RESFONSE OF
SEGMENTED
PIPELINES To PGD

In this chapier, the response of segmented pipelines subject to
PGD will be discussed. Segmented pipes typically have bell and
spigot joints and can be made of cast iron, ductite iron, steel, con-
crete or asbesios cement. As indicated in Section 4.2, there are
three main failure modes for segmented pipelines: axial pull-out
at joints, crushing of the bell and spigot joints, and round flexural
cracks in the pipe segment away from the joints,

Similar to the response of continuous pipelines, the behavior
of & given buried segmented pipeline is a function of the type of
PGD (e.g. longitudinal or transverse), the amount of ground move-
ment 3, the spattal extent of the PG} zone and the pattern of
ground movement within the zone.

In reference to the type, Suzuki {1988] conciuded that dam-
age due to longitudinal PGD was more common than damage
due to transverse PCD based on the observed damage to segmented
gas pipelines during the 1964 Niigata earthquake. in these cases,
the joints were pulled out in the tension region and buckled in the
compression region.

In terms of the pattern, if the ground movement within the
PCD zone is relatively uniform (i e., an idealized block pattern of
longitudinal PGD in Figure 6.1(a)), one expects that a few pipe
joints near the head and toe of the zone would have to accommo-
date essentially all the abrupt differential ground movement. On
the ather hand, if the ground movement varies within the PGD
zone {i.e., an idealized ridge pattern of iongitudinal PGD in Fig-
JIre 6 1(c)}, the rate of change along the segmented pipeline leads
to an “equivalent” ground strain. One expects that all joints within
the zone, to a greater o lesser extent, would then experience rela-
tive axial displacement.

In this chapter, the response of segmented pipe to longitudinal
and transverse PGD as well as fault offsets are discussed.
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As with conbinuous pipeline, longitudinal PGD induces axial
effects in segmented pipeline, specifically axial strain in the pipe
segments and relative axial displacement at the joints. However,
ir contrast to the response of conlinuous pipelines, damage to
segmented pipelines subject to longitudinal PGD typically occurs
al pipe joints since the strength of the joints is generally less than
the strength of the pipe itself. Whether the joints fail depends on
the strength and deformation capacity of the jnints as well as the
characteristics of the PGD

One particularly important characteristic is the pattern of lon-
g:tudinal PGD. Herein, two types of patlerns are considered in
detail For the distributed deformation case {such as the idealized
ridge pattern in Figure 6.1(c)), ground strain exists over a signifi-
cant portion of the PGD zone. For the abrupt deformation case
(sucn as the idealized block pattern in Figure 6.1(a)), relative move-
ment exists only at the margins of the PGD zone, and the ground
strain between the margins is zero.

9.1 .1 DISTRIBUTED DEFDRMATION

The response of segmented pipelines subject to a distributed
deformation pattern of longitudinal PGD is similar to that for seg-
mented pipelines subject to wave propagation in that the spatially
distributed PGD results in a region of ground strain. That is, the
rdge, asymmetric ridge and ramp patterns in Figure 6 T result in
ground strain over the whole length of the PGD zone, while the
Ramp-Block pattern results in uniform ground strain over a por-
tion (i.e, length Bi) of the zone. For example, the ground strain
for the ridge pattern is:

25

Eg = T {9.1)

By assuming that pipe segments are rigid and al! of the longi-
tucnal PGD is accommudated by the extension or contraction of



the joints, the average relative displacement at the joints is given
by the ground strain times the pipe segment length. L.
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Although Equation 9.2 represents the average behavior, the
joint displacements for uniform ground strain varied somewhat
fram joint to joint due to variation in joint stiffness. That is, a rela-
tively flexible joint is expected to experience larger join:
displacements than adjacent stiffer joints Using realistic vanations
of joint stiffness, El Hmadi and M. O'Rourke (1989) determined,
as presented in Table 9.1, the mean joint displacerrent, Ax, in
centimeters, and coefficients of variation, g, in percentage, as a
furiction of ground strain for various diameters of Cast Iron pipe
with lead caulked joints (Cl) and Duclile Iron pipe with rubber
gasketed joints (D). The values in Table 9.1 assume that the pipe
segment length L_for all types was 6.0 m (20 ft),
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Note that the mean values for both Cl and DI pipes are about
equa! to the value given in Equation 9.2 (that is g L ).

As shown in Table 9.1, p for DI joints is quite small in com-
parison to that for Cl joints. This is due ta the fact that Di joints are
substantially more flexible than Cl joints. As a result, the jointopen-
ing for DI pipelines would be relatively constant over the length of
the PGD zone.



Te gauge the effects of a distributed deformation pattern of
longtudinal PGD on segmented pipe, expected joint openings are
caledlated. M (YRourke etal (1995} present a summary of fongi-
tudinal PG pattern observed in Noshito City after the 1983
Nihovkai Chubu event The minimum ground strain due ‘o the
distributed longitudmal PCD 15 0.008. The corresponding joint
npening s 5 ¢m (2 in), which is farger than the joint capacity of
tvpical segmented pipelines as roted In Section 4.2 (i.e., segmented
lomnts typically leak for relative displacement on the order of half
the total joint depth). Hence, typical segmented pipelines are vul-
nerable and consideration shouid be given to replacement by
continuous pipelines or segmented pipelines with special joints
fhaving 'arge contract/expansion capacily and/or anti-pull-out re-
straints) when crossing a potential longitudinal PGD zone,

The potential for damage due to something other than joint
pall-cul of simp’e bell ard spigot joints 15 more difficalt to evalu-
ate. For example, tensile fai'ure of various types of restrained joints
or ciushing of simpte bell and spigot joints typically involves some
slippage ' the joint belore significant load is transferred across
the joint. In this regard, the expected behavior of concrete pipe
joints in compression is discussed in Chapter 11

9.1 .2 ABRUPT DEFORMATIURN

As used heren, abrupt longitudinal PGO refers to ground
movements with large relative offsels at localized points. The block
paltein in Figure 6 1(a) is an example 'r this case, the ground
straim is zero away from the margins of the PGD zone, theic is a
tensile open ng or gap at the nead of the zone and a localized
comaressive mound althe toe The ramp and ramp-block patterns
.n Figure 6.1 {b) and (d) also have an abrupt offset, but for these
patterns at oly one end of the PGD zone,

At the head of the zone (i.e,, the tension gap), pipeline failure
lor typical bell and spigot ointsis probable, In the simplest model,
one expects joint leakage or pull-out if the relative joint displace-
ment carresponding to leakage or pull-out respectively is Tess than
the ground offsei (thal is & in Figure 6.1).

“or the 17 idealized block, ramp or ramp-black patterns stud-
ied by M. O'Rourke et al_ (1995), the abrupt offset, 5, was 1.2 m (4
fo orlarger. Hence, one expects joint pull-out in typical segmented



pipe at tension gaps at least for the examples of langitudinal PGD
cansidered by M. O’Rourke et al. (1995).

An axially restrained pipe at a tension gap or a restrained or
unrestrained pipe at a compression mound behaves like a con-
tinuous pipe subject to longitudinal PGD as discussed in Chapter
6 That is, in the simplest model, the flexibility at the joint itself
(i.e., due to stretching of boils for a restrained joint in lension, or
Joint push-in for a joint In compression) is neglected. Failure is
possible in the pipe segment or at the joint closest to the tension
gap or compression mound. For the “no-joint-flexibility” assump-
tion, the pipe segment behaves like a continuous pipe Potential
fatlure modes and strains are discussed in detail in Chapter 6 The
axial force at the joint closest to the abrupt offset is the smaller of
t,L/2 art L as shown in Figures 6 5 and 6.5.

TRANSVERSE PR GD

In considering the response of segmented pipelines subject to
transverse GO, one must differentiate between spatially distrib-
uted transverse PCD and localized abrupt transverse PGD as
sketched in Figure 7.1. Localized abrupt PGD is a special case of
fauit offset (intersection angle of 90°).

S . 2.1 SEPRPATIALLY DiIsTRIBUTED
PG D

For segmented pipelines subject to spatially disinbuted trans-
verse PGD, the failure modes include round cracks in the pipe
segments and crushing of bell and spigot joints due to the bend-
ing, and pull-out at the joint due to axial elongation (i.e., arc-length
effects),

For an assumed sinusoidal variation of ground movement across
the width of the PGD zone as given by Equation 7.3 and shown in
Figure 7.23, M. O’'Rourke and Nordberg (1991) studied the maxi-
mum joint opening due to both joint rotation and axial extension
of segmented pipelines. Figure 9.7(a), (b) present a pipehine sub-
ject to transverse PGD, where Ax, and A8 are the joint extension
and relative joint rotation between the adjacent segments
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W Figure 3.1 Plan View of Segmenied Pipeline Subject 1o Distributed Transverse POD

Assuming that the pipe segments are ngid {i e., EA=x, El= =)
and that the laleral displacement at the midpoint of the rigid pipe
segment exactly matches the spatially distributed PG at that point,
they developed the relative axial displacement at a joint.

2
Axe = %(%’sin %{] (9.3)

where x is the distance from the margin of the PGD zone and L _is
the pipe segment length.

The axial displacements are largest for joinis near x = W4 and
3W/r4. Hence, a pure joint-pull-out failure mode is most likely at
ihe locations W/4 away [rom the center of the PGD zone. The
peak axial displacement is given by:

8 2
Ax, = %[KW) (9.4)

Assuming that the slope of the rigid pipe segment exactly
matches the ground slope at the segment midpaint, the joint open-
ing due to the joint rotation, Ax, is as follows:

[ F)
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(9.5)

where [J 15 the pmpe chameter,



This function is a maximum at x = §, WiZ and W. Mence, a
pure joint rotation failure and/or flexural round cracks are more
likely at the margins and middle point of the PGD zore.

The total maximum opening at one side of a joint, Ax, due to
transverse PGD, is simply the sum of axial extension plus rotation
effects. However, the axial and rotational components are largest
at different points as discussed previousty. Combining these ef-
fects, the resulting maximum joint opening is:

2 2
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]
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(9.6}
This relation for the maximum joint apening is plottad in Fig-

ure @ 2, Note that the maximurm joird opening is an increasing
function of both the 8/W ratio and the D/3 ratio.
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Alter M. O'Rourke and Nerdberg, 1991
M Flgure 9.2 Maxistunt Joint Opening for Segmented Pipe Subjeci to Distributed Transys rse PGD

Consider the observed spatially distnibuted transveise PGD
cduning the 1964 Niigata and 1983 Nihonkai Chubu events (Suzuki
and Masuda, 1991) shown in Figure 2.8. Observed values for the
B/W ratio range from 0 007 to 0.01 with 0.003 being a typical



va-ue, The amount of ground movement & ranged from 0 2102 0
m (0,65 to 6.6 f£) with T 0 m (3 3 {) being a typical value. Henee,
from Figure 9.2, Lhe corresponding maxitnum joint opening (i.e.,
us'ng upper bound values of W=0 01 and 8=2.0 m) would be
2.5 cm {1 in) or less for pipe diameter of 4.0 m (157 in) (i.e., D/
8=2) or less. Hence, significant leakage or pull-out fatlure at these
sints due to the axial movement is unlikely to occur for segmented
pipelines subject to spatially transverse PGD shown in Figure 2 8.
However, lor segmented pipelines with rigid joints, some leakage
al jatnts is likely 1o occur since leakage may occur at joint open-
g of 2.0 mm (0.08 in) based on the laboratory tests (Prior, 1935),

S ,2.2 FAULT DFFBETS

Bolh experimental and analytical results are available for seg-
mented pipelines subject to fault offset (i.e, local abrupt differential
ground movement transverse to the pipe axis). For example, Takada
(" 984 performed a laboratory test to analyze the response of seg-
mented pipelines subject lo transverse PGD. Figure 9 3 presents a
sketch of the sinking soil box (dimension 10 mx1 mx1.5 m), in
which a 169 mm (nominal 6 in) diameter Ductile Iron pipeline is
surrounded by loose sand. The vertical offset is preduced by de-
creasing the height of the six jacks which support the movable
Lox. Two cases were studied in their tests. In Case A, the pipeline
s composed of three longer segments, while in Case B 1t is com-
posed of five sherter segmerts,
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M Figure 8.3 Modal Box for Begmented Pipeline Subject lo Transverse PGD




Figure 9 4 shows the maximum pipe stress, which occurs di-
rectly over the offset, versus the ground subsidence for both cases.
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W Flgurs 9.4 Maximum Pipe Stress vs, Ground Subsidence for Cass A and Casa B

As shown in Figure 9.4, the stresses in the pipeline with smaller-
length segrnents (Case B) are much less than those for large-length
segments (Case A) particularly for large values of the oftset.

For the geometry studied by Takada, that is, a pipe at 90° with
respect to the fault or offset plane, flexural stresses in the pipe
dominate. If one assumes rotationally flexible joints (i.e, no mo-
ment transfer across the joint), the partion of the pipe segment on
one side of the fault plane acts as a cantilever beam subject fo a
distributed loading along its length due to transverse pipe-soil in-
teraction forces and a concentrated load at its end (1.e., at the
joint) due to shear transfer across the joint. Smaller pipe stress in
Case B are due, in part, to the shorter cantilever length,

Analytical results for segmented pipes are also available T.
O'Rourke and Trautmann (1981} developed a simplified analyti-
cal method for evaluating the response of segmented pipelines
subject to fault offset. They assume that segments are rigid and
joints accommodate the ground deformation. Figure 9.5 shows
the plan view of a segmented pipeline subject to fault offset.
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The iolerable fault displacement can be oblained by:

3,
& = mm{& Z:::E 9.7)

where &, 15 the pull-out capacity of the joint (axial deformation)
near the fault offset, 8, 1s the lateral deformation capacity, which
depends on the joint rotation ability and is calculated by finite
element simulations for typica! ductile and cast iron pipelines

The optimal orientation of the pipetine, 8, can be defined
by
Bopuimat = 21: {9.8)

A pipeline would fail by joint pull-out when the intersection
angle between the pipe axis and the fault trace is less than B,
while the pipeline would fail by bending when the intersection
angle is larger than B_ ..

T. O'Rourke and Trautmann {1981) plotted the tolerable fault
offset for segmented pipelines as a function of the intersection angle
as shown in Figure 9.6. Similar to the response of continuous pipe-
lines subject 1o fault offset, the tolerable fault offset for pipelines
with either restrained or unrestrained joints is an increasing func-
tion of B for the intersection angle less than the optimal value, and
decreases thereafter. For example, the optimal intersection angle
for pipe with mechanical joints is about 70°. According to T.



O'Rourke and Trautmann, the decrease in capacity for § > p -

is caused by the larger bending moments developed in the plp!e-
line for large intersection angles.
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Note that pipe with extra fong restrained coupling are particu-
larly effective only when the intersection angle is small At these
small intersection angles, axial effects dominant and the expan-
sion capability of the special joints is useful. However, at large
intersection angles (B > 60°), where flexural eifects govern, the
capacity of mechanical and special joints is similar,

Post earthquake observation of segmented pipe responsa 1o
fault offsets would be useful for case history verificasion of avail-
ahle analytcal procedures.



