RESPRINSE OF
SEGMENTED
PIPELINES TO
WAVE PRDPAGATION

As noted previously, seismic wave propagation has caused
damage to segmented pipelines. Damage most frequently occurs
at joints, tees and elbows. The corresponding failure modes in-
clude pull-out at joints, crushing of bell-spigot joints as well as
circurnferential cracks due to bending. In this chapter, analytical
approaches for estimating both the axial and bending strain in
straight pipelines are reviewed. Observed expansion/contraction
behavior of joints at elbows and connections is also presented.
Finally, a somewhat special case of the influence of liquefied soil
on the dynamic response of segmented pipelines 15 discussed,
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For a long straight run of segmented pipe, the ground strain is
accommodated by a combination of pipe strain and relative axial
displacement (expansion/contraction) at pipe joints. As noted by
Iwamoto et al. (1984), since the overall axial stiffness for segments
is typically much larger than that for the joints, the ground strain
results primarily in relative displacement of the joints. As a first
approximation, assuming that the pipe segment axial strain can be
neglected (i.e., rigid segment) and that all joints experience the
same movement, the maximum jomnt movemeant Au is:

Au=¢g L, 1.1}

where L is the pipe segment length and g __ is the maximum ground

strain parallel to the pipe axis, given, for example, by Equation
3.8



Far ground motion perpendicular o the pipe axis, the maxi-
mum relative rotation at pipe joints can be estimated by:

A= - L, (11.2)

where ks the maximum ground curvature given, for example, by
Equation 3.4. Equation 11.2 assumes that the bending strain in
pipe segments is small and that all joints experience the same
refative rolation

In refation to the rigid segment assumption, Wang {1979) de-
termined the joint de‘armatior and pipe strain using an analytical
model shown in Figure 11,1, in which the joint is modeled as a
linear spring with axial stiffness K.
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Figures 11 2 and 11.3 present the joint opening and maxi-
mum axial strain at pipe segments respectively, as a function of
joint stiffness for the East West component of the 1940 El Centro
event. The assumed pipe diameter is 45.7 cm (18 in), the pipe
segment length is 6.1 m (20 ft), the axial soil spring has stiffness of
23.4 MPa (3400 lbs/in%) and the propagation velocity is taken as
244 m/sec {800 ft/sec). As one expects, the joint opening is a de-
creasing function of the joint stiffness while the pipe strain is an
increasing function of joint stiffness. That is, for a small joint stiff-

ness, the ground deformation is accommodated primarily by jo'nt
opening
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The peak ground velocity for the record used by Wang is 0.37
m/sec, and the value given by Equation 11.1 is close to the upper
bound joint upening of 0 85 cm {0.32 in) in Figure 11.2.
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The Wang model correctly captures the trend of decreasing
Jont opening with increasing joint stifiness. However, it assumes
an equivalent linear joint stiflness while laboratory tests suggest
that joint axial behavior is non-linear. Furthermore, for a given



slilfness, the relative displacement at each joint in the model is the
same. hat is, it does not capture the variation in displacement
fiom joinl to joint. This variation from joint to joint is considered
important since even for relatively large amount of wave propaga-
tion damage, only a few joints require repair. For exampie, from
Figure 1.3, one expects roughly 0 9 wave propagation repair per
km for a peak particle velocity of 50 cm/sec This suggests one
repa.rforevery 182 cints if he pipe segment fength is 6 1 m (20
ft) Thatis, since il 15 reasonable to assume some variation in re-
sporse from [oint to joint, the few joints with largest response
cantrol damage as oppased to joints with “average” response With
thic mnind, El Mmadi znd M, O'Rourke (1990) cansidered a rodel
somewhat similar ta that in Figure 11.1, in which the joint proper-
ties vary from joint to joint and the soil properties vary from pipe
segment to nipe segment Specifically, a cast iron pipe with lead
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caulked joints subjecl to tensile ground strain was considered, The
assumed force-de’ormation -elation for the joint in lension is shown
in Figure 17.4. The expected variation in the joint slippage force,
F., was hased upon results by T. O’Rourke and Trautmann (1980).

Afuasi-static approximation to the seismic wave propagation
envionment is modeled by displacing the base of the soil spring
slicers in the longitudinal direction. A simplified Monte Carlo simu-
fation techniqus is used to establish the characteristics of



force-displacement relationships at each joint and sofl restraint
along each pipe segment. Figure 11 5 shows the joint deformation
as a function of ground strain for a segmented pipe with a diam-
eter of 0 41 m (16 in).
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As shown in Figwe 11 5, the average joint displacement is ap-
nroximately equal to the product of the ground strain times the pipe
segment length However, for the dala in Figure 11.5, one in a hun-
dred joints (1% probability of exceedence) have joint displacement
about three times the average value while for the 0.1% exceedence
probatynlity (one in a thousand), the joint opening is about five imes
the average. This information, coupled with the probability of leak-
age as a function of the normalized joint opening. as shown in Figure
4,11, allows one to establish an analytically derved estimation of
joint pull-cut damage (repair per kilometer) as a function of ground
strain. Note however, that this approach requires information, typi-
cally derived from laboratory tests, on the expected variability of
joint properties.



El Hmadi and M. O'Rourke found that the variability of joint
displacement was a decreasing function of pipe diameter. That is, at
larger diameters, the joint displacements with 1% and 0.1% prob-
ability of exceedence were closer to the average value. This suggests
that the damage ratlo {repairkm) for joint pull-out in a cast ren pipe
with lead caulked joints is a decreasing function of pipe diameter.
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Extensive damage to concrete pipelines has occurred when
these elements are subject to compressive graund strain. For wave
propagation resulting in compressive ground strain, the failure
mode of interest is crushing (i.e., telescoping) at pipe joints, For
concrete pipelines, a strength of materials model, based upon the
mpe wall thickness, diameter and concrete strength, was used to
establish the joint crushing force as discussed in Section 4.2.2,
Figure 11.6 presents the force-displacement relationship for pipe
joints subject to compressive load. This relation is based upon a
series of laboratory tests on reinforced concrete cylinder pipelines
(RCC) with rubber gasketed joints by Bouabid {1995}

These tests indicate that the joint behaves in a sigmoidal fash-
1on belore “lock up” (at about 0.3 inches as shown in Figure 11.6)
The joint compressive displacement, Au,, at lock-up typically
ranges from 0.125 to 0.375 in {0.32-0 95 cm) with corresponding
loads of 3 5 to 4.5 kips (16-20 kM),

When subject to compressive ground strain £, the response of
a segmented pipe is complicated by the presence of joints, Signifi-
cant axial force can be transferred from joint to joint only if the
contraction of the joint is Au , (i.e,, the joint is fully closed). (f
there are n fully closed joints in sequence and the ground strain is
assumed uniform over the corresponding number of pipe segments,
the pipe segment compressive strain is:



n Au.m
n+1 L,

£p = € —
P (11.3)

where L_is the length of pipe segment.
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The upper bound value corresponds to n=1 and

- 1 AU:}H
L (11.4)

The lower bound value corresponds to n=e and

Au
Ep =Es"’—'u£‘

L (11 5)



For non-liquefied soil, the hall-wavelength of seismic waves
tcorresponding to (n+ 1)L ) is generally larger than 120 m, hence,
the pipe strain is expecied to be closer the lower bound value (i.e.,
Equalion 11.5).

Usirg the Monte Carlo technique, M. O’Rourke and Bouabid
(1996) develcped fragility relations shown in Figure 11.7 for
three types of concrete pipe subject to axial compression These
three pipes are 30 inch-diameter reinforced concrete cylinder
pipe (307 RCCY, 48 inch-diameter prestressed lined cylinder pipe
(48" LCP) and 60 inch-dizmeter prestressed embedded cylin-
der pipe (60" ECP).
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in this case, the variation in jointcrushing thresholds was based
upon ke cross-sectiona: area near the joint and an assumed nor-
mal ¢ stribution of concrete strength (mean strength of 5 ksi (34.5
MPa) and 7% coelficient of variation). During the 1985 Michoacan
Earthquake, the averape ground stram in the portions of Mexico
City with a significant inventory of large diameter concrete pipe



was estimated by M O'Rourke and Bouabid to be about 0.0025,
Note from Figure 11.7, the expected damage ratio for the 30” RCC
{76 cm) pipe is about 2.4 repairs’km, but only 0,22 repairs/km for
the 48” LCP (1 22 m) pipe. The estimated value for the 48” pipe, in
fact, maiches relatively well with the observed damage ratio of
0.20. Also most of the pipelines in this Mexico City companison
are 48 inches in diameter.

ELBOWS AND CONNECTIONS

There appear to have been relatively little analytical research
on the wave propagation behavior of bends and elbows in seg-
ment pipe systems. However, measurements by lwamoto et al.
(1985) suggest that joint openings at bends and elbows are, in
fact, different from those in long straight runs of pipe. For example,
Figure 11.8 shows observation for three sites (Kansen, Hakusan
and Shimanaga) in Japan.

For various events, the maximum expansion/contraction at an
elbow is plotted versus the corresponding expansion/contracticn
for joints in a straight run. In some cases, the response on the elbow
Joint was only a tenth of that for a straight pipe joint. However, in
other cases, presumably for other angles of incidence, the elbow
joint response was three time larger than the straight joint response-.

For pipe design purposes, it seems reasorable to use three as
the amplification factor for joint openings at bends, relative to the
maximum joint opening induced in corresponding straight pipe-
lines. lwamolo et al. (1985) also measured expansion/contraction
for joints adjacent to valve boxes. As shown in Figure 11.9, the
hehavior is similar to that at elbows in that an amplification factos
of three seems appropriate particularly for large ground strains
(1.e., when the corresponding straight pipe response is larger).

Similar information from lwamaoto et al. (1985} is presented in
Figure 11.10 for joints adjacent to burldings. However, in this case,
the amplfication {actor is as large as 10
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CoOMPARISDODN A MDNIDBG
A PRPROADHES

This section presents a compatison of three approaches for
estimating joint expansion/contraction in a straight run of pipe sub-
ject to wave propagation. For the comparisor presented in Table
11.1, the peak ground velocity 1s taken as 037 m/sec and the
propagation velocity near the ground surface is taken as 240 m/
sec which results in a ground strain of 0.00154. The Cl pipe has a
diameter of about 0.44 m (specifically 0.46 m (18 in) for the Wang
model, and 0.41 m (16 in) for the E} Hmadi and M O'Rourke
model) and a segment length of 6.1 m. In the Wang approach, the
joint axial stiffness is modeled as a linear spring, while in the El
Hmadi and M. O'Rourke approach a bi-linear model s used
Specifically for a 16 in diameter with lead caulked joints, the joint
stiffness K and K, are 3.6%10% kNfcm (20 6 kipyin) and 26.5 kN/cm



(1.5 lbg/ii, respectively. For comparison purpose, the joint open-
ing from the Wang approach is evaluated separately assuming linear
stillness of 3 6x10° kN/em and 26.5 kIN/cm, respectively.

W Table 11,1 Cornparison of Wave Fropagation Fasponse of Stralght Sagmented Pipaiines
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The average joint opening from the El Hmadi and M, O’Rourke
approach matches reasonably wall with the results from Equation
11 1 and with the Wang approach for K = 26.5 kN/cm. However,
when he initial joint stiffness of 3. 6x10° kNrem 15 used in Wang's
appicach, the jont opening is ruch smaller and the axial strain in
the pipe segments is much larger as shown in Table 11.1. This
illusirctes that care must be taken when altempting to mode! bi-
lincar behavior fin this case the axial stiffness of CI pipe joints)
witl a mear model,

Fased upon a joint depth (o in Tigure 4.11) of 11.5 cm for a
16 10 18 in diameter pipe, ane would not expect dimage due to
jont rull-gut fer a joint opening in the range of 0.8 to 0 92 cm
since, a8 mentianed in Seclion 4 2 1, tha normalized joint dis-
placement is less than about a hall (0.92/11 5<<0.5). However,
using the Ef Himadi and M, O'Rourke approach, the displacement
for one in a thousand joints i5 3.4 cm (normalized displacement =
34/115=0 3 and hence, some leakage (about one in 10,000 {1/
10x1/1000) joints from Figure 4.71) is expected.

An advantage of the Wang approach is that an estimate of the
pipa sirain is provided. However, based vpon the above discus-
sion, the expected tensile sirain in the segments (4.0x 10~ strain
correspondirg 1o 0.8 cm joint opening) is less than the yield strain
for & CI pipe of about 2.0x10* fom Chapter 4. Hence, although
pipe strain is provided, it is unliely that the pipe segment failure
mode paverns
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The response of both segmented and continuous pipe to PGD
was discussed in previous chapters, Also the uplifting resparse of
pipe surrounded by liquelied soil was treated in Chapter 7. In this
section, the somewhat special case of a buried pipeline subject to
sloshing action due to liquefaction of a subsurface fayer is ad-
dressed. Note that 69 breaks to segmented water mains within the
Marina District during the 1989 Loma Prieta event have been at-
tributed 1o this mechanism.

Laboratory experiments by Nishio et al. (1987, 1989) provided
an observational basis for the phenomenon. Tney analyzed the
dynamic response of a continuous pipeline surrcunded by non-
liquefied soil but underlain by a liquefied layer. Figure 11.11 shows
their test set up. The pipe is 13 mm (0.5 in) in diameter and made
of poly-carbonate.

The input maotion at the base of the model was a sinuscidal
wave with a frequency of 3 Hz and a peak acceleration of nbout
150 gal Acceleralions throughout the mode! were comparable to
the base acceleration up to the time of liquefaction of the loose
sand deposit. After liquefaction, the acceleration of the non-lique-
fied surface layer directly over the loose sand deposit was amy'ified
by a factor of roughly 2, relative to the input acceleration Al-
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though the base motion was horizontal {parallel to the pipe axis),
the resulting pipe motion after liquefaction bad a significant verti-
cal component and the vertical motion was asymmetric about the
center of the liquefied deposit (i.e., a sloshing type of response).
Figures 11 12 and 11.13 show the distributions of pipe bending
strains and axial strains at two times during the test (both after the
onset of liquefaction of the subsurface deposit)

Note that the amplitude of the bending strain is roughly an
order of magnitude larger than the axial strain. The axial strain is
largest near the edge of the liquefaction deposit, while the bend-
ing strain is largest about a quarter of the distance from the edge.
Note that a point of counter flexure exists near the center of the
model, confirming the asymmetric nature of the response (e.g. left
portion maving up while right portion moves down),
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ishibara [1985) presents a relation between acceleration and
thicknesses of non-liquefied surface layer and liquefied sublayer in
Figure 11.14 based on the damage observation during past earth-
quakes. This observation suggests that for a given value of peak
acceleration, the thinner non-fiquefied surface fayer, the more seri-
ous the damage.
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Considering date from a wide range of rarthguake and she
condition, Youd and Garris (1995} evaluate and verify 1snihara’s
criteria, Their study suggests that the thickness bounds proposed
by Ishihara appear valid for sites not susceptibls to lateral spread,
but not valid for site susceptible to lateral spread
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