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Fig. 1. Probability of surface rupture as a function of
earthquake magnitude [18].

5l b sl gilues sl p gl ) s~ b
Sl e sl 5 b gsildles Glid (13 5 (SO
Lb g bl dl@e gl QJ:MST)'I Gt,;assj.:da rl};..'\
S 355 J xS 55 01 Glp ssate Gloy ) Ol bl ava gl
AR e FS PN VIPUR B PP WES P P P T
SOl e 385 Jos G bt s ST asd e als
w;wl;wd\fcwdbf-lfjéabbvjbw .h!‘j)
Gl ol Il pl b s ged eslinad adyl 1 b 55 Jy)
Lgf)LSebf)waJ}JL}k}f\Jbﬁwdawjjw
Sed sl Sty s et 8

3 Local buckling
4 Beam buckling

69

Syt S sl Jlazmt (1) U3 Gollae [18] sl 012
VOBV 5 sl e AV 3l xS isy 0 Sy bdil;
7Ar 31 G Jlasl ol VIO 8,5 (gl 5 100 s
Slp gadaze o Bilsy Sos b 5l s sie sl
Sl OSaas 5 Al o ba oS o OIS jh3 (ass
Sl S 51 el U ol 15 51y el o
Ol ol s 53 o3 By pma ol 5, £ ol el i
e sl il e L JoS sl el O
Sre o s S e (oS Jb s (Son bl
[19] por o ahos 4 oddislgily o2 Laily; [19] Wles S
IS o s asbeesle sl sl Ol e OF Sl &S
Ll 25 3503 e3lnal e S
Log (4avg)==0.74+0.08 My, )
LOG (Amax)=-1:84+0.29 My, )
Amax 5 davg W35 55505 855 Mu 355 Ly, s oS
Szl JB Slrals ain 5 o Sle Slrals S a
el oy oS S

J~5 Sl oS g dtu g glad ) (S8 I s
6jﬁj)'\d.iljuijh5lijui.15;1)>¢mu\&§wdw
Col il 2iS gla s spd SenS jles olis
5okd iy lacand 3ok 4 Ay o)l SonlS
Trdsn S 4 e L Gl 5 Xpd e s
~r (W85 S LS b5 dd el s (SaSs )
AP Glp IS S gl S oS ol 1S @ e 5N s
Sl dd bl b g 2o SO spd 5l 568 85 Ges b
1171 5 ls § 55 OIS

g5 5 Caadl o 5l A bt b slaaali o]
-aib opl 52 [20-22] LS e e 05 S Jler 4 58
ol 5 8 ks 4 3k 1l 65 Glr s
53 IV S MEAdE by 5 5550 55 s o sloj)
JLe YEVO 5 aVe Ve Ll i w p b dy) clSiL
b 2 S8 daaslipnl bl s g e a8 S 0
bl s ey JBAL S k5 5 ol e e slasb

1 Wells
2 Coppersmith


www.sid.ir

OLKan 5 i o

Ay =Acos(y )cos( ) (o)
Az =Asin(y) QY]
oS o & Lol W bt (6 S el 4 a5
S o 5 mn oS 03 ) S e
S S ol ity BB ) s el (Sas gLES L s
" 0 S S O o 6 o (5358 ) e
sosgaxy B Ay s edd sl g La5 gl i @S
Sap w53 5 Ol el 53 SUSs i Coe Kl s
534S Sl S5 OLLE 3pd LBLS gLl us Sl
b (b 55 3 (S 550l 3V 53 W) o ghas
- i 53 S & S0les sl ot i SelS @
3 M b S o am Ol b 358 o Sy (g sl
oo abaSle JB (6Ld (65 0 cmlin bbLE a5l sl 3

Al s 4 S a5l S

3doue el sl (Gdas A Jko =YV

)\Jﬁ‘f,)" DL axtlae QMWLSMMJJA ;u;;m UJ»‘ BE)

e s s et s, (5 L e SU
S gl “j}‘ JJAL;J\SLSLM (T")J_(.;[24] Cah o 43‘)‘
o by b bl s ianh 34 S o 50
3Y bl s Jeslad ey () a8 ol Ly 2)
115, 3] s5dipn a3 8 s 200 5V ol 5 4 2
dﬂbb)}\w&&f&sw\awuﬂfiﬁqw
4.‘)5‘95{?- 6LAQLA.H bLQ.:‘ Lbj.br.d s‘f‘w‘)b J‘,S)}..o
3 56 O i ST 0350 Ss 8 s w0 oS (S5
2ol (a5 5 S5 3 g pn S s s JuS
.Jﬁﬁw)w)&wjhé%abbébtﬁa‘)beu
ol JJJ! gg:.“wuﬁk.i ):..N\ Q)ﬂa dk}) A.Sjj él‘m

SOl L 5 APIBLXB5 o 5l ¥ 4y o
—gg.;:.w‘y‘ ‘)L:.é) UL:J (5‘jo>)§“‘}‘_"§j“°‘) 6)L>Lﬂ JJ»A

4 ABAQUS
5 Ramberg-Osgood

0

P PPV P P X P PO IR PP o e
S o Ploa Ogd Ay b Ll Y
Jus”

o skl Sl fg) eale Glaans b s oo sl
Sl 03 es S Ko w4 gade J sl hy, b ol ol
SRR 02 2ph a8 S 4 Oside g bl UL
Doy S et d s S e sl S
(G 5 55 J) Moy doltze iy 3l 2 ool 4 S
U5 Oaal i S 035 Ess ol 53 28] el 0k esliz
bty et s e i b B S (b sl o
ple w e Loyl Jhe 3 Oldl sl w0 W)
2 gt (S 5 b pe (RS ey 88 i
Sgdoen el sy Jda ISy s s 4 450 1,
a5 lp WS iasn ar s 25 mie 2l gbadle 5
o grgw jraz.ﬂﬁ ol (Jue ol 5y el
R8BSy B 05 58 5 gbolall o Sl
@ledis s ai gy 5 o O Sl ol L e 5

B posp 3 tom d s Ses e Jelye

T T e e
oS IS S s Gspke ) S S kS Cnss
A S ol 53 el o o3ls (ales (V) (K3 3 o sSne
3 JeS L b (bl sl e S S O o
.wlﬂ\&j%mqu}bw
Lt o ges gl b oldil (S5 47 5Y 5 X sla e
f g b e e 0L 1 ) By 6 5 () W)
Cilzies (glay o gliuly 53 O o (glaadl 3o (Y) IS
53 35 s (V=8) Lailg) 5l S oS G sl
S Sl B Ase 3 edl Oly o 2 Ll Sl dlds
wbrals Y ey leslizad U sy e eslizal 4 0lKe i
(V) i s ollasl LB 35 (S5t aile oS ai

el o el OLES

Ay =Acos(y )sin( ) (t)

1 Winkler
2 Shell
3 Solid


www.sid.ir

\Vc\-\dl.w/Y e)Lo*:/‘,.AJJLhe)jJ

oot Ol pes wdige odgh — ele de

el Sl s eyl Jie 235 RISk
B3 53 el S50 g 5 S S, 8 S s
e e S5 4 S5 ) e ol s ol
e 5 A S e i) O S Sl
i onl 03 s Je 3L s T o (Sobsll
oLl (Sl ) (2S00 el s, e S
s eslinal 5 Sl sl 3lede sl el
ABAQUS w55 b5 o 0Ll Jles! (51 o
S i sl g G50 oS 5 Sl i 65 s
056 5l S Sasl julad j el sl 4B § 0 Lo
e b A s Sl S s Lo el S S
1217 ol ek eslizad /A ol Ay 5 S SISl
S ol 5 (Al s 5l e G G250 el 2

el ol ol

Jos pg, -Y-Y

s plouil sl a3l 13 5 Jdos Sladlls (5550
ojle O O gie slad ) 55 a8 das e QLA arsdS s
O Dl ymen 5 g 055 S5l 58U o yal BT« ass, Sl
el S 3 s JB B L s e Coanl 05l b
dsd e 035 5l a4 ar s b Spds el
sde ) Ol b sl o g3 OF s s ol 0 00
0033 S 38 B4 e Soge onl 53 ol (S S
malr Jlael Ol Sl acslie 55 (6 568 Slde 5l sls
Dok a3l lay s S S Sl AU Bl
o sl (23S 5 A S A oy S e 05
e plple 5 sl Gl S50 O58ue ) bk s
Eol 35 a8 8 O pe (Sl Sl s Wilg e 4l
2 ged gty W5 b (Sl 5l b

LSRR IPRC FPC S N M W e
- oo Jhsl J& 8L s ¢L§ 53355 o0 plonsl |y
ol R L S S e p8 s s s
w0 e sk 5 S Glae S apd e 25 4 O
Sl S w3 (g 5 S glse 3) Jbe il 2o s

1

— =5 Ll (V) dsles [20] 54, 00 JSa 5V 5 Sudly

r
P PR -
Ep 1+r oy

wdsl ool Jsae Bp (a5 055 € Ol s S

slawbl Ty n Wyl éhm oLd ol RS o,
el 3 3RS als sl byl ol 3 Kl =S el
O O T e, v R VPl \of IS CH PRI
SOl devy 4 5 4 G LISE [25] LT e cns

o balie jsb & 5d o g3ledds C3DBR o

V)

LS\_J" IS C)\.qo‘ J§|J'-'~ —JSl)s éw J.LA )‘ “:Jl.&‘LE.A
V) dslir [26] 553 o oslinal St bt & 516, 4y a0
Jas 3 1 Of Ogelgs S 5 3V d Slasein (¢

.MJ& olis awdlas S)40

S oS S ) BU el iy ) s

Mw 5.0 6.0 7.0 8.0

A(m) 0.41 0.79 1.55 3.02

Table 1. Maximum displacement due to reverse fault
movement.
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Fig. 2. Deformation of buried pipeline due to reverse
fault motion: (a) section and (b) plan.
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Fig. 3. Finite element model of the (a) soil formation with
tectonic fault, and (b) steel pipeline.
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Yield stress (o1)

Failure stress (02)

Failure strain (e2)

Elastic young’s modulus (E1)

Yield strain (e1= 61/E1)

Plastic young’s modulus (E2=(02-01)/(g2- £1))
Diameter (D)

Thickness (t)

Length (L)

490 MPa
531 MPa
4.0%

210 GPa
0.233%
1.088 GPa
0.9144 m
0.0119 m
60 m

Table 2. Steel pipeline properties [25]
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Fig. 4. Effect of crossing angle on the peak pipe compressive
strain for loose sand (y =40°).
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Fig. 5. Effect of fault deep angle on the peak pipe
compressive strain for loose sand (B =30° and 3 =60°).
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Fig. 7. Effect of backfill type on the maximum compressive
strain in the pipeline.
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Abstract:
Response evaluation of buried steel pipelines at intersection with active faults is among the top seismic design
priorities. This is because the axial and bending strains induced to the pipeline by step-like permanent ground
deformation may become fairly large and lead to rupture, either due to tension or due to buckling. Surface
faulting has accounted for many pipe breaks during past earthquakes, such as the 1971 San Fernando (USA),
the 1995 Kobe (Japan), the 1999 Izmit (Turkey), the 1999 Chi-Chi (Taiwan) events and more recently, the
2004 Mid Niigata earthquake in Japan. Literature review reveals that the analysis of pipeline subjected to fault
motion is previously studied on the case of strike-slip fault. Whereas, a 3D large scale finite element analysis
is a powerful method and allows a rigorous solution of the problem with minimizing the humber of necessary
approximations. The aim of present work is to examine and compare the mechanical response of continuous
(welded) buried steel pipelines crossing active reverse faults by three dimensional FEM. General-purpose finite
element program ABAQUS is employed to accurately simulate the mechanical behaviour of the steel pipe, the
surrounding soil medium and their interaction. Meanwhile, non-linear geometry of the soil and the pipe
through a large-strain description of the pipeline-soil system and the inelastic material behaviour for both the
pipe and the soil are considered. For 3D FEM continuum model, an elongated prismatic model is considered,
where the pipeline is embedded in the soil. Four-node reduced-integration shell elements (type S4R) are
employed for modeling the pipeline cylinder, whereas eight-node reduced-integration brick elements (C3D8R)
are used to simulate the surrounding soil. The analysis is conducted in two steps: gravity loading is applied
first and subsequently fault movement is imposed. Seismic fault plane is assumed to be located at the middle
cross-section of the pipeline. The steel pipeline was of the API5L-X65 type, with a bi-linear elasto-plastic
stress—strain curve given by Ramberg-Osgood model. The mechanical behavior of soil is described through an
elastic—perfectly plastic Drucker-Prager constitutive model. A contact algorithm is considered to simulate
rigorously soil-pipeline interaction which accounts for large strains and displacements. Analysis proceeds
using a displacement-controlled scheme, which gradually increases the fault displacement. Quasi-static
analyses were carried out by applying fault offset components to soil block in the continuum FE models
through a smooth loading function of time. Buried steel pipelines have been analyzed for reverse fault motion
to study the influence of design parameters via: crossing angle, backfill properties, burial depth, pipe surface
property, pipe material and cross-section properties on maximum compressive strain, and buckling of the
pipeline. The following main conclusions were obtained based on the response of studied pipeline subjected
to reverse fault motion using the FEM model.
- For the steel pipeline subjected to reverse fault motion, compressive strain was always found to be more
critical than the tensile strain.
- The capacity of the buried pipeline to accommodate the reverse fault offset could be increased by adopting:
a loose granular backfill, a shallower burial depth, near-parallel orientation with respect to the fault line, a
smooth and hard surface coating, and increasing pipe-wall thickness.
- Finally, the obtained information can provide either guidance for developing improved earthquake-resistant
design or countermeasures to mitigate damage to pipelines crossing active reverse faults.

Keywords: Soil-pipe interaction, FEM, Reverse fault, Performance, Non-linear analysis
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