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

4

JSG s 6585 GBS B asd s e p s
&ij\fééljpﬂﬁuj\ogu;ﬂl‘ﬁ:Q)L?;«f.;j:f
LB laie 4 g 55 S 53 gesls JalSl,d) y S

Ak o S e 5

0 s i 0
L0 ol e i kS il s

S 9 B s Shae 4 SU oy Skl Gl
sla s S ain Ol s L, (A 5 A) b K35 558 e
ds ool mhe gl sl (i s e Gl e ool
03 ks e Ol é\ﬂjwwujé C’e’b S A
oo W B sy Jio Sl sleslanl O e
gl 5l A sl s ssh e Lo 0y Skl
e ol Bl o ool 6 3 s D
Gl o a4 § Jasys /A ol allie gla i ol alie
fOShsl oy o 55 b 3580 damd [21]
G S e ol 5 68 bt S Ll s re
el A Sl iy e LS ole
550 BUE S Ol Ol 0T 0 0353 S5l (5,5 5k
wle 1Al alis @ a5 Loramen sl LS
Slp e Sy Sleslanal (A 5 A) G K8 5 (B S

dy Calses 4 b i Sl -5-¥
L;N)M}Jd\ﬁuugq,bsw,;‘u&;@w\);
Yo Ul calse glacubes gl 4 e 2 /AVE s
) ald g ol cod 3lie al s e (L3N e e
Jl}tjijaélﬂw@u.ﬂbyuf&ﬁb\OYUf,'\)'\
e o ey ilas (V0) S5 3 oST e 5 s Il
S Bl G| e Y s rdse GELS 3sdp 55
(F) ol 31 ool S0 5,8 e 0 658 2 S
op JoS St bl i oy (010) IS5 ey
gk s e 1y A kS A 4 e e
el L aS s gl e edalin s e 0L ) Culbs

sk 4 Glee slralr Jlaie ) Colbis 4 b 4 cns



\Vc\'\JLN/Y é)w/rﬁwé)‘}é

J}Jpamag}ﬂ@f:e,u;gw&,z}aw\asau
—alr Sl SASy o aliad 55 (K w5 Ll
bl ssd e 63y et /Y sl e Y Ll
Sy 53 W alaly by 2 he A (SASH S R
6ju@j‘owiw>g@ugw.>}$&w\>u~/~~o
syls b slas Il b s Soalen alis opl 5
SIS s 5l e 45 238w Olg e (OT) S
ol o3 58S slie (S S sl 3 W el
el Gl aS o5k 4 Ll s ol Lo g axb
Loy3 0 51 i a BS Jlde (S gl me Y51 i
il g ple s ddgla 2SS J- s
5 o (Sales it pl ol Jlliagn L& 5 50
S cl S5 LB 30T sl O Kaass sl laasl L
Llge oS solme 53 Sop sl 55 5l Jol gl

J}JAJ)J)JQ.L;)L;)LW

iiS KesenS A-F
@odate Sbao g i Ol ¥ i 53 oS 4800
ol ey gl A e B Ll e )
4 bl Gl ase Oy 4l sl 1 Zolosd
b sl Jeadl) s (eSS ple Jsles (65 Sas cla“
i g bl 2iS e (5 S lkie ASCE wslppf
e (18) UK 317 5,8 o iy dwoy3 0 LY 1, 55 5
b S S5 Gl Gbla s d ) 205 NS 05
LB a5 () Jadr e ¥ Sllie b oS a3
JKo 4 g bdas e Jialed sy A 5 Loslas
SV g S S Ol S 350 e sdaline (VE)
el ol il 03 S5 sl 00 5l S oS
S sy sdalin (08 5T Gl S Sl ol il
SAS P Tondy 53 S5AS RS 4 Camd LIS S
S b LS &S Aas e OLES aom ol 3yl )3
V5 g slad g 53 mly ol & 350 (23S S

ol

15

oot Ol pes wdige odgh — ele de

wle) (5l GE S wde p d) b plae sla S A IS

(s
0.1 -
.g B=30°, Y=40°, Loose sand
% 0.08 -
S - — =05
(7]
9 006 { ———f=0.8
S
3 ’
S 0.04 - V4
€
g 0.02 A
<
C
E 0 I— T T 1
0 0.5 1 1.5 2

Fault displacement (m)

Fig 8. Effect of pipe surface characteristics on the maximum
compressive strain for loose sand.
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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 number 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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