RESPONSE OF
CONTINUDUS PIFELINES

TO FAULTING

j

Chapters 6 and 7 present the response of continuous pipelines
subject to longitudinal and transverse PGD, respectively As men-
tioned previously, arbitrary PGD can be decomposed inlo two
components, one, parallel 1o pipe axis {i.e, longitudinal PGD;
ard the other, perpendicular to pipe axis |1 2., transverse P!
This chapter presents the response of continuous pipelines sub,ect
to fault offsets, which in the general case mvolves both long tucs-
nal and transverse response

Two cases are discussed herein In Case 1, pipes are distressed
due to nending (caused by transveise component) and axial ten-
sile force (caused by longitudinal compenenii A netmal fauli ard
strike slip fault wilh the intersection angle between (11e fault hace
and the pipe axis, B (shown in Figure 8.1}, less than 90° are ex-
amples of this case. The pipe faliure mechamism wouid be tensile
rupture since the fault offset results primarily in tensile cuain in
the pipa in this case.

in Case |l pipes are distressed due to bending and axial com-
pressive force. A reverse fault and strike-stip fault with the
intersection angle, B, between the fault tracz and the pipe 2xis
more than 90° are examples of this case. The pipe fa:lure mecha-
nism wouid be buckling since this type of fault results primarily in
compressive strain in the pipe in this case

Surface faulting has accounted for many pipe bieaks duing
past eaithquakes. For example, much of the surface faulting du-
ing the 1971 San Fernando earthquake accarred in urban and
subutban communities. Although only a half of one percent of the
area wae influenced by the suiface faulting, 19e lault movements
resulted in over 1,400 breaks in waler, natural gas and sewer pyipe-
lines (McCaffrey and T O'Rourke, 1983). Amang the three lault
zones (the Mission Wells segment, the Sylmar segment and the
Hardmg school segment), the 3 km long (1.9 mile) Sylmar seg-
ment had the largest pround displacement which was compose



of 1.9 m (6.2 [t} of lelt-lateral ship, 1.4 m (4.6 {t) of vertical offset
and 8 6 m {2.0 fi) of thrust Most of the left-lateral slip and thrust
were corcenrated along the southern 25 (¢ 80 m wide (82 to 262
fi} section of the (ault zorne, where the failure mode of local buck-
ling to the pipe wall was dominant. On the other hand, vertical
olfsets and extension fractures are predominant in the northern
seclion, where most of the breaks were due to tensile failure.

Trere ale three potential failure modes for a cont'nuous pipe-
line fault crossing. They are. tensile rupture, focal buckling
twrinkhing) ir compression, and bearn buckling in compression.
The beam buckling mode is discussed in detail in Section 4.1.3.
As noied pipelines are typically buried about 1.0 m (3.0 fi) below
the ground surface Since this burial depth is larger than the criti-
cal burial depth shown in Figure 4.5, the pipe wrinkles rather than
buckies like a beam when subject to compressive PGD. Hence,
(his chapter focuses on tensile rupture of a pipe due to bending
and tension, and wrinkling cf the pipe wail due to bending and
compression.

STRIKE BL1 P FAauLT

A number of investigations have been performed regarding
iensite and bending behavior due Lo large abrupl fault movements.
These include: the Newmark-Hall (1975) approach, the Kennedy
etal. apo-oach, and the Wang-Yeh (1985) approach. Herein these
analytical approaches are reviewed and the results are compared
to those from an FE mocel, in which both pipe material nonlinearity
as well as the nonlinear interaction at the pipe-soil interface are
considered.

B.1.1 ANALYTICAL MoDELS

Newmarl and Hall (1975} apparently were the first to analyze,
the fault crossing problem. They considered the model shown in
Figure 8.1 with a total fault mcvement 8, in which a pipeline in-
tersects a right lateral strike-slip fault at an angle B For a pipe-fault
intersection angle B £ 90°, the strike-slip fault results primarily in



tensile strain in the pipe. They assume that the pipe is firmly at-
tached to the soil {i.e., no relative displacement between pipe and
soll) at two anchor points located at £, from the fault trace An-
chors correspond to elbows, tie-ins, and other features, which
develop substantial resistance to axial movement.
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Atmr Newmark and Hali, 1975

M Figure 3.1 Plan V'ew of the Nawmark-Hall Model for Pipsline Crossing & Right Lateral Strlka-S1n
Faull

The authors neglect the bending stiffness of the pipe as well as
lateral interactions at the pipe-soi: interface. That is, they envision
a trench with sloping side walls for which only longitudinal inter-
action at the pipe-soil interface is considered. The total clongation
of the pipe is composed of two components. The first is due to the
axial component of fault movement (8,cosB). The second is due to
arc-length effects caused by lateral component of fault movement
(8,5inpB},



Recause of symmetry, only one side of the fault trace is con-
sidered The average pipe strain, ¥, is

y Ny

i= %cmﬁ#&t%smﬁj 8.1
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where L5 the effective unanchored length, thal 1s, the distance
between the fault trace and the anchor point,

Wher no bends, tie-ins or other consiraints are focated near
the fault, the friction {orces at the pipe-soil interface provide all
the axial resistance. In this case, L can be estimated by:

L=l+1L, (8.2)

whete L 1s the pipe length aver which elastic strain develops, while
L, 15 the length over which plastic strain develops

[, L aegiven by:
L ={bg Dot (8.3)
= [E (e - & )mDt)it, (8.4'

where € is the yield strain of material, £ and £, are the modulus
before yleld and after yield, g is the plaqnc tensile strain in the pipe
and ¢ is the axial friction {force per unit length at the pipe-soil
interlace Failure in the Newmark and Hall approach is assumed
lo occur when the average stiain € is greater than

For a 0.61 m diameter (21 in) pipe made ol X-60 steel, the
relatron between the tolerable fault movement and the intersec-
ton angle using the Newmark and Hall approach is shown in Figure
8 12 along with similar information from other approaches which
will be discussed later. The Newmark and Hall mcdel provides
valuable insight into the mechanics of this [prablem, and allows
one 1o evaluate the most influential parameters. However, as will
be shown later, this approach over-estimates the tolerable fault
movemcenl for ipelines since it uses the average strain as a failure

crilerion and neglects the lateral interaction at the pipe-soil inter-
(ace.



Kennedy et al. {1977} extended the ideas of Newmark and
Hall, and incorporated some improvements in the method for evalu-
ating the maximum axial strain. They considered the effects of lateral
interaction in their analysis. Also, the influence of large axial strains
on the pipe’s bending stiffiess is consideied That s, the pipe ben-
ing stiffness becomes very small {roughly 0 5% of the initial stiffness)
when axial strain is welf beyond the yield strain. As a result, the
bending strain in the pipe is relatively small in this app-oach.

Figure 8.2 presents the Kennedy et a' mozel, i whick the

bending strain accurs in the curved regian where a constant cur
vature, T/R 15 assumred.

(3 Brain 2

ARer Kennedy el al , 1977
W Figure 8.2 Kennedy st al, Modal

The bending strain, €5, is expressed as:

Ehp = — {85)

R_is the radius of curvature of the curved poition, which can

be evaluated by using an analegue to internal pressure in & cylin-
der

onlt
pu



where 15 the axial swess at faull crossing, p, 15 the lateral sofl-
Fipe interaction force per unit length (see Equation 5.5 for sand or
Equaion 5.7 for clayl,

Tae total strain in tha pipe is yiven by

o .
E=¢g,+ EE (8,?)

whe o € s the raxi—um axial shain due to the elongation of the
rpe nduced by the fault offsel.

The total elongatian of the pipe, AL, can be estimated by.

{8, sin [3)2

Al = & casB + 0

(8.8)

verere the first term 15 the elongation due io the axial component
of the fzult movement, while the second term is the elangation

ue to arc-leng!h effects induced by Lhe lateral component of the
fault movernent, and £_is the horizontal projection length of the
lateraily deformed pipe shown in Figure § 2, which can be ap-
proxireated by

L = RS sinp (8.9}

Rased on the Rambarg Osgood relation in Equation 4.1, the
total elongation can be expressed in terms of an integral of axial
strafn That is,

s

~n

ts n ’HGY :
al = :jn O{I.F]-f."\-ﬂ-.\-J ldx (8 10)

I egrating Equation 8.10, one can ablain the relation between
the axlal inovement and effective length £ . Combining Equation
6.3, Eouation 6.4 and Equation 8.8, one can obtain the relation
between faukt offset andf pipe st-ain for any intersection angle B,
which is shown later in Figure 8.12.



Figure 8.3 shows the Inleradle fault movemnert fora 42 in (1 07
m) diameter pipe as a function of unanchorec length. The crilical
tensile strain is 4.5% for i Ic = 39 m and 3.5% for He = 3.0 m due
to the substantial increase in bending strains and “oop ovaling for
the deeper burial depth. The pipe wall thickness is 0.014 m (0.55
in); it's made of X-60 steel and surrounded by loose to moderately
dense sand with y = 1.76x10" N/m* (110 pch) and & = 34°. The

burial depth is 0.91 m (3 ft) from the ground surface to the top of
the pipe
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As shown in Figure 8.3, the tolerable fault offset for the pipe is
an increasing function of unanchored length and pine-fault inter-
section angle, but a decreasing function of burial depth  For the
pipe-faultintersection angle of B = 60°, Figure 8 4 shows the iaxi-
mum axial strain as a function of unanchored length.

As shown in Figure 8.4, the pipe axial strain is a decreasing
function of the wall thickness and unanchored length, For a given
wall thickness, the axial strain is an increasing function of the pipe
diameter, which is due to the corresponding increase in the inter
action forres at the pipe-soil interface In contrast to the Newmark
and Hall approach, the authors consider both the axial and lateral
interactions at the pipe-soil interface
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Subsequent to the above stucies, Wang and Yeh {1985} intro-
duced some additional modifications. The plan view of half of the
pine for Wang-Yeh's model is shown in Figure 8.5

Pipeling B

1l

Alter Wang and Yeh 1985
W Figure 8% Plan View of Pipeline Cross'ng Sirike-slip Faut

Assuming a corstant radius of curvature for the curved por-
tions (1.e., Regions [ and I}, Wang and Yeh analyze pipe strain
based cn the equilibrium of ferces and deformation compatibility.
They also assume that the strains in Regions Il and [l are elastic,



while the strains in Region | are inelastic. For the nominally straight
portion of the pipe (Region 111}, a beam on an elastic loundation
theory is used.

For a 1.06 m diameter pipe with 0.014 m in wall thickness,
made of X-70 steel and surrounded by loose to moderately dense
sand { y = 1.76x10* N/m® (110 pcl), and ¢ = 34") with burial
depth of 0.91m (3ft} from the ground surface ta the top of the pipe,
their approach results in the tolerable fault offset of 3.5 m (11 5 ft;
for B =70° and 4.6 m (15 ft) for B = 79°. Note thal Wang and Yeh
assume that the friction angle at the pipe-soil Interface is 20°

Wang and Yeh apparently neglect the influence of pipe axial
stress on pipe bending stiffness, and use the initial modulus to
evaluate the bending strain in Regtons |l and Il As a result, trey
overestimale pipe bencing strain in Region l and conclude that
the pipe [ails at the Point B as shown in Figu-z 8 5. This seeins

counterintuitive since one expecls tensile rupt res at ar very near
the fault crossing location,

8.1.2 FINITE ELEMENT MODE.S

Assuming a constant radius of curvature for the curved portion
of the pipe, Ariman and Lee (1991) evaluated p.pe stratn using lhe
linite element method. The pipe is modeled as a thin cylindncal
shell which is essentally semi-infinite. For a 42 in diametal pipe
made of X-60 steel, they present the bending strain as a function
of soil angle of shearing resistance, burial depth, and pipe diam-
eter in Figure 8.6 [a), (b} and (¢} respectively. Tha amount of fault
offset 15 6.1 m and the intersection angle is 70° in their caleula-
tian, '

As shown in Figure 8 6, the Ariman and “ee model suggesis
that the bending strain in the pipe is an increasing function of the
sail friction angle, burial depth and pipe diameter

For a pipe fault crassing al a right angie (i.e., B = 407,
Meyersohn {1991) evaluates the pipe strain by a fimite element
program UNIPIP {Tawfik and T. O'Reurke, 19861 Mevyersohn's 1u-
merical simulations are performed on two pipelines with burial
depth of 0.91 m (3 ft) from top of pipe to the ground surface, Pine
1. with an outsicle diameter of 106 m (42 inta~«d a wali thickness
of 14 mm {0 55 n), and Pipe 2 with a diameler of 03 m (12 in)
and a wall thickness ¢f 9.5 mm (3/8 in), are unpressurized and
mace of X-60 steel. Figure 6.7 shows the maximum compressive
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stram versus the fault displacement, in which the compressive strain
generzlly increases with an ncrease 1n the fault displacement, After
e dispiacement reaches a certain value {for example 2.3 m for
Pipe 2. the maximum compressive strain decreases with increase
of tha displacement since the axial tensile strain becomes larger
thanyield strain due fo the arc-length effects induced by the fault
movement, according to Meyersohn (1991).
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The maximum compressive strain in Figure 8.7 is less than the
critical wrinkling strain for the pipes given by Equation 4.3

in order to evaluate the various approaches, the model shawn
in Figure 8.8 is used herein to estimate the pipe sirain using the
ABAQUIS finite element program

As shown in Figure 8.8, the pipeline model is fixed at the po'nt
A, which is 500 m (1640 ft) away from the pipe-fault intersection
(Paint Q). This unanchored length is sufficiently long such that
both axial strain and bending strain are zero at point A (i e., the
fixed end). Stmilarly, there is no relative movement between the
pipe and the surrounding soil at Point D (i.e, the unrestrained
end). All the bases of soil springs lo the left of fault trace are fixed.
To the right of the fault trace, a'! the bases of lateral soil springs
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(e g., Point C) move a distance of §,5inB in the Y direction, while
all the bases of axial soil springs (e.g., Point E) move a distance of
,cos@ in the X direction.

Considering the non-linear interaction at the pipe-soil interface
(Equation 5 1 and Equalion 5 5) and the Ramberg Osgood stress-
strain relationship (Equation 4.7), the response of an X-60 grade
pipe (0.61 m in diameter, 00095 m in wall thickness) subject to a
strike-slip fault is analyzed

For a pipe-fault intersection angle of 90° the distribution of
maximum pipe strain is shown in Figure 8.9. The maximum axial
strain as well as the peak tensile strain occurs at the intersection
where the bending strain is zero (i.e., the point of counterflexure).
The bending strain near the intersection (within about 30 m) is rela-
tively constant (i.e., relatively constant curvature as assumed in the
Kennedy et al approach). The peak tensile strain due to the com-
bined effects of axial and bending strains occurs at the intersection
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The peak pipe strain lor the same intersection angle (90° is shown
in Figure 8.10 as a function of fault offset,

As shown in Figure 8.10, the peak compression strain occurs
for a fault offset of approximately 2 m (6.6 ft) and decreases thereaf-
ter. This decrease of compression strain is due to the decrease of
bending strain/stiffness caused by the large axial strain. For example,
as shown in Figure 8.9 for a fault offset of 12 m (39 (1), the bending
strain in the pipe near the faull is a constant value of about 3.6 %107,
Since the axial strain is larger, the net compressive strain is zero.
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Three stages can be identified for the response of a buried
pipeline subject ta an abrupt lateral fault offset as snown in Figure
810 In Stage | (small offsets}, both axial and bending strains are
important, and both increase with fault offsets. Bending strains are
large enough such that there is a non-zero net compressive strain.
In Stage 1l {intermediate offsets), the axial strain is beyond yield,
and bending stiffness (and hence bending strain) are decreasing
and the net compressive strains approach zero. I Stage Ill {large
offsets), the bending strain remains constant while axial strain in-
creases with increasing fault offsets.

For pipelines made of X-60 and Grade-B stcel, the tolesable
fault offset is presented in figure 8.11 as a function of the pipe-
faultintersection angle. As shown in Figure 8.11, for an intersection
angle less than about 90° (92° for X-60 steel, 90 6° for Grade-B
steel), the tolerable fault offset fs governed by tensile failure, and
increases with the pipe-fault intersection angle. For an intersec-
tion angle larger than that angle (Case 11}, the tolerable fault ofiset
is governed by wrinkling of pipe wall, and the compressive strain
reaches the failure criterion at a low value of fault offset. For ex-
ample, the fault offset of 0.2 m (7.9 in) may cause local buckling
to a pipe with 0.61m (22 in) diameter. 0.0C95 m (3/8 in) wall
thickness and mada of Grade-B steef. Note that the solid lines are
based on a tensile critical strain of 4%, while the dotted lines are
based on a local buckling st-ain of 0.54% {an average valve from
Equation 4 3).
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8. 1.3 CoMPAR!EON AMONDIDB
AFPRGACHTLTS

“gure 8.12 presents the twierable fault offset from four ap-
proaches as a function of the intersection angle between the pipe
axis and fault trace.

Asshown in Figure B.12, the resulis obtained from the ABAQUS
numerical approach match that from Kennedy et al.'s analytica’
approach very well for intersection angles less than 60°. For inter-
seclon angles lziger than 60, the tolerable fault offset irom the
ABAQUS model is somewhat less than that from Kennecy et al’s
approach

Newmark and Hall's approach overestimates the tolerable fault
offsetby roughly a factar of 2 This Is believed to be due to the use
of the average strain for the failure criterion. Note that the maxi-
mumstrain in the pipe is at least twice the average strain used in
their appreach. Moreover, they neglect the bending strain in the
pipe and the inl'uence of bending strain on the axial stiffness of
the nipe Nole that the Newmark and Hall's curve is based on
Equaton 8 1 with an unanchored length of 50 m (164 f1).

As mentianed previously, farthe pipe made of X-70 steel Wang
a~c Yeh's approach leads to tolerable fault offset of 3.5 m (11 5 )
and 46 m (15 ft) for B = 70° and B = 79°, respectively. For the
samecase, the tolerable fault offset is 15 m (149 ft) for B =70°and
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21 m (69 1) for B = 79° by Kennedy et al.'s approach which, as
noted above, appears to match the finite element resuits. Hence,
Wang and Yeh's approach apparently underestimates the to/erable
fault offset for the pipeline by a factor of 4, This is believed to be
due to their assumption that the pipe strain in Region Hl (l'igure
8.5) is elastic and a reduced bending stiffness at high axial strain is
neglected. In fact, the finite element results suggest that the axial
strain in that region dloes exceed the yield straim and the bending
stiffness is, in fact, greatly reduced. Hence, Wang and Yeh's ap-
proach overestimates the hending strain in the pipe, and
underestimates the tolerable fault offset for the pipe

Results from the Ariman and Lee model as weli as those from
Meyersohn are presented in terms of bending strain. Since they
also used different diameters and wall thicknesses, no comparison
is presented herein,

8.1.4 CoMPARIBON
HisToR I EB

Wit H CAaABE

The 1979 Imperial Valley earthquake provides case histories
which can be used to benchmark the finite element approach.
During this earthquake, three natural gas pipelines were affected
by the localized abrupt offsets at the Imperial fault as shown in
Figure 8.13. The maximum co-seismic right lateral slip along the
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fault was 550 to 600 mm (1.8 to 2.0 ft) at Heber Dunes. Up 1u 290
mm (1.0 ft) of akterslip was measured at McCale Road 160 days
after the earthquake, according to Roth et al. {1990).

The material properties of those pipelines, the amount of fault
offset as well as the pipe-fault intersection angles are listed in Table
8.1. The No. 56 coating consists of layers of red oxide primer,
filled asphalt, two spiral wraps of cellulose acetate, filled asphalt
and paper wrapper. The somastic coating is composed of asphait,
aggregate and fiber mixture. In this case study, Equations 5.1 and
5.5 are used for estimating maximum axial and latera! interacting



force at the pipe-soil interface. We assume the angle of shear re-
sistance of the sand & = 35° and k = 0.7 for No. 56 coating and
k =0 9 for somastic coating.

Two cases are considered herein. In Case 1, the fault is as-
sumed to be a single abrupt fault (i e., the width of offset zone s
zero). In Case If, the 9.6 m (32 ft] of actual fault width is used, and
linear distribution of ground movement across the width is as-
sumed. The maximum pipe stzins Jrom the finite elerent mode)
as well as the critical strain are listed in Table 8.1. The critical
strain for Holtville-El Centro Line (angle 55 is taken s a tensile
rupture strain of 4%, while the critical strains for Lines 6000 and
6001 are taken as the wrinkling strain from Equation 4.3, The pre-
dicted behavior matches the observed behavior in that the
maximum strain for Case Il tactual width used} are less than the
critical values, and the pipes did not, in fact, fail. Note that the
tensile strains for the Holtville-El Centro Lire for bolh cases are
relatively close. However, for the other two pipelines, the com-
pressive strain for the zero-width fault is much larger that for the
9.6 m-wide fault This suggests thal the width of the facll can e a
key parameter, particular for compressional movements. That is,
the finite element results suggest that the twe pipclines in cam-
pression would have wrinkled if the width of the fault were small
{e.g. less than about 3 0 m (10 ).

M Table B.1 Pipe and Faull Properlies and Strain Analyses

ch . Haoltville- ine B0 Line 600
arncteriskic £} Centro Line Ling 6020 fne 600
Dhameter 114 mm 219 mm 273 mm

Wail Thickne<s 5 mm 7 mm 5 mm
Maloral A-25 Sleel (GR-B Steel X-47 Siea

VYietd Stress 170 mPa 240 MP 290 MPa
Oppening Pressure 2 8 Mha 2.8 M 2 3 MM

Deph of Cover 0D.8m 0om 0.2 m
Weld Ty pe Atelylone Elecine Arc Electic An
Coating No. 56 Samashic Ne. 56

Faul Qffset 0 & e Q4 m 0.4 m
[mersecian Angle 54 oy 120°

Max, Tensile Siram (Case 1) a.015 -

Max., Tensife Strain (Casa 1) onize - .
Max, Compressive Sleain iCase 1 - > .06 00335
Max. Conpiressive Sleain (Case 1) . 1} 07732 RV

Critleal Strain 004 Qo2 (30064

Cose b, Abrupd offet
Caws 11 86 “pub ek



| NorRMAL AND REVERSE FaUuLT

Relatively little analytical work kas been done for a pipe across
a normal or reverse fault. For a pipe subject to a normal fault, the
pipe-52il system is no longer symmetric, and the transverse inter-
action force at the pipe-soil interface for downward movement of
the pipeline 's much larger then that for upward movement, based
on Eguation 5.9 to Fquation 5.16. Kennedy et al’s approach can
still be used to estimale the pipe strain. In this case, an average
lateral interaction force for spward and downward movements
can e used to estimate the bending strain from Equations 8.5 and
8 6, and the axial strain Is the same as befare

However, for a pipe subject to a reverse fault, it appears that
no analytical approach is currently available, The ASCE TCLEE
Comrittee on Gas and Liquid Fuel Lifeline (1984) suggests using
the finite clement method,

The behavior in such cases s difficult to generalize, in part
because thare are two angles of intersection (the angle in plan
aetween the fault and the pipeline, as well as the dip angle of the

faull) as well as the aforementioned asyimmetric nature of the soil
esistance in the vertical plare.



