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As mentioned previcusly, nansverse PGD relers to permanent
ground movement perpendicular to the pipe axis When subject
to transverse PGD, a continuous pipeline will stretch and bend as
itattempls to accommodate the transverse ground rrovement. The
failure mode for the pipe depends then upon the relative amount
of axial tension (stretching due to arc length effects) and flexyral
(bending) strain That is, if the axial tension strain is low, the pine
wall may buckle in compression due to excessive bending On
the other hand, if axial tension is nat small. the pipe may rupwre
in tension due to the combined elfects of axial tension and flex-
ure  T. O'Rourke and Tawfik (1983) present 2 case histcry, from
the 1971 San Fernando event, of continuous pipe failure due o
PGD. The transverse component of PGD was approximately 1.7
m. Line 1001 {Pipeline 5 in Figure 2.11 (a)) was abandonzd be-
cause of multiple breaks. Line 85 (Pipeline 4 in ¥ gure 2.11(a))
was repaired at several localions within the PGD zone The records
indicate that three repairs near the eastern boundary of the soil
movement were due to tensile faifure and two other repairs near
the western boundary were due to compressive failure Note that
besides the major lateral movement, there was small axial move-
ment loward the west

Similar to longitudinal PGD, pipeline respense to wansverse
PGD s in general a function of the amount of PGD §, the width of
the PGD zone as well as the pattern of ground deformation. Fig-
ure 7 1 presents sketches of two types of transverse patterns
considered herein.

Observed examples of spatially distributed transverse PGD
(sketched in Figure 7.1{a)) have previausly been presented in Fig-
ure 2 11(b) and (c} and in Figure 2.111a) near Pipeline 2. In thece
cases, the pipe strain is a function of both the amount and width of
the PGL zone. Observed examples of abrupt transverse PGP
(sketched in Figure 7.1(h) have previously been nresented in Fig-
ure 2.11{a) near Pipelines 4 and 5. In these cases, the pipe strain is



. L
W — W
5 L
{
15T
(al Spatially Dislributed (b Localized Abrupt

W Figue 7.1 Patte-ns of Transverss PGD

afunction of & and in seme cases, the widlh of the zone W. That is,
i“ the zone is wice, the movement at each margin of the PCD
zong corresponds more or less to a fault offset where the fauit
pipeline intersection angle is 90°.

Another type of transverse PGD occurs when a pipe is buried
directly in liquefied soi'. In addition to the pipe deformation in the
horizontal direction due to lateral spreading of liquefied sail, it
may also uplilt due to buoyancy (transverse deformation in the
vertical direction) This mechamsm has caused pipe damage in
pasievents. Far example, Suzuki (1988) and Takada {1991) men-
tioried that some pipes, with or without manholes, were upliflted
out of the ground due to buoyancy effects during the 1964 Niigata
edarihguake,

In this chapter, we discuss continuous pipeline response to
spatally distributed transverse PGD in detail. Various analytical
deahizations of transveise PGD which have been used are re-
viewed. Analyticai and numerical models of pipe response to
spatally distributed transverse PGD are then discussed The cases
of apipehine 1n a competent soil layer and in a liquefied layer are
nresented separazely, Also, the effects of the buoyance force are
discussed. Finally, the conditions whereby abrupt transverse PGD
may be modeled as a special case of fault offset are presented. The
topiz of pipe response to faul* offset is discussed in Chapter 8.
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One of the first {lems neecled 0 evaluate pipeline -esponse 1o
spatiaily distributed transverse PGD is the pattern of ground defor-
mation, that is, the variation of ground displacement across the
width of the PGD zone. Different researchers have usad d:fferent
patterns in their analyses.

T. (¥Rourke (1988} approximates the soil deformation with
the beta probability density lunction,

yix) = 8{s/5 1" - sW(1 -5 ) 10 <5 <1 7.0

where s is the distance between the two margins of the PGD zone
notmalized by the width W, 5 is the normalized distance from the
margin of the PGD zone to the location of the peak transverse
ground displacement, §, while ' and r are parameters of the distri-
bution. In his analysis, the following values were used; s_=C.5,

r'=2.5andr =50 Figure 7.2 shows the resulting idealized soil
deformation.
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W Flgure 7 2 Assumed Patterns o Spatially Distributed Transverse PGD

Suzuki et al. (1988) and Kobayashi et al. (1989) approximate

the transverse soil deformation by a cosine function raised to a
power n.



X n
ylx) = 9 - {COS WJ 72y

where the non-noimalized distance x is measured from the center
of the PGD zone. Figure 7 2 also shows the Suzuki et al. and
Kobayashi et al model forn=0.2,10,20and50.

M. O'Rourke (1989) assumes the following function for spa-
tially distributed transverse PGLD:

d 2mx
vix) = 3 1-cos W (7.3)

where x is the non-normalized distance from the margin of the
PGD zone. This gives the same shape as hoth the Suzuki and
Kobayashi et al’s models with n = 2.0 (note, origin of x axis is
shifted).

As shown in Figure 7 2, all the patterns are similar in that the
maximum soil deformation occurs at the center of the PGD zone
and the soil deformation at the margins is zero The patterns differ
in the variation of greund deformation between the center and the
margins
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Pipelines are typically buried about 1.0 m (3 fi) below the
ground surface. Often the ground water level and the top surface
of the hquefied soil layer are both below the bottom of the pipe In
these cases the lorce-deformation relations at the soil-pipeline in-
terface correspond 1o a pipe in competent non-liquefied soil which
overrides a hquelied soil layer

In the following subsections, results from various analytical
approaches and nonlinear finite element approaches will be pre-
sented and compared. Results for pipes in hquefied soil are
presented in Section 7 3.



7.2 .1 FINITE ELEMENT METHODSB

The finite element method allows explicit consideration of the
non-hnear characteristics of pipe-soil interaction in both the trans-
verse and longitudinal direction as well 35 non-linear shess-strain
relations lor pipe matenal, 7, O’Rourke (1988), Suzuki etal. (1988)
and Kobayashi etal (1989} as well as Liu and M. O'Rourke (1997b)
have used the finite element approach to evaluate buried pipe
response to spatially distributed transverse PGD Assumptions anc!
numerical results from each group are presented here.

T. O’Rourke

T. O'Rourke (1988) simulated the soil deformation by the beta
probability density function given in Equation 7 1. Figure 7 3 shows
the deformation of both the soi! and the pipe.

As shown in Figure 7.3, L_is the distance from the margin of
the PGD »one to an assumed anchored point in 1he undisturhed
soil heyond the PGD zone The anchored poimnt in the T, O'Rourke

(1988) model was localed where the bending strain is less than
1%x10°,

Pipe Displacemew Groune Displagimmenl

Anchor Pomt ~ Pipeline
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Alter'T O'Rowrke, 1508
MW Figurs 73 Parameters for T, O°'Rourke’s Model

Figure 7.4 presents the maximum tensile strain versus the maxi-
mum ground displacement far various widths of the PGD zone foi
an X-60 pipe with 0.61 m (24 in) diameter, 0 0095 m (3/8 in) wall



thickness and burial depth A = 1.5 m (5 t). For the three widths
consicdlared, as shown in Figure 7.4, the width of 10 m (33 1t) re-
sults in the largest 1ensile strain in the pipe for any given value of 5.

Maxitnuin Tensile Siram {96}

S I S A W |

0 N5 050 075 ton 125 150
Maximum Soil Displacement (m)

Aller T Q Rowka, 1988

& Figurs 74 Maximum Tengile Straln ve. Maximum Ground Displacement for Yarioos Width of
FGD 2o ———

Figure 7.5 presents the maximum compressive strain as a func-
uon of & lor a width of 30 m. In (his plot, the soil density ranged
from 13.8 to 20.4 kN/m* (115 to 122 pch) and the soil friction
angle ranged from 35° to 45°. Note there is no difference in pipe
response for 8 < 0.5 m (16 ) and only a 30% difference for
8 =1 5m (5 it). Based on these observations, T. O"Rourke {1988}
concluded that the width of the PGD zone has a greater influence
on the magnitude of pipe strains than the sail properties.

From Figures 7 4 and 7 5, the peak tensile and compressive
stiains or a width of 30 m (98 ) and 8 = 1.5 m (5 ft) are about
0.61% and 0.32%, respeclively Tais indicates that the induced

axial pipe strain at least in the T. O’ Rourke (1988) model, is sig-
nifizant,
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Suzuki et al.

Suzuki et al. (1988) expressed the pattern of transverse ground
displacements by the cosine function raised to the n power as
given in Equation 7 2. The normalized patterns for four values of n
are shown in Figure 7.2. The patterns for n close to zero approxi-
mate abrupt transverse PGD while the patterns for 2 1 correspond
to spatially distributed transverse PG,

Suzuki et al ‘s physical model is similar to T. O’Rourke’s shown
in Figure 7.3 except for the PCD pattern and the anchored length
L,. Suzuki et al. note that L, needs be long enough such that the
axial friction al the pipe-soil interface can fully accommodate the
axial movement of the pipe due to the PGD._That is. there should
be no flexural or axial strain in the pipe at the anchor points. It
turns out that the anchored length in Suzuki et al.’s model is much
larger than that in the T. O'Rourke (1988) model.

Figure 7.6 presents the influence of the width of the PGD zone
on pipe strain for X-52 grade steel, 0.61 m (24 in) diameter, 0 0127
m (1/2 in} wall thickness and H = 1.5 m (5 ft). For given values of
W and 8, the tensile and compressive strains are about equal. This
suggests that the axial strain in the pipe is small. A certain width of
the PGD zone somewhere around 30 m (98 ) results in the larg-
est pipe strain. Note that although the pipes are somewhat different,

the tensile pipe strains in Figures 7.4 and 7.6 are similar for
W =30 and 50 m (164 f1).
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Kobayashi el al.

Kabayashi el al (1989} used the same shape function and (of-
lowed the same pracedure as Suzuki et al’s to deal wilh the
problem, They consider an X-42 grade steel pipe with 0.61 m (24
in} diameter and @ 0095 m (3/8 1n) wall thickness Kobayashi et
al's results for the peak tensile stain ae shown in Figure 7.7 for
various of widths o the PGID zone Note that the largest pipe strain
occuls lor a width of about 19 m (62 fthin their model

Liu and M. O’Rourke

Liu and M. Q'Rourke {1997k developed a finite element
model, utilizing large deformation theory, non-linear pipe-soil in-
leraction forces {(soil springs) and Ramberg Csgood stress-stramn
relations for the pipe material. The pipe 15 modeled as a heam
coupled by both axial and lateral suit springs. The ancher .ength
of the pipe is long enough (up to 4G0 m (1312 ft)) such that both
the flexural and axial pipe stran are essentially zeio at the two
anchor points. The pipe is assumed surrounded by loose to mod-
erately dense sand (friction angle ¢ = 35° and soil censity ¥ =
1.87x10'N/m’* (115 peh) with a burial depth ~ = 1.2 m (4 Tt) from
ground surface (o the top of the pipe. The resulting elasto-plastic
soil springs are based on the TCLEE Guideline (ASCE, 1984) and
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have peak transverse, p , and lengitudinal, t, resistanceal " .0»10°
and 2 410" N/m {571 and 137 Ibs/in) respectively The -elative
displacements between pipe and soil at which the peak transverse
and longitudinal soil resistances are —abilizing are 0.06 and
3.8%107 (2.4 and 0.15 in), respectively,

Figure 7.8 shows the maximurm tensile and compressive strains
in the pipe versus the ground displacement for W = 10, 30 and 50
m, while Figure 7.9 shows the maximum pipe displacement ver-
sus the maximum ground displacement Both these figures are lor
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ant X-52 grade steel pipe wilh 0 = (161 m (24.10), t = ¢.0095 m
1378100 and the pround deformation pattern given in Sequation 7.3,
Excepl for W =10 m, Figwe 7 & indicates that the peak tensile
slrain s substantially larger than the peak compressive strain, par-
ticularly for larger vaiues of 8. Aiso, for the three widths considered,
the pp pe strains aie largest for W = 30 m. Although the pipes are
somewhat different, the peak tensile strains shown in Figure 7 8
match reasonably well with Suzuki et al.'s shown in Figuwie 7 6 lor
all three widths. Also, bath the peak tencile and compr essive strains
match reasonably well with the T, O'Rourke (1988} results for
W =30 and 50 m.

As shown in Figure 7.9, Lhe maximum pipe displacement mare
ar less matches the ground delormation up to a certain critical
displacement §_, Therealter, the pipe strain remains relatively con-
s'ant while the pipe displacement increases more slowly with
grourid deformatien. For ground deformation greater than §_, the
pipe bending strain varies slightly (increasing for small widths and
decreasing for large widthst and axial strain increases slowly, which

results in the maximum tensile strain remaining more or less con-
stant
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For a fixed value of the width of the PGD zone (W = 30 m),
Figure 7.10 shows the spatial distribution of pipe and soil displace-
ment for & =058, 5 and 28

Note that the pipe deformation matches fairly well with the
ground deformation over the whole width of the PGD zone for
§ £ 8.. However, for 3 > 8_, the maximum pipe displacement is
less than the maximum ground displacement (from Figure 7.10,
40% less for & = 28 ), and "width” of the deformed pipe (i.e.,
length aver which the pipe has noticeable transverse displacement)
is larger than the width of the PGD zone. As a result, the curvature
of the pipe 1s substantially less than the curvature of the ground lor
& > 5_. As shown in Figure 7.10 for W = 30 m, the pipe curvature
at& =28 is comparable to the pipe curvature at § = §_

_F —— Pipe Delormation p—

= = Ground De[orma(lon/ s N \ J

Pipe and Ground Detormation (m)

15
Distance from Center of PGD Zaone (m)

Allgt Liu ang M O'Raurks, 1987k
¥ Figure 7 10 Pipe and Ground Delomation for W = 30 m; X-52 Grade Steal

Figures 7.11 and 7.12 show the distribution of bending mo-
ments and axial forces in the pipe at = §_ for W= 10, 30 and 50
m. As one might expect, the bending moments in Figure 711 are
symmetric with respect to the center of the PGD zone and similar
to those for a laterally loaded beam with built-m (i.e., fixed) sup-
parts near the margins of the PGD zone. That is, there are positive
moments near the center of the PGD zone and negative moments
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near the margins The moments vanish roughly 10 m beyond the
maigins Note that the bending moments for W = 30 m are larger
than those for W= 10 m or 50 m,

The axial forces in the pipe shown in Figure 7 12 are, as ex-
pected, also symmetric about the center of the PGD zone. The
axial forces are maximum near the center of the zone and de-
crease in a fanrly finear fashion with increasing distance from Lhe
center of the zone, Unlike the moments, the axial forces become
small only atsubstantiz| distances beyond the margins of the zane
{note the different distance scales in Figures 7.11 and 7 12). Also,
for the three widths considered, the axial force was an increasing
function of the width of the PGD zone (1.e., largest for W= 50m
and smallest for W =10 m).

The transverse loading on the pipe also results in axial move-
ment of the pipe, that 15, inward movement towards the center of
the PG zone. This inward movement is an increasing function of
the ground movement 8 as shown in Figure 7 13 For =4 m (13
fi, this inward movement at the margins of the PGD zone for the
pipe under consideration was 0.002, 0.07 and 0.15 m (0.08, 2.8
and 5.9 in} respectively for W =10, 3¢ and 50 m.
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N/, (571 lbs/ing, t = 2.4x10* N/m (137 [bs/in} and the M.
Q'Reurke {1989) pattern of ground deformation tigure 7,14 shows,
lor example, the influence of diameter an peak (ensile and com-
pressive stiains. Note that bolh the peak tensile and compressive
strains are increasing functions of diameter.
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for the pipe model considered the peak tensile strain is, 1o a
greaer or lesser extent, a function of all the parameters shown ir
Figues 7 14 through 7.20. Hawever, the peak compressive strain
is essentially independent of the wall thickness, as shown in Fig-
ure 7.15, and the steel grade, as shown in Figure 7.18.

"he peak tensile strain is an increasing function of the pipe
diameter and Lhe transverse {lateral) soil spring resistance It is a
decreasing function of the pipe wall Lhickness, the steel grade and
1c 2 lesser extent the iongitudinai (axiali soil spring resistance,

In tesms of anchor length L, a zero anchor length resulted in
substartially larger pipe strain than L = 15 m (49 fi} or 400 m
{1312 f1) as shown in Figure 7.19.

With relerence to the PCD pattern, the M. O'Rourke (1989,
pattern (same: as the Suzuki et al. pattern with n = 2) resulted in the
largest pipe strain for W > 30m as shown in Figure 7.20. How-
ever, the Suzuki et al. {1988} patiern with n = T resulted in the
largest strain for # <10 m.
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resistance. The crilical ground displacement § , was found to be

an increasing function of width of the PGD zone

and the lateral

pipe-soil interaction force, but a decreasing ‘unction of steel grade,
pipe diameter, axial pipe-soil interaction force and pipe wall thick-

ness.
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7.2.2 ANALYTICAL METHODRS

Miyajima and Kitaura

Miyajima and Kitaura (1989} mode! a pipe subject to spatially
dhstibuted transvarse PGD as a beam on an elastic foundation as
shown in Figure 7.21. The equilibrium equations for the pipe are
expressed as loliows

|
Fi —f;x}f + Ky o= K>5[1c.in :;] [0 <x < V;] (7.4)

1
X

where v and v, aie the transverse pipe displacement in and out-
sidethe PG zone, K, and K, are the equivalent laleral soil spring
coellicient in and outside the PCD zone, and E is the lexural
npidity of the pipe cross-section. The eguivalent soil springs K|
and K, are based upon recommended practice in Japan {Japan
GasAssaciation, 1982) in which non-linear characteristics are taken
into consideration.
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Aller Mivapma and Kiaus 1588

Miyajima and Kitaura’s equations provide a clear mechanical
mocdel ancl are solved by using a modified bansfer matrix method.
The maximum hending stress for a 16 inch (40 cm) diameter and



1/4 inch [0 6 ¢m) wall thickness steel pipe in a competent soil
layer above the liquefied layer (i.e., K, = K} is shown in Figure
7 22 as a funclion of the width of the PG> zone W lor three values
of ground deformation 5.
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A Figure 722 Maximum Bending Stress vs Widih of PGD Zonw for Three Velyes of Ground
Deformation

As one might expect inluitively, the pipe stress is an increasing
function of the ground deformation &. For a given value of 8, the
stress is a decreasing function of W for the range of widths consid-
ered by Miyajima and Kitaura. Note that they used small
deformation flexural theory, which does not account for axial strain
due to arc-length effects.

M, O'Rourke

M. O’Rourke (1989) developed a simple analytical model for
pipeline response to spatiaily distributed transverse PGD. He con-
sidered two types of response as shown in Figure 7.23. For a wide
width of the PGD zone, the pipeline is relatively flexible and its
lateral displacement is assumed to closely match that of the soil.
For this case, the pipe strain was assumed to be mainly due to the
ground curvature (i.e., displacement controlled). For a narrow
width, the pipeline is relatively stiff and the pipe lateral displace-



2D

e Margn o TCR Zone
.

Sail Movement

Flexible Pipe Displacement
{(Wide Width W

|

— Shff Pipe Displacement
\ arrove Wiclih W)

\
=8 1. coe 2m0
y(xjﬁi\‘l ot W)

L

L [P

Afler M O Rourka 1988

W Figure 7.20 M D'Rourke's Analytical Model Jor Pipsiine Subject to Spalially Distriouted Trans-
verse PGD

ment is suastantially less than thal of the soil. In this case, the pipe
strain was assumed 1o be due to loading at the soil-pipe interface
{1 e, loading controlled)

For the wide PGD width/flex ble pipe case, the pipe is assumed
to match the soil deformation giver by Equation 7.3 The maxi-
murm bending strain, €, in the pipe, is giver by

>

2’60
ey =202 (7.6)
Wwe

iy this simple model, the axial tensile sirain is based colely
upon the arc-lenglh of the pipe between the PGD zone margins
Assuming the pipe matches exactly the lateral soil displacement,
the average axial tensile strain, £, 1s approximated by:

:g} ] ;

.\l

~}



For the narrow width/stiff pipe case, the pipe is modeled as a
beam, built-in at each margin (i e, lixed-fixed beam), subject to
the maximum lateral force per unit length p_ al the soil-pipe inter-
face. For this case the axial tension due to arc-length effects is

small and neglected. Hence, the maximum strain in the cipe is
given by:

,2
en =+ PN (7.8)

T 3nE’

Note that M. O'Rourke (1989} assumes that the pipe is fixed at
the margins and herce neglects any inward (i e., axiali rrovemert
of pipe at the margin of PGL) zone As a result, Equation 7.7 over-
estirnates the axial strain 11 the pipe, as will be shown later.

Liu and M. O'Rourke

Based on the Finite Element results described previously, [1u
and M O'Rourke (1997b) found Lhat pipe stram 1s an increasing
function of ground displacement lor ground displacement less than
a certan value, & . and pipe strain does not change appreciably
thereafter. For example, for W = 30 m, as shown in Figure 7.5, the
maximum tensile stz s an increas:rg function of maximam so:l
displacement up to a value of 5= 1.3 m (4.3 1) For larger values
of B, the maximum tensile strain remains a1 a relatively constant
value of roughly 0.074 Similar behavior 15 ohserved for aller
wiciths.

In realily, the pipe resistance to transverse PGD is due to a
cumbination of flexural stifthess and axial stiffness The anulytical
relations developed betow are for an elasne pipe. Although 1he
‘nelastic pipe case is more complex, the elastic relations provide a
basts for interpreting finite clement results and, as wilf be shown
lates, are directly applicable to transverse PGD case histories from
Niigata

Tor small widths of the PGD zone, the critical ground defor-
mation and pipe behavior are controlled by bending. The
mechanism is the same as that in the M. O"Rourke 11389 mode|
for (he suff pipe case (i.e, two end fixed beam with r anstant cis-
tributed load). The critical ground de‘ormation 's given 2y
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For very large widths of the PGD zone, the pipe behaves like a
flexible cable (i.e., negligible flexural stifiness). For this case, the
critical displacement 1s controlled primarily by the axial force For
a parabolic cable stown in Figure 7.24, the relation between the
axiatlorce T at the ends and the maximum lateral deformation (or
sag) 8 is

T=i— (7 10)
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As shown n Figure 7.10, the ground displacement is larger
than the pipe displacement in the middle region of the PCD zone
{assumed herein to be W/2), over which the maximum transverse
resislance per unit length, p . at the pipe-soil interface {i.e., the
distributed load) is imposed. Taking the “sag” over this middle re-
glon to be 8/2, the interrelationship between the tensile force, 7,
and ground displacement, &, 1s given by:

W/’ pW

T = (0 = =
"0 = ey T 168

(7.11)

where « is the axial siress in the pipe {assumed to be constant
within the PGD zone),



Inward movement of the pipe oceurs at the margin of the PGD
zone due te this axial force. Assuming a constant fongitudinal fric-
tion force, t , beyond the margins, the pipe inward movement at
each margin is:

D’
2Fk,

Amw.wf =

(7.13)

The total axial elongation of the pipe within the PCD zane is
approximated by the average axial strain given by Equalion 7.7
(i e., arc-length effect) times the width W. This elongation is due to
stretching within the zone (cW/F) and inward movement at the
margins from Equation 7.12. That is,

7’5’
4w

ow 1’ ,
E 26, (7.13)

The critical ground deformation, 8 for “cable-like” behav-
ior and the corresponding axial pipe stress, o, can be calculated
by simultaneous solution of Equations 7.11 and 7.13. These val-
ues are presented in Table 7.1 for three values of the width Wand
the standard properties mentioned previously (i.e, D = 0.61 m,
t=0.0095 m, p,= 1.0x10° N/m, ¢t =2.4x10" N/m). Note that the
critical ground deformation is controlled by axial force for this
rase, and that the maximum axial stress at =3_ is an increasing
function of width of the PG zone.

M Table 7.1 Critheal Ground Displacements and Strossges for "Cable-Like™ Elastlc Pipe

llem W=10m W=3lm wW=50m
amm, [Equatons 7 11 ang 7,130 037 m P5m 2.85m
g {Equadons 7 11 and 7,13 92 § MPa 206 MPa 101 Mg

For any arbitrary width of the PCD zone, somewhat between
small and very large, resistance is provided by both flexural (beam)
and axial (cable) effects. Considering these elements to be acting
in parallel,
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Table 7 2 iists the reslting critical displacemen:s of an elastic
pipe (D =061 m, t = 00095 m, etc } for W =10, 30 and 50 m
along with the corresponding elastic fimite element results For
W =30 and 50 m, the critical displacement from Equztion 7 14
matches that from the eiastic finite element modet. However, for
W =10 m, the critical displacement lrom Equation 7.14 1s an or-
cer of magnitude less than that from the elastic finite element
madel This is due, in part, to the assurnption of a constant trans-
verse |oad p, on the pipe for bending effects in the simplified
approach. The finite elerment model, on the other hand, uses trans-
verse elasto-plastic soil springs As noted previous'y, ane obtains
the iull load p, from the soil spring only after 3.06 m (2.4 in) of the
relative transverse displacement between ihe pipe and the soil
lence, although the Tully loaded pipe dellects in bending only
Q.015 m (0.6 in} for W =10 m, the bases of the soil springs must

move an additional 0.05 m (2.4 im) to obtain the full transverse
resistance p

® Table 7.2 Crifical Ground Displacements for Elastic Pipe

Hem W=I[}mﬁ W=30m J W= 50m
5(, e Eoadion 7,03 nolem 122 \ Q6m
By e 1000 711 037m 5 m [ 2.85m
B, (Egualion 7.14) 0015 m 067 m J 12m
8” {FE Approach) D 1an N7 m L 21 .LJ

Note that the critical displacements for bott the simplified elas-
tic and elastic finite element models in Table 7 2 underestimate §_
far an inelastic pipe shown for example in Figure 7.8. This is due
lo the fact that o the inelastic pipe model, the steel modulus
decreases after yielc'ing, and the pipe must undergo larger defor-
mations such thal the strain energy in the pipe equals the work
done by the distributed soil springs.



The maximum strains in an elastic pipe are due to the com-
bined effects of axial tension (cable behavior) and flexure (baam
behavior), and can be expressed as:

® (4, 20

L e 528,

e w12 VARW oy ‘

Lt —
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where A is the pipe cross-sectional area.
7.2.3 CoMPARIEON AMONG APPROACHES

Table 7.3 presents a summary ol the pipe properties and the

pipe-soil interaction forces used in the approaches mentioned
above

M Table 7.3 Lisi of Parameters in Seven Approaches

item M, O'Rourke | Miyajima | T O'Roarhe| Suzvkl | kobagashi| Liv &
{1989} & Kilaura (1988) el al. ¢tal. Q' Rovrkr
{EL (1963} {i90m 1199710
Mt len ] Analyticd | Analyucal I.F FF e el
MPamelerimi{ 050, 1 01 0 406G 061 Q6 0& 06
Thirkness | 2127, 0106 voms | oatzz | coms | oo
0 0U63
Malerial Mild sieel Elastic X 60 X-52 X-12 X-52
f‘[Nl'nﬂ - - 245 107 1 1.9« 10 19w 1)) 2.4 « 10
Pu{Nim) 87 = 10" - 7R Ar E5 103 | 15 % 187 1 O~ Q8

Comparing the approaches is difficult since the models have
different diameters, wall thickness, pipe-soil interaction param-
eters, etc. Nevertheless, the bending strains can be compared since
the analytical relation for bending strain given in Equation 7.15
suggesl that it is only a funciion of 8, D and W.



Figure 7.25 shows the mipe bending strain for W > 20 m,
backealculated from the different approaches, plotled as a func-
lion of 80/W. Herein the bending strain is calculated as one half
of the sum of the tensile and compressive pipe strains, Note that
the Kabayash et al. (1989) approach is not included since they
did nat present compressive strain. In this figure, the straight line
with a slope of m? is the analytical relation given in Equation 7 6.
Note trat the Suzuki et al. (1988) as well as the Liu and M O'Rourke
(19970} results hoth match the analytical relation fairly well. The
T O'Rourke (1988) results are somewhat less than the analytical

resulte whi'e the Miyajima and Kitaura (1989 resLlts are some-
wha higher
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Another type of comparison involves the general trends in re-
sults from the various approaches. For example, the Liuv and M
O'Rourke (1997b) results suggest that axia! effects are important
in that t-e tensile strains are larger than the compressive strains.
This agrees with the numenical results by T. O'Rourke (1988). In
addition, for the three widths considered, the tensile strains are
largest ‘or W' = 30 m which agrees with the numerical results by
Suzuki et al [1988). However, the Liv and M. O'Rourke {1997b)
numesical results described above differ from those by T. O'Rourke



{1988), specifically for the widih of the PGD zone W = 10 m.
Similarly, the Liu and M. O'Rourke (1997h) numerical results dif-
fer from those by Suzuki et al. (1988) in that the tensile pipe strains
are significantly larger than the compressive strains It is believed
that this difference is due to the comparatively heavy wall thick-
ness used in the Suzuki et al. (1988) model {note as shown in
Figure 7.15 that a heavier wall thickness reduces the peak tensile
sirain but essentially has no effect on the peak compressive strain)
mn combination with a relatively weak longitudinal sail spring

7.2 .4 COMPARIBDORN Wl T H CasE
HIaToORIES

The performance of buried pipelines subject to lhe transverse
PGD during the 1971 5an Fernando earthquake provides case his-
lories to test the approaches described above. In the case history
shown in Figure 2.11(3), a water transmission pipeline (Pipeline 2}
made of Grade-C steel with 1370 mm (54 inch) diameter and 7.9
mm (5/16 inch) wall thickness was subjected to spatially distrib-
uted transverse PGD with the maximum ground displacement § of
0.7 m (2.0 ft.) and a width W of about 400 m (1312 ft). From
Equation 7.6, the bending strain in the pipe with W = 400 m and
5=0.7 m (2.3 ft; would be 6.0: 10 * while the axial tension strain
would be 7.6x10* and the critical displacement &_is over 10 m
{33 f). Mence, the maximum tension strain is 6.8x 10 while the
net compression strain is 5.2:x10°%. Since these values are below
the tensile rupture and local buckling strain respectively for the
pipe, ane expects the pipe would not be damaged by this trans-
verse PGD The expected behaviar matches the observed behavior
in that there was no failure within the PGD zone. Naote, however,
that one break was observed at a location close to but outside the
PGD zone, where the pipeline was connected to a ball valve by a
mechanical joint at a reinforced concrete vault. According to 7.
O'Rourke and Tawfik (1983). the mechanical joint was severely
deformed and showed signs of repeated impacts, This evidence of
repeated impacts suggests that the damage may have been due to
wave propagation as opposed to PGD effects.

Although there has been a fair amount of research activity di-
rected at the problem of buried pipe subject to distributed transverse
PGD, case histories of continuous pipeline failure due solely to
distributed transverse PGD appears fairly unusual.



7 .2.5 EXPECTED REBEPONEE

Although the approximate method (Liu and M. O'Rourke,
1997D) described above is strictly applicable to elastic pipe and
widths of 30 m or greater, they prove useful for many realistic
dlesign situations. Suzuki and Masuda (1991) present values for
the widlh W and the amount of movement §, for transverse PGD
abserved in the Niigata Japan after the 1964 event. Based on
roughly 40 separate siles, the amount of ground movement & ranged
from alout 0.3 m to 2.0 m, while the width of the PGD zone W
ranged from about 100 m 10 600 m.

For w =100 m (328 f1), steel pipe with D = 0.61 m (24 in),
! =0.0095 m (3/8 in), the critical ground deformation fram Equa-
tion 7.14 is 6.0 m (20 t) or more, which is much larger than the
maximum observed ground displacement of 2.0 m (6.6 {t). Alse
the estimated peak tensile (i.e, combined axial and flexural) strain
for 5 = 2 m from Equation 7.15 is less than the yield steain for X-
gracle steel but slightly above the yield strain for GR-B grade steel.
Hence, an X-grade pipe behaves elastically and the sirain can be
eslimated by Equation 7.15.

The maximum pipe strains are shown in Figure 7.26 as a func-
tion of the ground deformation using both the simplified analytical
anc numerical modeis by Liv and M. O'Rourke (1997h). The finite
element results for both X-grade and GR-B grade steels are identi-
cal for & less than about 1.6 m. At that location there is a kink in
the GR-B curve, indicating the onset of inelastic behavior in thal
material. Note thal the amalytical mode! (i.e., Equation 7.15) re-
sults compare favorably with the linite element values.

The approximate analytical approach does overestimale to
some degree the peak tensile strain and underestimates the peak
compressive sirain. This suggests that the estimated axial strains
are somewhat too large. |However, the differences are relatively
small, particularly in light of the accuracy of geolechnical predic-

tions for expected value of the spatial extent and ground movement
of PG zones.



(——— + Y ¥ e
[ X-Cerache, Muniencal
e — — GR-B, Numerical
X4l - - -Ep?os J
o -
M b -
Z T
A o
ol 2 o memTTTT 1
& Ir _ s_‘:_.:’::.---"" 4
E opemems —
50 e T — = e = D
E .t T
& . p
3 -1
\_,___—4 e —— e M S— [
0 05 t I'5 2 5 i
Cround Displacement (m

After Lhr and M (Y Rouiks, 19970
B Figure 726 Maximum Ripe Strain vs Grouwnd Displacament lor W=160m

PIPELINES IN LIQUEFIED SOIL

As mentioned previously, the top of the liquefied soil layer is
commonly localed below the bottom of the pipe However, when
the piee is buned 0 saturated sand such as at a river bed, orina
sea bed, the so0il surrounding the pipe may liquely during strong
seismrc shaking In this case, the pipe may delorm laterally fol-
lowing the flow of liquefied soil down a gentle slope, or move
upward due to buoyancy, especizlly when a manhole 1s present or
a compiessive load acts on the pipe. For example, according o
Suzuk) el al. (1988) and Takada (1997}, a sewage pipe with man-
hole and a gas pipe (150 mm in diarmeter) were uplified ou: of the
ground due to buoyancy in combination with a compressive load
caused by longitudinal permanent ground deformation durng the
1964 Nijgata earthquake A compressive load can also be induced
by temperature change and/or inlernal operating pressure in a pipe
restrained against longitudinal expansion



7.3 . HORIZONTAL MOVEMENT

When a pipeline 1s surrounded by liquefied soil, the pipe may
mave laterally due to the flow of liguefied soil downslope. Using
the same model as shown in Figure 7.3, Suzuki et al. (1988) stud-
ied the response of a buried pipe, surrounded by liquefied soil,
subject to spatially distributed transverse PGD. The presence of
the liquefied soil was modeled by assuming thal the lateral soil
coefficient (K} for a pipe surrounded by liquefied soil is some
fraction of the corresponding value (K, ) for competent, nen-lique-
fied soil Figure 7 27 shows the peak pipe strain as a funclion of
the amount of PGD, 3, for three values of the reducuon factor. For
this plot, the width of the PGD zone is 30 m, while the pipe prop-

erbies are the same as that listed in Table 7.3 for the Suzuki et al.
approach.
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As one might expect, the peak pipe strain for competent non-
iquefied soil (e, K /K,=1, also see Figure 7.6 for W=30 m} isin
all cases larger than (hat lor liquefied soil. As a rough approxima-
tion, the pipe strain for § 2 1.5 m (5 ft) is proportional to the soil
coefflicient reduction factor.



As noted in Section 5.3, the equivalent soil spring coefficient
for liquefied s0il, according to Takada et al (1987), ranges from
1/1000 to 1/3000 of that for non-liquefied soil, while other schol-
ars suggest that the ratio is from 1/100 to 5/100 Hence, for the
same amount of PCD and width of the PCD zone, a plipe sur-
rounded by liquefied sail is much less likely to be damaged by
spatially disturbed transverse PGD. Hence, for design purpose, it
seems reasonable to conservatively assume that a pipe subject to
spatially distributed trangverse PGD is located in a competent non-
liquefied soil which overlays the liquefied layer.

7.3.53 VERTICAL MOVEMENT

If the soil immediately surrounding a buried pipe liquefies, the
pipe may uplift due to the buoyancy. A few studies have been
done regarding this uplifting response. Takada et al. (1987) con-
ducted a series of laboratory tests and estimated the liquefied sofl
spring constant by combining the test values with analytical solu-
tions. Yeh and Wang (1985) analyzed the dynamic (i.e., seismic
shaking and buoyancy effects) pipe response by using a simplified
beam-column medel for the pipe. They concluded that the dy-
namic displacement is relatively small (less than 20% of static pipe
displacement due to the buoyancy) when the surrounding soil is
liquefied.

Using 2 em (0.8 in) diameter polyethylene pipeline, Cai et al.
(1992} carried out a series of laboratary tests and observed pipe
response due to soil liquefaction Figure 7.28 shows the two sys-
tem modiels The model in Figure 7.28 () is a pipeline without a
manhole while (b} is for a pipeline with a manhole. In both mod-
els, the end of the pipe can be either fixed, elastically constrained,
or free. The model pipe is 1.2 m (4 ) in length, which would
correspond to a prototype length of 50 m (164 ft} for a prototype
diameter of 83 cm (32 in). In these tests, only the shaking and
uplifting response can be observed since the simulated ground
surface before and after liquefaction is normally flat. That is, lat-
eral response of the pipe is not modeled. For an elastically restrained
case, they found that the dynamic strain due to shaking is less than
10% of the static strain due to uphfting and hence can be ne-
glected when estimating the maximum uplifting strain in the pipe.
When a manhole and/or an axial compressive force are introduce,



the upwarc response is iarger For elastically constrained ends, the
pipe keeps uphifiing till a portion of pipe near the center of PGD
zone s at the ground surface, However, when a nan-liquelied soil
laver (60 mm in thickness) is used as cover, the pipe came to rest
al lhe interface of the non-liquefied and liquefied layers
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Hou et al. (1990) analyzed the pipe strain due to buoyancy
effects by a finite element approach. In the analysis, the non-
linearty of both steel material and interaction force at the pipe-
soil interface outside the liquefied zone are considered. The

uplifiing force per unit length, P acting on the pipe within
the liquefied zone, can be expressecl as

Pl bt =

1
:i KD)"‘]" il — anmrmt) - RDIY mpe (71 6)

Where sy, o ¥, Y e A8 e weights per unit volume of lique-



fied soil, pipe and pipe contents (i a., water, gas, etc ) respactively
Note that the uplifting force will decrease when a portion of the
pipe is at the ground surface,

The pipe is constrained beyond the margins of the liquefied
zone by restraint due to the non-liquefied soil. That is, the behay-
ior is similar to a beam, built in at each margin, subjectto a uniform
upward load The maximum strain in a steel pipe is showr in Fig-
ure 7.29 as a function of the length of the liquefied zone for
Yo = 2.0x10% N/m?,(120 pcf], Veomons = PEXTC N/ (£8 peh),
t = 0.0079 m (031 in} and three separate pipe diamelers. Note
that the initial stress (¢, =180 MPa) is due to inter-al ope-ating
pressure and/or temperature change

As shown in Frgure 7,29, the maximum pipe strain occurs al a
certain width of the liquefied zone, W . For the width less than
W_, the pipe strain is an increasing function of the width, while
the pipe strain decreases with the increasing widtn therealter The
critical width can be estimated by setling Equation 7 8 equal o
Equation 7.6 with 8 = H_{depth from the giound surface 1o the top
of the pipe). That is:
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For i =1.2m & fl), D =0.61 m (24 ) andp, = 1.0x10* N/m
(57 ins/in), the estimated critical width of the liguefied zone from
Equation 7 17 s 47 m (154 fi), which s shghtly larger than the
observed critica! width of about 42 m (138 ft) in Figure 7.29

Infact, the buoyancy per unit lenglh given in Equation 7.16 is
abzout 10% of the lateral pipe-soil interaction for a pipe surrounded
by non-liguefied soil. That is, it is equivalenl to the curve
K /K,= 1710 in Figure 7.27. A compariscn of Figures 7.27 and
7.29 indicates that the Suzuki et al.'s results match Hou et al. (1990)
ressonably well Thatis, for w2 30 m and D =0.61 m {24 in) in
Figure 7 27, the peak pipe strain is about 0.2% while for
=053 m{21n in Figure 7.29, the peak pipe strain 15 0.19%.
Since ‘he maximum strain is less than both critical strain of tensile
failure and loca. buckling, the pipe is unlikely to be damaged due
to tre huoyancy al*houph it may uplift out of the ground when the
widih of the liquefied zone 1s large. Foi situations where a large
uplifing displacement is nat desirable {for example for submarine
pipelines), the lollowing equation derved from the principle of
conservation of energy can be used to determine the maximum

uphft displacement and/or the spacing for piles or other pipe re-
straints.

4
Bm.n‘ + "'I,—ii 6m.1t - ]ep”m =0 (7.] 8}
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where A is the cross-seclion area, and W is the spacing of the
piles as shown in Figure 7.30.

The peak pipe strain is then given by:
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LLoCcALIZED ABRUPT PGD

Two patterns of transverse PGD are shown in Figure 7.1. The
spatially distributed pattern in Figure 7.1{a) has been discussed
extensively above In relation to the localized abrupt pattern shown
in Figure 7.1(h), it was noted that this corresponds more or less to
a pair of fault offsets provided that the PGD zore is sufficiently
wide Hence, a key question involves determining the minimum
width of the PGD zone, above which the fault crossing models
discussed in more detail in Chapter 8 are applicable. Recall that
data gathered by Suzuki and Masuda (1991) and shown in Figure
2 8 suggest that PGD zone widths are typically larger than 80 m.
Herein a width of 50 m is considered. Figure 7.31 shows the bend-
ing moment and axial force in a continuous buried pipeline
subjected to a localized abrupt pattern of transverse PGD. The
amount of ground movement & = 1.0 m (3.3 ff) while the width of
the PGD zone, W, is 50 m._The pipe and soil properties are D =
0.61m(24in), t=0.0095>m (3/8 in), y_,= 1.8x10* N/m?, & =35°

Note that the bending moment is essentially zero over a dis-
tance of roughly 20 m (66 ft) near the center of the PGD zone.
Hence, in terms of flexure, the continuous pipe hehaves as if it
was subject to two separate fault offsets, both having a pipe-fault
angle of 90°, with no interaction between them. The pipe axial
force near the center depends on the width of the PGD zone. It
would be zero if the width is large enough such that all the axial
force is provided by the friction at the pipe-soil interface within
the PGD zone. In this case, the pipe behavior (both tension and
flexure) due to a localized abrupt pattern of transverse PCD is the
same as that for a pipe crossing a fault with intersection angle of



