 FISAT AL A GBI 212 AL A9 BASHE 2 HAT 4 U
Te Zole] 02% AHS Lt 23R4 Y4 et E
Q]HO]_—ETJ:‘Q_E l’j—7]>€)—]'%t|" 7]_}\H-o’] oo]:%—o/] %ﬁ]}_zﬂ% 7{}}11 Experimental setup OpenSees Schematic
1= B AT B5g Teistel. W WBORE =y LTy m@@@
A% ) e Rt wygo s ndstch e
CBEsS| HAFYSL A oldAS A A gy Ly
E5he, JUR PR TS g AR s "

A3 @77}t SR Y, HY 7} HSSTH
7HAe] A% 9 A AT mom Aol sht
97y Y YA AFOHNGL A H ATE

Zobe 2 At 712 A9 B o] B

ek

Table 5. Properties of test specimens used in black et al™®!

F,

Y

[MPa]
0.73
1.22
1.22
1.22

P

y

[kN]
1.2
1.5
1.5
1.5

Section
[inch]

21-6x3.5%0.375
21.-5%3.5%0.375
21.-4x3.5%0.375
2L-6x3.5%0.375

LT
[mm]
5
3
1.5
3.25

[mél]

4.5
3
1.5
3.25

No.| Dir.

8
9
10
20

Out
Out
Out
Out

N =W [N

234 =x7d7E010] =g A6 A2 (FE A1912) 20249 8

— : Rigid li

& :Roller support

nks

A : Pinsupport

= : Fixed support

—— : Disp. based beam-column element

(1

OpenSees Steel02

Fig. 4. Experimental setup and representative
OpenSees model

1500

1000

500

Axial Load [ kN]

— : Test

: OpenSees i

1500

1000

500

-500

-1000

-1500

25

Axial Load [ kN]

— : Test

: OpenSees

900
600

300

-300
-600

1200

-50 25

0 25

-900
50

Axial displacement [mm]

-50

25

0 25 50

Axial displacement [mm]

Fig. 5. Comparison of analysis results with
force-displacement relations of double-angle braces



R

9t

FEMA 356/l0] 4] A| A5}t Hio}l 2
75 % 014 12} BE 9] PAH| &R

[¢]

ol 129 AZ7H7} vl"ﬁ:

3

T;L e
101 Welg SR aa e HAAR AT BT
EEERCEE
Fz7HA ) H2o] o BR Y

=
of 5230l I3t

Alch =7 Zyo] 2 %7 Viv4 OlA o] = E 3
g Sauaml 2%t 8 WA MAAE SN aqmunest st 19 4 molA $ 7177t
=7/ o= =
382 ZrEst . FHHYY] fRolth WFS 1] YFHOE A
Fig 6= MIABARALS 53 7 2 REHIL gy g 715 42 5.2 20 715 shie] P of
Ho| 4T SHY-DAAGT = A FA &4 o Fuly] 7} wryskqich o3t AL 6gt mlo] e
I AR= R =X = ZoJ| A] oFulyl oFo] AL T H. ~
O] ]‘i’:l‘l}‘e EO%EE]’ j—uoﬂ ;l Elq-}\ Ii"] T ji-l‘ (6N KBC 6G- KDS 6G- ASCE)Oﬂ/\i %?’:‘]‘6}‘7“ 14_]:4_
foj e o] th=F Ou|tt. YRIGAE A =1 vt} 6t mhojm o] & WYL 1t 7|50 7
= POl ZA(NKBC, G-KDS, G-ASCERZ RISSAA sajoln) o5 slsAgrsele 98] AAlste] 14
1000 1000 1 1000 1000
s xooL j Q00 A BT
E 600 600 f Vinay = S3RN L 600
ﬁd | ‘ 400 400
k: » I G
T i
% 05 1 15 2 0 0.5 1 L5 2
Roof _ Roof _ Roof _ Roof _
20 Tier. 20 Tier 20 Tier, 20 Tier,
(a) 3N-KBC (b) 3G-KDS (c) 3G-ASCE (d) 3S-KBC
2000 2000? 1‘ o0 A """ e = 213N 2000
E 1600 ‘ 1‘ 1600 Q=19 1600
é 1200 *‘ 1200 e Vd:“mkN 1200 Viax —1014KkN
w
2 soof 800 800
m 100 wof W 100 B T
Vp:282ki\1 . : .
0 05 I 0 05 i 15 2
e | ~7T P 7 Wt ~T e ~T
2 Tier 2 Tier 2 Tier. 2 Ticr_g
U]
17ier [ ° L] 1 Tier Py mr_m mr_?\\\
(e) 6N-KBC (f) 6G-KDS (g) 6G-ASCE (h) 6S-KBC
/\  :Brace Yielding D : Flexural Yielding in Column O :Flexural Yielding in Beam @ : Fracture in Beam

A

: Brace Buckle

. : Flexural Yielding in Column

@ : Strength Degradation in Beam

Fig. 6. Pushover curves and plastic hinges propagation of archetype piperacks
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Table 6. Summary of milestone points in pushover curves of archetype piperacks
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Table 7. Properties of seismic collapse fragilities for archetype piperacks

Variable Type of archetype piperacks
3N-KBC 3G-KDS | 3G-ASCE 3S-KDS 6N-KBC 6G-KDS | 6G-ASCE 6S-KDS
Serlel 0.94 1.18 1.76 4.92 1.09 1.31 2.24 3.68
CMR 0.91 1.13 1.69 473 1.05 1.26 2.16 3.54
P(Sy) 0.58 0.39 0.10 0.00 0.45 0.29 0.03 0.00
Biu 0.61 0.61 0.57 0.57 0.57 0.58 0.57 0.56

T | Collapse 0 | Collapse MT 0 | Collapse MT 0 | Collapse MT
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8§ 0 2 4 6 8
Max. Roof Drift [%] Max. Roof Drift [%)] Max. Roof Drift [%] Max. Roof Drift [%]
(a) 3N-KBC (b) 3G-KDS (c) 3G-ASCE (d) 3S-KBC

0 | Collapse Sy 1-04 0 | Collapse Syr=1-04 0 | Collapse Sy 104 0 | Collapse Syr1-04
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Max. Roof Drift [%] Max. Roof Drift [%)] Max. Roof Drift [%] Max. Roof Drift [%]
(e) 6N-KBC (f) 6G-KDS (g) 6G-ASCE (h) 6S-KBC
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Fig. 7. Distribution of performance points of archetype piperacks
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