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F o r e w o r d

Earthquakes are potentially devastating natural events which threaten
lives, destroy property, and disrupt life-sustaining services and societal
functions. In 1986, the National Science Foundation established the
National Center for Earthquake Engineering Research to carry out sys-
tems integrated research to mitigate earthquake hazards in vulnerable
communities and to enhance implementation efforts through technol-
ogy transfer, outreach, and education. Since that time, our Center has
engaged in a wide variety of multidisciplinary studies to develop solu-
tions to the complex array of problems associated with the development
of earthquake-resistant communities.

Our series of monographs is a step toward meeting this formidable
challenge. Over the past 12 years, we have investigated how buildings
and their nonstructural components, lifelines, and highway structures
behave and are affected by earthquakes, how damage to these structures
impacts society, and how these damages can be mitigated through inno-
vative means. Our researchers have joined together to share their exper-
tise in seismology, geotechnical engineering, structural engineering, risk
and reliability, protective systems, and social and economic systems to
begin to define and delineate the best methods to mitigate the losses
caused by these natural events.

Each monograph describes these research efforts in detail. Each is
meant to be read by a wide variety of stakeholders, including academi-
cians, engineers, government officials, insurance and financial experts,
and others who are involved in developing earthquake loss mitigation
measures. They supplement the Center’s technical report series by broad-
ening the topics studied.

As we begin our next phase of research as the Multidisciplinary Cen-
ter for Earthquake Engineering Research, we intend to focus our efforts
on applying advanced technologies to quantifying building and lifeline
performance through the estimation of expected losses; developing cost-
effective, performance-based rehabilitation technologies; and improving
response and recovery through strategic planning and crisis management.
These subjects are expected to result in a new monograph series in the
future.

I would like to take this opportunity to thank the National Science
Foundation, the State of New York, the State University of New York at
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George C. Lee

Director, Multidisciplinary Center

for Earthquake Engineering Research

Buffalo, and our institutional and industrial affiliates for their continued
support and involvement with the Center. I thank all the authors who
contributed their time and talents to conducting the research portrayed
in the monograph series and for their commitment to furthering our com-
mon goals. I would also like to thank the peer reviewers of each mono-
graph for their comments and constructive advice.

It is my hope that this monograph series will serve as an important
tool toward making research results more accessible to those who are in
a position to implement them, thus furthering our goal to reduce loss of
life and protect property from the damage caused by earthquakes.
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Buried pipeline systems are commonly used to transport wa-
ter, sewage, oil, natural gas and other materials. In the contermi-
nous United States, there are about 77,109 km (47,924 miles) of
crude oil pipelines, 85,461 km (53,114 miles) of refined oil pipe-
lines and 67,898 km (42,199 miles) of natural gas pipelines (FEMA,
1991). The total length of water and sewage pipelines is not readily
available. These pipelines are often referred to as “lifelines” since
they carry materials essential to the support of life and mainte-
nance of property. Pipelines can be categorized as either continu-
ous or segmented. Steel pipelines with welded joints are consid-
ered to be continuous while segmented pipelines include cast iron
pipe with caulked or rubber gasketed joints, ductile iron pipe with
rubber gasketed joints, concrete pipe, asbestos cement pipe, etc.

The earthquake safety of buried pipelines has attracted a great
deal of attention in recent years. Important characteristics of bur-
ied pipelines are that they generally cover large areas and are sub-
ject to a variety of geotectonic hazards. Another characteristic of
buried pipelines, which distinguishes them from above-ground
structures and facilities, is that the relative movement of the pipes
with respect to the surrounding soil is generally small and the in-
ertia forces due to the weight of the pipeline and its contents are
relatively unimportant. Buried pipelines can be damaged either
by permanent movements of ground (i.e. PGD) or by transient seis-
mic wave propagation.

Permanent ground movements include surface faulting, lat-
eral spreading due to liquefaction, and landsliding. Although PGD
hazards are usually limited to small regions within the pipeline
network, their potential for damage is very high since they impose
large deformation on pipelines. On the other hand, the wave propa-
gation hazards typically affect the whole pipeline network, but
with lower damage rates (i.e., lower pipe breaks and leaks per unit
length of pipe). For example, during the 1906 San Francisco earth-

P r e f a c e
By Michael O’Rourke
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quake, the zones of lateral spreading accounted for only 5% of
the built-up area affected by strong ground shaking. However,
approximately 52% of all pipeline breaks occurred within one
city block of these zones, according to T. O’Rourke et al., (1985).
Presumably the remaining 48% of pipeline damage was attributed
to wave propagation. Hence, although the total amount of dam-
age due to PGD and wave propagation was roughly equal, the
damage rate in the small isolated areas subject to PGD was about
20 times higher than that due to wave propagation.

Continuous pipelines may rupture in tension or buckle in com-
pression. Observed seismic failure for segmented pipelines, par-
ticularly large diameters and relatively thick walls, is mainly due
to distress at the pipeline joints (axial pull-out in tension, crushing
of bell and spigot in compression). For smaller diameter segmented
pipes, circumferential flexural failures (round cracks) have also
been observed in areas of ground curvature.

This monograph reviews the behavior of buried pipeline com-
ponents subject to permanent ground deformation and wave propa-
gation hazards, as well as existing methods to quantify the re-
sponse. To the extent possible and where appropriate, the review
focuses on simplified procedures which can be directly used in
the seismic analysis and design of buried pipeline components.
System behavior of a buried pipeline network is not discussed in
any great detail. Where alternate approaches for analysis or de-
sign are available, attempts are made to compare the results from
the different procedures. Finally, we attempt to benchmark the
usefulness and relative accuracy of various approaches through
comparison with available case histories.

This monograph is divided into twelve chapters. Chapter 1 re-
views seismic hazards and the performance of buried pipelines in
past earthquakes. Chapter 2 describes the different forms of per-
manent ground deformation (surface faulting, lateral spreading,
landsliding), and presents procedures to quantify and model both
the amount of PGD as well as the spatial extent of the PGD zone.
Chapter 3 reviews seismic wave propagation and presents proce-
dures for estimating ground strain and curvature due to travelling
wave effects. Chapter 4 presents the failure modes and correspond-
ing failure criteria for buried pipelines subject to seismic effects.
Chapter 5 reviews commonly used techniques to model the soil-
pipe interaction in both the longitudinal and transverse directions.
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Chapters 6 and 7 present the response of continuous pipelines
subject to longitudinal PGD and transverse PGD respectively, while
Chapter 8 discusses pipe response due to faulting. Chapter 9 pre-
sents the response of segmented pipelines subject to permanent
ground deformation.  Chapters 10 and 11 discuss the behavior of
continuous and segmented pipeline components subject to seis-
mic wave propagation.  Chapter 12 presents current countermea-
sures to reduce damage to pipelines during earthquakes.
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1
Seismic Hazards and
Pipeline Performance
in Past Earthquakes

Seismic damage to buried pipelines has been observed and
documented by many individuals during post-earthquake recon-
naissance. These surveys provide useful information about the
failure modes and failure mechanisms of buried pipelines. More-
over, empirical damage relationships, based on statistical
information from a number of past events, can be used to estimate
expected damage and system performance in future earthquakes.
This chapter reviews seismic hazards due to both permanent ground
deformation and wave propagation effects, and presents informa-
tion on the performance of both segmented and continuous
pipelines in past earthquakes.

1.1

S e i s m i c  H a z a r d s

For buried pipelines, seismic hazards can be classified as be-
ing either wave propagation hazards or permanent ground
deformation hazards. There have been some events where pipe
damage has been due only to wave propagation. An example is
damage in Mexico City occasioned by the 1985 Michoacan earth-
quake. More typically, pipeline damage is due to a combination
of hazards. As mentioned previously, T. O’Rourke et al. (1985)
noted that roughly half the pipe breaks in the 1906 San Francisco
event occurred within liquefaction-induced lateral spreading zones
while the other half occurred over a somewhat larger area where
wave propagation was apparently the prominent hazard. That is,
permanent ground deformation (PGD) damage typically occurs in
isolated areas of ground failure with high damage rates while wave
propagation damage occurs over much larger areas, but with lower
damage rates.



2         C H A P T E R  1

Wave propagation hazards are characterized by the transient
strain and curvature in the ground due to travelling wave effects.
PGD (such as landslide, liquefaction induced lateral spread and
seismic settlement) hazards are characterized by the amount, ge-
ometry, and spatial extent of the PGD zone. The fault-crossing
PGD hazard is characterized by the permanent horizontal and
vertical offset at the fault and the pipe-fault intersectional angle.
More detailed information on characterization of these PGD haz-
ards is presented in Chapter 2.

1.2

P e r f o r m a n c e  i n  
P a s t  E a r t h q u a k e s

The vulnerability of buried pipelines to seismic hazards has
been demonstrated by the extensive damage observed during pre-
vious earthquakes. Examples of documented pipeline damage
include: the 1906 San Francisco, Manson (1908); 1933 Long Beach,
Wood (1933); 1952 Kern County, Steinbrugge and Moran (1954);
1964 Alaska, Hansen (1971); 1964 Niigata, Hamada and T.
O’Rourke (1992); 1971 San Fernando, McCaffrey and T. O’Rourke
(1983); 1976 Guatemala, Dieckgrafe (1976); 1976 Tangshan, Sun
and Shien (1983); 1979 Imperial Valley, Waller and Ramanathan
(1980); 1983 Coalinga, Isenberg and Escalante (1984); 1983
Nihonkai-Chubu,  Hamada and T. O’Rourke (1992); 1987 Whittier
Narrows, Wang (1990); 1989 Loma Prieta, T. O’Rourke and Pease
(1992); 1991 Costa Rica, M. O’Rourke and Ballantyne (1992); 1993
Kushiro-Oki, Wakamatsu and Yoshida (1994); 1994 Northridge, T.
O’Rourke and Palmer (1994). Presented below is a brief descrip-
tion of the amount and types of pipeline damage which have been
observed (T. O’Rourke et al., 1985).

• In 1964, the Anchorage, Alaska earthquake caused over 200
breaks in gas pipelines and 100 breaks in water distribution
pipelines at Anchorage. Gas lines within fault zones were rup-
tured. Most of the pipeline damage was due to landslides and
ground cracking.
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• The 1971 San Fernando earthquake resulted in 1,400 breaks
in various piping systems. The city of San Fernando temporally
lost water, gas and sewage services. Liquefaction-induced lat-
eral spreading along the eastern and western shores of the
Upper Van Norman Reservoir damaged water, gas and petro-
leum transmission lines.

• The 1987 Ecuador earthquake destroyed the trans-Ecuadorian
pipeline (660 mm in diameter), which represented the largest
single pipeline loss in history. It cost roughly $850 million in
lost sales and reconstruction.

The damage briefly discussed above was due to some combi-
nation of wave propagation and PGD effects. In the following
subsection, empirical relations for pipe damage due to these haz-
ards will be discussed separately.

1.3

Empirical Damage Relations

Often the first step in the seismic upgrade of a pipeline system
is an evaluation of the likely amounts of damage in the existing
system due to potential earthquakes. For buried pipelines, empiri-
cal correlations between observed seismic damage and some
measure of ground motion are typically used. In 1975, Katayama
et al. developed one of the first relations, primarily for segmented
cast iron pipelines, in which damage rate is plotted as a function
of peak ground acceleration. This relation, shown in Figure 1.1,
includes both wave propagation and PGD damage data. As shown
in Figure 1.1, the damage ratio increases by a factor of 100 for a
doubling of the peak ground acceleration.

1 . 3 . 1   W a v e  P r o p a g a t i o n  D a m a g e

It appears that Eguchi was the first to separate wave propaga-
tion damage and PGD damage. For wave propagation, Eguchi
(1983) summarized pipe break rate versus Modified Mercalli In-
tensity (MMI) for several earthquakes in the United States, and
developed fragility relations for six different pipeline materials sub-
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ject to wave propagation only. Eguchi (1991) modified his rela-
tionship and obtained a bilinear curve shown in Figure 1.2, where
AC = Asbestos Cement, CONC = Concrete, CI = Cast Iron, PVC =
Polyvinyl Chloride, WSCJ = Welded Steel Caulked Joints, WSGWJ
= Welded Steel Gas-Welded Joints, WSAWJ (A, B) = Welded Steel
Arc-Welded Joints (Grade A, B), WSAWJ (X) = Welded Steel Arc-
Welded Joints (X Grade), DI = Ductile Iron, PE = Polyethylene.
Note that the damage rates increase fairly rapidly for  MMI ≤ 8,
and then more slowly for MMI > 8.

Based on data from three U.S. earthquakes, Barenberg (1988)
established an empirical relation between seismic wave propaga-
tion damage to cast iron pipe and peak horizontal ground or particle
velocity. Note that one would expect that pipe damage to corre-
late fairly well with peak ground velocity since as will be shown
later ground strain, and hence pipe strain, is a function of Vmax.
Including additional data from three other earthquakes, M.
O’Rourke and Ayala (1993) prepared a plot of wave propagation

After Katayama et al., 1975

■ Figure 1.1  Pipe Damage in Repairs per Kilometer vs. Peak Ground Acceleration
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damage rate versus peak ground velocity, which includes cast-
iron pipe, concrete pipe, prestressed concrete pipe and asbestos
cement pipe. Both the relations are shown in Figure 1.3, where
the M. O’Rourke and Ayala best straight line (point A through K)
gives higher damage rates than Barenberg’s. The somewhat higher
estimated damage rates using the M. O’Rourke and Ayala relation
were not due to the inclusion of pipe materials other than cast
iron. They are thought to be due at least in part to the effects of
corrosion and variable subsurface conditions.

More recently, various researchers have developed empirical
wave propagation damage relations for different pipe materials
(Eidinger et al., 1995) or for different diameter ranges (Honegger,
1995). Although the individual mean regression curves differ some-
what from that in Figure 1.3, the data points still fall in the general
band shown in Figure 1.3 and the scatter of data points is similar.

After Eguchi, 1991

■ Figure 1.2  Wave Propagation Pipe Damage vs. Modified Mercalli Intensity
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1 . 3 . 2   P G D  D a m a g e

There are a variety of patterns of PGD depending on local soil
conditions and the presence of faults. One type of PGD is local-
ized abrupt relative displacement such as at the surface expression
of a fault, or at the margins of a landslide. The second type of PGD
is spatially distributed permanent displacement which could re-
sult, for example, from liquefaction-induced lateral spreads, or
ground settlement due to soil consolidation. For localized abrupt
PGD, pipeline damage mainly occurs around the ground rupture
trace. On the other hand, breaks for spatially distributed PGD may
occur everywhere within the PGD zone.  Empirical damage rela-
tions for both types of PGD (spatially distributed and abrupt) are
presented in the following discussion.

After M. O’Rourke and Ayala, 1993

■ Figure 1.3  Wave Propagation Damage to Common Water System Pipe vs. Peak Horizontal
Particle Velocity
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Spatially Distributed PGD

Porter et al. (1991) developed an empirical relation for bell
and spigot cast iron water pipe with lead and oakum joints as
shown in Figure 1.4.

As shown in Figure 1.4, the damage rate is a function of per-
manent ground displacement. A bilinear curve is fitted to the data
from the 1906 San Francisco and 1989 Loma Prieta earthquakes.
The initial portion of the curve (PGD < 5 inches (13cm)) is based
on damage information for the Marina District in San Francisco
during the 1989 Loma Prieta event (vertical settlements) while the
later portion (PGD > 5 inches) is based upon the 1906 San Fran-
cisco event (lateral spreads).

As shown in Figure 1.4, the normalized pipe break rate is a
nonlinear function of PGD. Relatively small ground displacement
produces initial pipe breakage. At larger ground displacement,
break rates increase, but at a smaller rate. To explain this
nonlinearity, Porter et al. postulate that damage initiates at low
magnitudes of PGD, breaking the original pipe network into shorter
segments that are relatively free to move with the surrounding soil.
Relatively larger displacements are then required to cause further
breaks in the remaining intact segments.

After Porter et al., 1991

■ Figure 1.4  Empirical Damage to Cast Iron Water Pipe vs. Spatially Distribution PGD
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In terms of the existing empirical relation for spatially distrib-
uted PGD, Chapter 5 and 6 highlight the difference in pipe response
to transverse and longitudinal PGD. In this sense, the vertical settle-
ment data (from the 1989 Loma Prieta event) used by Porter et al.
corresponds to transverse PGD. Hence, caution should be used in
applying these results to situations where one expects horizontal
ground movement parallel to the pipe axis (i.e., longitudinal PGD).
For both types of PGD, pipe vulnerability is theoretically a func-
tion of both the amount and the spatial extent of the ground failure
zone. For example, theoretical models of segmented pipe response
presented in Chapter 9 suggest that a 0.5 m (18 in.) diameter CI
pipe subject to 1 m (3.3 ft) of distributed transverse PGD would
experience joint opening if the width of the PGD zone is 60 m
(197 ft) or less, but would survive if the width is larger.

Finally, it should be noted that recent research (personal com-
munication with Prof. T. O’Rourke) suggests that Marina District
pipe damage in the 1989 Loma Prieta event was due to large tran-
sient strains resulting from shaking (wave propagation) of the
“soupy” liquefied subsoil layer. Although the final (permanent)
settlement, used by Porter et al., may correlate positively with the
large transient strains, which apparently actually caused the dam-
age, caution should be exercised for situation with PGD < 5 inch
(13 cm). This is particularly true for settlement of dry sand where
large transient strains are not expected.

For PGD damage to continuous welded steel pipes, no em-
pirical relation determined directly from observed damage is
available. However, Porter et al. developed a pseudo-empirical
relation based on the damage rate of cast-iron pipelines versus
permanent ground displacement, and a comparison of the dam-
age rates for steel pipes and cast-iron pipes from Hamada and
Eguchi described below.

Hamada (1989) compared cast iron pipe breakage with steel
gas pipe breakage in the 1983 Nihonkai-Chubu earthquake, and
concluded that the damage rate to cast iron pipes was two to three
times that for steel pipes. Based on the 1971 San Fernando earth-
quake and the 1972 Managua earthquake, Eguchi (1983)
concluded that the vulnerability of gas welded steel pipe is 30%
of that for cast iron in faulting regions. In landslides, the factor is
61% and in lateral spreads it is 70%. Based on these observations,



9SEISMIC HAZARDS AND PIPELINE PERFORMANCE IN PAST EARTHQUAKES

Porter et al. assume that the rate of damage to gas welded steel
pipes was half of that for cast iron pipes. Similarly, the vulnerabil-
ity of arc welded steel pipes was taken as 12.5% of cast iron pipes.
Porter’s pseudo-empirical relations for steel pipes and various other
materials are shown in Figure 1.5.

More recent studies have suggested other empirically based
relations between damage and the amount of ground movement.
For example, Heubach (1995) suggests that expected damage to
cast iron pipe with rigid joints is roughly a factor of four larger
than that for modern welded steel pipelines. Along similar lines,
Eidinger et al. (1995) propose PGD damage relations which are
functions of pipe material and joint type. Nevertheless, a com-
parison of Figures 1.1, 1.3 and 1.4 suggests that the scatter of data
points about the mean regression curve is reduced when one con-
siders wave propagation and PGD damage separately.

After Porter et al., 1991

■ Figure 1.5  Pipe Breaks vs. Permanent Ground Displacement
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Localized Abrupt PGD

Porter et al.’s relations were obtained for spatially distributed
PGD, specifically ground settlement and lateral spread. As such, it
probably should not be used to predict damage to pipelines sub-
ject to localized abrupt PGD such as at a fault offset. This is because
one expects higher pipe strain, for a given amount of PGD move-
ment where the PGD is abrupt as opposed to distributed.

For fault rupture, Eguchi (1983) presented a relationship be-
tween the damage rate and the amount of fault offset, shown in
Figure 1.6. It is based on damage from the 1971 San Fernando
earthquake and applies to pipelines within 300 feet (91 m) each
side of the predominate line of rupture. Note that the WSAWJ1

curve presents pre-modern (i.e., prior to late 1950’s) welded steel,
modern (e.g. X-grade) pipe would be expected to vary by a factor
of 70% lower.

As shown in Figure 1.6, the break rate per 1,000 feet for cast
iron (CI) pipes is about 1.5 for abrupt PGD equal to 10 inch (25

After Eguchi, 1993

■ Figure 1.6  Vulnerability Relationships for Buried Pipelines in Fault Rupture Areas
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cm) and 4.0 for abrupt PGD equal to 100 inch (2.5 m). However,
for the same cast iron pipes, the break rate due to spatially distrib-
uted PGD given in Figure 1.4 is 3.2 for the displacement equal to
10 inches and 7.4 for the displacement equal to 100 inches. This
result is counter-intuitive since one expects higher pipe strain for
abrupt PGD. The authors understand that Eguchi currently consid-
ers the relations in Figure 1.6 to be lower bounds, with expected
damage being possibly a factor of three times the lower bound
value.

Even when the correct empirical relation is used, caution should
be exercised in its application. As discussed in Chapter 8, the vul-
nerability of buried pipes to fault offset is strongly influenced by
the pipe-fault intersectional angle. Since the intersectional angle
is not a parameter in Eguchi’s relation, the modified relation likely
applies in an average sense to a wide range of intersectional angles.

The above discussion is not intended to suggest that these
empirical relations are useless. They are, arguably, the best cur-
rently available. They are appropriate for evaluating overall system
performance. However, by themselves, they are probably not ap-
propriate for vulnerability analysis of an individual component.

1.4

S y s t e m  P e r f o r m a n c e

There has been a large amount of research work over the past
dozen of years or so on pipeline system performance. Notable
contributions have been made by Isoyama and Katayama (1982),
Liu and Hou (1991), Sato and Shinozuka (1991), Honegger and
Eguchi (1992), and Markov et al. (1994).  A detailed discussion of
overall system modeling and performance is beyond the scope of
this state-of-the-art review, which focuses primarily on compo-
nent performance, behavior and design. However, a summary of
the results of system performance evaluations as a function of bur-
ied pipeline component performance (specifically breaks per unit
length) will be discussed briefly.

Isoyama and Katayama (1982) evaluated water system perfor-
mance following an earthquake for two supply strategies: supply
priority to nodes with larger demands, and supply priority to nodes
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After NIBS, 1996

■  Figure 1.7  Serviceability Index vs. Average Break Rate for Post-Earthquake System Performance
Evaluation

with lowest demands. These two strategies correspond to the best
and worst system performance, which is shown in Figure 1.7. Re-
cently, Markov et al. (1994) evaluated the performance of the San
Francisco auxiliary water supply system (AWSS), while G&E (1994)
did a similar study for the water supply system in the East Bay
Municipal Utility District (EBMUD). Their results are also shown
in Figure 1.7. Based on these results, NIBS (National Institute of
Building Sciences) (1996) proposed a damage algorithm, in which
the system serviceability index is a lognormal function of the aver-
age break rate. Note that in this figure, the serviceability index is
considered as a measure of reduced flow.
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2

Permanent Ground
Deformation Hazards

The principal forms of permanent ground deformation (PGD)
are surface faulting, landsliding, seismic settlement and lateral
spreading due to soil liquefaction. Whether the buried pipeline
fails when subjected to PGD depends, in part, on the amount and
spatial extent of the PGD, which are introduced here.

The aim of this chapter is to provide a general overview of
permanent ground deformation. First, we discuss the types of faults
and the expected amount of fault offset, which is empirically cor-
related with earthquake magnitude. Second, we describe the types
of landslides, empirical relations for the occurrence of landslides,
and analytical relations for the amount of earth flow movement.
Third, two approaches to evaluate ground settlement induced by
soil liquefaction are introduced. Finally, we present the character-
istics of lateral spreads induced by soil liquefaction.

2.1

F a u l t

An active fault is a discontinuity between two portions of the
earth crust along which relative movements can occur. The move-
ment is concentrated in relatively narrow fault zones. Principal
types of fault movement include strike-slip, normal-slip and re-
verse slip as shown in Figure 2.1. In a strike-slip fault the
predominant motion is horizontal, which deforms a continuous
pipe primarily in tension or compression depending on the pipe-
fault intersectional angle. In normal and reverse faults the
predominant ground displacement is vertical. When the overhang-
ing side of the fault moves downwards, the fault is normal, which
deforms a horizontal pipe primarily in tension. When the over-
hanging side of the fault moves upwards, the fault is reverse, which
deforms a horizontal pipe primarily in compression.
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As mentioned previously in Section 1.2, the strain in a con-
tinuous pipe subject to fault offset depends on the amount of the
fault offset and the pipe-fault intersectional angle. Here we only
discuss the amount of fault offset. The effects of the intersectional
angle will be discussed in Chapter 8.

Various empirical relations between fault displacement and
moment magnitude have been proposed. They all have a similar
logarithmic form. Here we only introduce the relationship by Wells
and Coppersmith (1994) because it extends previous studies by
including data from recent earthquakes and from new investiga-
tions of older earthquakes. Based on a worldwide data base of
421 historical earthquakes, Wells and Coppersmith selected 244
earthquakes, and developed the following empirical relationships:

      logdf = -6.32 + 0.90M for Strike-Slip Fault (2.1)

      logdf = -4.45 + 0.63M for Normal Fault (2.2)

      logdf = -0.74 + 0.08M for Reverse Fault (2.3)

After Meyersohn, 1991

■ Figure 2.1 Block Diagrams of Surface Faulting
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where df is the average fault displacement, in meters, M is the
moment magnitude. The observed fault displacement in the Wells
and Coppersmith’s data base (i.e., magnitude range from 5.6 to
8.1) varies from 0.05 to 8.0 m for strike-slip faults, 0.08 to 2.1 m
for normal faults, and 0.06 to 1.5 m for reverse faults as shown in
Figure 2.2. The maximum fault displacement is twice the average
fault displacement, according to Wells and Coppersmith. Note that
the single curve (i.e., solid lines) in Figure 2.2(a) is for a combined
model, while the three curves in Figure 2.2 (b) are for strike slip,
reverse and normal faults respectively.

If a fault is poorly known or blind (i.e., lack of clear surface
expression to judge fault type), the all-slip-type regression pro-
vided by Wells and Coppersmith can be used to evaluate the
expected fault displacement.

      logdf = -4.80 + 0.69M for all (2.4)
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After Wells and Coppersmith, 1994

■ Figure 2.2 Regression of Average Surface Displacement on Magnitude
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2.2

L a n d s l i d e

Landslides are mass movements of the ground which may be
triggered by seismic shaking. A large number of systems have been
developed to classify landslides. The most widely used classifica-
tion system in the United States was devised by Varnes (1978).
Varnes identified five principal categories based on soil movements,
geometry of the slide, and the types of material involved. Varnes’s
categories are: falls, topples, slides, spreads, and flows. Herein,
lateral spreading is considered to be a liquefaction-induced phe-
nomenon, and is discussed in Section 2.3.

Based on the different effects on pipelines, Meyersohn (1991)
established three types of landslides as shown in Figure 2.3.

As shown in Figure 2.3, Type I includes rock fall and rock topple,
which can cause damage to above-ground pipelines by direct im-
pact of falling rocks. This type of landslide has relatively little effect
on buried pipelines and will not be discussed in detail. Type II
includes earth flow and debris flow, in which the transported ma-
terial behaves as a viscous fluid. Large movements (several meters
or more) are often associated with this type of landslide but the
expected amount of movement is difficult to predict. Type II land-
slides will not be discussed herein. Type III includes earth slump
and earth slide, in which the earth moves, more or less as a block.
They usually develop along natural slopes, river channels, and
embankments. Because pipelines often cross such zones, the fol-
lowing will focus on this type of landslide.

Empirical methods have been used to determine upper bounds
for the occurrence of landslides. Figure 2.4 shows one such rela-
tion (Applied Technology Council, 1985), in which the maximum
distance of observed landslides to the fault rupture zone is plotted
as a function of earthquake magnitude.

Recent work by Jibson and Keefer (1993) resulted in analytical
estimation of the expected amount of landslide movement. They
used the computer program STABL (Siegel, 1978) to search for the
critical failure surface by randomly generating slip surfaces and
calculating the factor of safety (FS). The factor of safety is the ratio
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of the sum of the resisting forces and sum of the driving forces that
tend to cause movement. That is, the critical failure surface is the
slip surface with the lowest factor of safety.

Based on Newmark’s Block model (Newmark, 1965), the criti-
cal acceleration, ac, can then be defined as:

  ac  = g(FS - 1)sina (2.5)

where g is the acceleration due to gravity and a is the inclined
angle of the slope.

The displacement of the block is then calculated by double
integration of the ground accelerations larger than the critical ac-
celeration ac.

After Meyersohn, 1991

■ Figure 2.3  Selected Ground Failure Associated with Landsliding
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Jibson and Keefer selected 11 strong-motion records to esti-
mate the Newmark displacement. For each of the strong-motion
records, they calculated the Newmark displacement for several
critical accelerations between 0.02 and 0.4 g, which is consid-
ered to be the practical range of interest for most
earthquake-induced landslides. The resulting data are plotted in
Figure 2.5, for which the best regression function is:

          logDN = 1.460logIa - 6.642ac + 1.546  (2.6)

After ATC-13, 1985

■ Figure 2.4  Occurrence of Landslide vs. Magnitude of Earthquake
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where DN  is the Newmark displacement in centimeters and Ia is
the Arias intensity in g’s, defined as:

          I
2g

a t dta
2= ∫

π
[ ( )] (2.7)

where a(t) is the ground acceleration time history.
In this regard, Wilson and Keefer (1983) developed a simple

relationship between Arias intensity, earthquake magnitude, M,
and source distance, R, in kilometers:

        logIa = M - 2logR - 4.1 (2.8)

Note that Equation 2.8 is developed from California earth-
quakes and may slightly underestimate shaking intensity in the
central United States.
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■ Figure 2.5  Newmark Displacement vs. Arias Intensity for Critical Accelerations of 0.02-0.40g



20         C H A P T E R   2

2.3

L a t e r a l  S p r e a d i n g

Lateral spreads develop when a loose saturated sandy soil de-
posit is liquefied due to seismic shaking. Liquefaction causes the
soil to lose its shear strength, which in turn results in the flow or
lateral movement of liquefied soil. Although the ground move-
ment is primarily horizontal, Towhata et al. (1991) observed that
vertical soil movement often accompanies liquefaction-induced
lateral spreading. However, the vertical component is typically
small and will be disregarded herein.

In terms of pipeline response, two situations are possible. In
the first case such as at the Ogata Primary School site during the
1964 Niigata event, the top surface of the liquefied layer is essen-
tially at the ground surface. For this first case, a pipeline is subject
to horizontal force due to liquefied soil flow over and around the
pipeline, as well as uplift or buoyancy forces. In the second case
such as at the Mission Creek site during the 1906 San Francisco
event, the top surface of the liquefied layer is located below the
bottom of a typical pipeline. That is, the pipeline is contained in a
non-liquefied surface soil layer which rides over the liquefied layer.
For this second case, the pipeline is subject to horizontal forces
due to non-liquefied soil-structure interaction but not subject to
buoyancy effects. Pipeline response to such horizontal loading is
discussed in Chapter 6 and 7. Pipeline response to buoyancy forces
is discussed in Chapter 7.

The direction of movement for the lateral spread is controlled
by geometry. When the lateral spread occurs at or near a free face,
the movement is generally towards the free face. When the lateral
spread occurs away from a free face, the movement is down the
slope of the ground surface or down the slope of the bottom of the
liquefied layer. For the “PGD towards a free face” data, the ob-
served distance is from 10 to 300 m (33 to 984 ft) away from the
free face with average value of 100 m (Bartlett and Youd, 1992).
For the “PGD away from a free face” data, the observed slope is
from 0.1% to 6% with an average value of 0.55%.

There are four geometric characteristics of a lateral spread
which influence pipeline response in a horizontal plane. With ref-
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erence to Figure 2.6, these are the amount of PGD movement d,
the transverse width of the PGD zone W, the longitudinal length
of the PGD zone L, and the pattern or distribution of ground move-
ment across and along the zone.

In the following subsection, available information which can
be used to quantity each of these characteristics is presented.

2 . 3 . 1  A m o u n t  o f  P G D

In general, the potential for PGD to induce pipe damage is
related to the amount of ground movement, the length and width
of the PGD zone as well as the pattern of deformation. Predicting
the amount of ground displacement due to soil liquefaction is a
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■ Figure 2.6  Characteristics of a Lateral Spread
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challenging problem. Nevertheless there have been a number of
studies, both analytical and empirical, which have addressed this
issue. These studies are reviewed below.

Analytical and Numerical Models

Dobry and Baziar (1990), and Mabey (1992) estimate lique-
faction-induced displacement using a Newmark sliding block
analysis. In this analysis a 1-D, rigid soil block model is allowed to
displace along a planar failure surface during time intervals when
the sum of the inertial (i.e., earthquake) and gravity (i.e., self weight)
components along the slide surface exceeds the shear strength of
the soil.

Hamada et al. (1987), Towhata et al. (1991), and Yasuda et al.
(1991) used 2-D, static elastic models to estimate the amount of
lateral spreading displacement. They model the non-liquefied sur-
face layer as a 2-D, elastic beam, floating on the liquefied layer
below, and subject to lateral loading (the component of the grav-
ity load parallel to the inclined ground surface). An analytical,
closed form solution is used to calculate the ground displacement
by minimizing the potential energy of the system.

Orense and Towhata (1992) used a variational principle to
develop a 3-D analytical relation for the amount of liquefaction-
induced ground displacement. The method is based on the principle
of minimum potential energy. The lateral displacements are calcu-
lated based on the assumption on a half sinusoidal distribution of
lateral displacement along a vertical section (i.e., zero at the bot-
tom and maximum at the top) and vertical displacements are
calculated based on constant volume assumption. The Rayleigh-
Ritz method is employed to obtain the solution.

However, as pointed out by Bartlett and Youd (1992), these
analytical and numerical models have not been applied to a wide
range of earthquake and site conditions. More validation and cali-
bration studies are likely needed before these analytical and
numerical techniques can be used directly by practicing engineers.

Empirical Model

Several empirical models have been proposed to predict lat-
eral spread displacements. The following brief review describes
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these existing empirical relations, their underlaying assumptions
and expected range of applicability.

Work by Hamada et al. (1986) suggests that the amount of
PGD induced by liquefaction is closely related to the geometric
configuration of the estimated liquefied layer. They proposed the
following regression formula for the magnitude of horizontal PGD,
d, in meters:

  δ θ= ⋅0.75 3h g (2.9)

where h is the thickness of the liquefied layers, in meters, and ug is
the slope of the lower boundary of the liquefied layer or the ground
surface (%), whichever is larger.

Note that the Hamada et al. relation does not distinguish be-
tween the amount of expected PGD at a free face as opposed to
that for gently sloping ground. In addition, the thickness of the
liquefied layer is in a sense a pseudo parameter which accounts
for the amount of ground shaking (related to earthquake magni-
tude and distance) as well as the soil characteristics at the site.
According to Bartlett and Youd (1992), it produces reasonable es-
timate for earthquakes with magnitude around 7.5 and epicenter
distance in the 20 to 30 km range.

Youd and Perkins (1987) introduced the concept of a Lique-
faction Severity Index (LSI) which is defined as the amount of PGD,
in inches, associated with lateral spreading on gently sloping
ground and poor soil conditions. LSI is arbitrarily truncated at 100.
Youd and Perkins established a correlation between LSI, earth-
quake magnitude and distance for the western U.S. as follows:

           logLSI = -3.49 - 1.86logRd + 0.98Mw (2.10)

where Rd is the distance from the epicenter to the site, in kilome-
ters for western U.S. earthquakes, and Mw is the earthquake
magnitude.

Using that correlation as a starting point and data available for
the 1811-12 New Madrid earthquakes, Turner and Youd (1987)
proposed the following relation for the New Madrid area:

       logLSI = 4.252 - 1.276logRd (2.11)
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Two separate equations are provided to account for differences
in attenuation of strong ground motion east and west of the Rocky
Mountains. Note that LSI given above is not a function of local soil
parameters (i.e., applies to the worst possible soil condition) nor
ground slope (it applies to ground slopes between 0.5 and 5%). In
addition, as with Hamada’s work, the LSI relation does not distin-
guish between the expected amount of PGD at a free face as
opposed to that for gently sloping ground condition.

Using data from 1906 San Francisco, 1964 Alaska, 1964
Niigata, 1971 San Fernando, 1979 Imperial Valley, 1983 Nihonkai-
Chubu, 1983 Borah Peak and 1987 Superstition Hills earthquakes,
Bartlett and Youd (1992) recently developed two empirical rela-
tions for the expected amount of PGD due to liquefaction. The
first is for lateral spreads down gentle ground slopes and the other
is for lateral spreads at a free face.

For gently sloping ground condition, the relation is:

  
log( . ) . . . log .

. log . log . log( ) .

δ + = − + − −
+ + + − −

0 01 15 787 1 178 0 927 0 013

0 429 0 348 4 527 100 0 922

M R R

S T F D15 15 5015

d d

(2.12)

For PGD at a free face

    
log( . ) . . . log .

. log . log . log( ) .

δ + = − + − −
+ + + − −

0 01 15 787 1 178 0 927 0 013

0 429 0 348 4 527 100 0 922

M R R

Y T F D
d d

15 15 5015

(2.13)

where d is the permanent horizontal displacement of ground (m),
M is the earthquake magnitude, Rd is the epicentral distance (km),
S is the ground slopes (in percent, shown in Figure 2.7(a)), Y is the
free face ratio (in percent, shown in Figure 2.7 (b)), F15 is the aver-
age fines contents in T15 (%), D5015  is the mean grain size in T15

(mm) and T15 is the thickness of saturated cohesionless soils with a
corrected SPT value less than 15, (m).

Both equations include the effects of shaking at the site, soil
properties and site topography. For a given amount of ground shak-
ing (i.e., magnitude and epicenter distance fixed), the parameters
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which most strongly influence the amount of PGD are the average
fines contents, followed by the mean grain size and the ground
slope/free face ratio. The accuracy of the Bartlett and Youd (1992)
empirical relations are relatively good, in that predicted values
are generally within a factor of two of the observed values. As
such, they are arguably the best currently available relations for
use in the western U.S.

2 . 3 . 2   S p a t i a l  E x t e n t  o f  L a t e r a l
S p r e a d  Z o n e

As will be seen later, the width and the length of the PGD
zone have a strong influence on pipe response to PGD. Unfortu-
nately the currently available information on the spatial extent of
lateral spread zone is somewhat limited. Although one expects
that the spatial extent of the lateral spread zone strongly correlates
with the plan dimensions at the area which liquefied, analytical or
empirical relations are not currently available. In the following,
both the width W and length L as shown in Figure 2.6 will be
discussed.

Information on observed values for the spatial extent of the
lateral spread zone has been developed by Suzuki and Masuda
(1991). Using data from the 1964 Niigata and 1983 Nihonkai-
Chubu earthquakes, they presented scattergrams in Figure 2.8 of
the amount of ground movement and spatial extent of the lateral
spread zone for PGD away from a free face. Note that most all the
observed widths are distributed in the range of about 80 to 600 m
(262 to 1968 ft) and the lateral displacement tends to increase
with increasing width.

In terms of the length of the lateral spread zone at a free face,
the study by Bartlett and Youd (1992) provides useful information.

B B

A
A

Ground surface

Slip Surface

(a) Ground Slope, S = 100A/B (b) Free Face Ratio, Y = 100A/B

■ Figure 2.7 Elevation View Showing Ground Slope and Free Face Ratio
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■ Figure 2.8  Observed Data on the Amount of PGD and the Width of the Lateral Spread Zone Away
From a Free Face
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■ Figure 2.9  Observed Data on the Amount of PGD and the Length of the Lateral Spread Zone at a
Free Face
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Figure 2.9 shows observed data on the amount of PGD and the
length of the lateral spread zone at a free face. As with the ob-
served PGD zone width shown in Figure 2.8, the observed lengths
in Figure 2.9 are less than about 400 m (1312 ft), with most of the
values below 200 m (656 ft). Although there is a large amount of
scatter, the ground displacement appears to be a decreasing func-
tion of the length of the lateral spread zone for this free face
situation. On the other hand, as discussed in relation to Figure
2.8, the ground displacement appears to be an increasing func-
tion of the width of the lateral spread zone for gently sloping ground
situations.

Nevertheless, due to the large amount of scatter in these fig-
ures, it seems that the expected length and width of a lateral spread
zone, particularly for site specific studies, should be based upon
the expected plan area of liquefaction as opposed to the estimated
ground movement.

2 . 3 . 3    P G D  P a t t e r n

As noted previously, the response of buried pipelines to PGD
is influenced by the pattern of deformation, that is the variation of
permanent ground displacement across the width (Figure 2.6(b))
or along the length (Figure 2.6(c)) of the lateral spread zone. The
study by Hamada et al. (1986) of liquefaction in the 1964 Niigata
earthquake and 1983 Nihonkai-Chubu earthquake provide a
wealth of information on observed longitudinal PGD patterns. Fig-
ure 2.10 shows longitudinal PGD observed along five of 27 lines
in Noshiro City resulting from the 1983 Nihonkai-Chubu earth-
quake. In this figure the height of the vertical line is proportional
to the observed horizontal PGD at the point.

Note that about 20% of the observed patterns (6 out of 27)
have the same general shape as Figure 2.10(a). That is, they show
relatively uniform PGD movement over the whole length of the
lateral spread zone. The response of continuous buried pipeline to
idealizations of these longitudinal patterns of PGD is discussed in
Chapter 6.

Information on transverse patterns of PGD, as shown in Figure
2.6(b) is more limited. Figure 2.11 shows five transverse PGD pat-
terns observed in the 1971 San Fernando earthquake and 1964
Niigata earthquake.
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■ Figure 2.10  Observed Ground Deformation
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a., b. T. O’Rourke and Tawfik, 1983; c. Hamada and T. O’Rourke, 1992

■ Figure 2.11  Observed Transverse PGD Patterns
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2.4

S e i s m i c  S e t t l e m e n t

Earthquake induced subsidence may be caused by densifica-
tion of dry sand, consolidation of clay or consolidation of liquefied
soil. Among these three types, the liquefaction-induced ground
settlement is somewhat more important in that it can lead to larger
ground movement and hence higher potential for damage to bur-
ied pipeline system. Ground settlement induced by soil liquefaction
is discussed below.

An example of observed seismic settlement due to liquefac-
tion is shown in Figure 2.12. This figure presents contours of ground
settlement in the Marina District occasioned by the 1989 Loma
Prieta earthquake (T. O’Rourke et al., 1991).

Note that the maximum ground settlement is about 140 mm
(5.5 in). In comparison to the expected amount of lateral spread
deformation discussed previously, the expected amount of ground
settlement, for the same general level of ground shaking, are typi-
cally smaller.

After T. O’Rourke et al., 1991

■ Figure 2.12  Contour of Ground Settlement in Marina District
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For saturated sands without lateral spread movement, Tokimatsu
and Seed (1987) developed an analytical procedure to evaluate
ground settlement. The fundamental relation is:

       δ ε= =∑ ( ) , , ...,v i ih i n1 2 (2.14)

where εv  is the volumetric strain for a saturated sandy soil layer, h
is the layer thickness and n is the number of sand layers with dif-
ferent SPT N-values.

The volumetric strain in each layer depends on the SPT N-
value and the cyclic stress ratio as shown in Figure 2.13, where
(Nl)60 is the corrected SPT N-value.

The cyclic stress ratio can be computed by:

         
τ
σ

σ
σ

ave

o

max o

o
d

a
g

r
′

= ⋅
′

⋅0 65. (2.15)

where amax is the maximum acceleration at the ground surface, so

and s’o are the total overburden pressure and the initial effective
overburden pressure on the sand layer under consideration and rd

is the stress reduction factor varying from a value of 1 at the ground
surface to a value of 0.9 at a depth of about 10 m (30 ft) (Seed et
al., 1987).

Note that T. O’Rourke et al. (1991) used a similar approach to
estimate liquefaction induced settlement in the Marina District.
As noted by T. O’Rourke et al., there is good agreement between
the estimated and measured settlements for the natural soils and
land-tipped fill, but the estimated settlements of the hydraulic fill
are almost twice as much as those observed in the field.

Seed et al.’s analytical approach provides a relatively accurate
estimate of ground settlement. However, it is somewhat complex
and requires detailed information on site condition and soil prop-
erties.

Takada and Tanabe (1988) developed two empirical regres-
sion equations for liquefaction-induced ground settlement at
embankments and plain (level) sites based on 404 observations
during five Japanese earthquakes.
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After Tokimatsu and Seed, 1987

■ Figure 2.13  Relation between Cyclic Stress Ratio, ( Nl ) 60, and Volumetric Strain for Saturated
Sands

For embankment:

      d = 0.11H1H2amax/N+20.0 (2.16)

For plain site:

       d = 0.30H1amax/N+2.0 (2.17)

where d is the ground settlement in centimeters, H1  is the thick-
ness of saturated sand layer (in meters), H2 is the height of
embankment (in meters), N is the SPT N-value in the sandy layer,
and amax is the ground acceleration in gals. Takada and Tanabe’s
empirical approach is simple but somewhat less accurate than the
Seed et al.’s approach.
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3

Wav e  P r o pa g at i o n
H a z a r d s

The wave propagation hazard for a particular site is character-
ized by the peak ground motion parameters (acceleration and
velocity) as well as the appropriate propagation velocity. This chap-
ter briefly reviews attenuation relations for peak ground parameters,
as well as simplified procedures for determining the apparent propa-
gation velocities for both body and surface waves. The ground strain
and curvature due to wave propagation are then presented. Fi-
nally, the influence of variable subsurface conditions on ground
strain is discussed.

3.1

W a v e  P r o p a g a t i o n
F u n d a m e n t a l s

There are two types of seismic waves: body waves and surface
waves. The body waves propagate through earth, while the surface
waves travel along the ground surface. The body waves are gener-
ated by seismic faulting, while for the simplest case surface waves
are generated by the reflection and refraction of body waves at the
ground surface. Body waves include compressional waves (P-
waves) and shear waves (S-waves). In compressional waves, the
ground moves parallel to the direction of propagation, which gen-
erates alternating compressional and tensile strain. For S-waves,
the ground moves perpendicular to the direction of propagation.

The situation for surface waves is somewhat more complex.
Rayleigh and Love waves are two main types of surface waves
generated by earthquakes. For the Love waves (L-waves), the par-
ticle motion is along a horizontal line perpendicular to the direction
of propagation, while for R-waves the particle motion traces a ret-
rograde ellipse in a vertical plane with the horizontal component
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of motion being parallel to the direction of propagation. For both
L- and R-waves, the amplitude of motions decreases with depth
below the ground surface.

Figure 3.1 shows the East-West ground velocity histories in
the hill and lake zones of Mexico City during the 1985 Michoacan
earthquake. Notice in the hill zone record, the peak ground ve-
locity is about 10 cm /s (Figure 3.1(a)) and the ground motion dies
out about 60 s after initial triggering. In the lake zone record (Fig-
ure 3.1(b)), the ground velocity during the first 30 to 40 s after
initial triggering is roughly about 10 cm/s. However the peak ground
velocity of 30 or 40 cm/s occurs roughly a minute or two after
initial triggering. This suggests that Rayleigh waves could well have
been present in the lake zone. Note that if R-waves are present,
they occur after the arrival of the direct body waves.  That is, P-
waves arrive at a site first, followed by S-waves. If surface waves
are present, they typically arrive after the body waves.

After M. O’Rourke and Ayala, 1990

■ Figure 3.1  Ground Velocity Time History in Hill and Lake Zones During the 1985 Michoacan
Earthquake
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3.2

At t e n t u at i o n  R e l at i o n s

Many authors have developed empirical attenuation relations
for peak ground acceleration, velocity and displacement. T.
O’Rourke et al. (1985) presents a review and summary of many of
the existing relations. Those relations typically are functions of
earthquake magnitude, site-to-source distance and local site con-
ditions. More recently, relations accounting for fault mechanism
have been developed. This section introduces some of these at-
tenuation relations which were based on relatively large amounts
of data.

One of the most recent relations for peak ground acceleration
is that proposed by Campbell and Bozorgnia (1994). They used
645 near-source accelerograms from 47 worldwide earthquakes
from 1957 to 1993 to update the strong-motion attenuation rela-
tion. They found that reverse and thrust earthquakes generate larger
acceleration than strike-slip earthquakes, and that soft rock has
higher acceleration than hard rock. Their relation is given by:

ln . . . . exp( . )

. . ln ( ) .

. . ln ( ) . . ln ( )

A M R M

+ R M F

R S R S

m w s w

s w

s sr s hr

= − + − + [ ]
− −[ ]

+ −[ ] + −[ ]

3 512 0 904 1 328 0 149 0 647

1 125 0 112 0 0957

0 440 0 171 0 405 0 222

2 2
ln

(3.1)

where Am is the horizontal component of peak ground accelera-
tion (g), MW is the moment magnitude, RS is the closest distance to
the seismogenic rupture of the fault (km), F=0 for strike-slip and
normal faulting earthquakes and 1 for reverse, reverse-oblique and
thrust faulting earthquakes, Ssr=1 for soft-rock sites, Shr=1 for hard-
rock sites and Ssr= Shr = 0 for alluvial sites.

 Joyner and Boore (1981) developed a relation for peak ground
velocity. This empirical attenuation relation was obtained by a re-
gression analysis based on 38 data points from the 1979 Imperial
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Valley earthquake and 68 data points from other earthquakes. That
is:

    log Vm = -0.67 + 0.489Mw - logRs - 0.00256Rs + 0.17S + 0.22P
(3.2)

where R ds = +2 16 ,  Vm is the peak ground velocity in cm/sec,
d is the closest distance to the surface projection of the fault rup-
ture (in km), S=0 and 1 for rock and soil sites respectively, and P=0
and 1 for the 50th percentile and the 84th percentile, respectively.

More recently, Kamiyama et al. (1992) developed semi-em-
pirical relations for peak ground responses, which account for
effects of local site condition. They found that the ground response
depends on the earthquake magnitude, the hypocentral distance
(Rs) and the amplification factor of the site (AMP(V)). For example,
the peak ground velocity, Vm, can be estimated by:
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After Kamiyama et al., 1992

■  Figure 3.2  Comparison of Peak Ground Velocity at Rock Sites in the 1989 Loma Prieta Event with
Kamiyama et al. Relation
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For rock sites (AMP(V)=1), Figure 3.2 presents the semi-em-
pirical relation by Kamiyama et al. and observed data from the
1989 Loma Prieta earthquake. Note that the amplification factors
are available from response spectra of local sites, and vary with
frequency content.

The most recent empirical relations for peak ground displace-
ment were developed by Gregor (1995). He considers the effects
of different fault mechanisms and wave types. For example, the
peak rock displacement for shear waves (i.e., SH waves) due to
strike-slip fault can be estimated by:

logDm = -5.0 + 1.02Mw - 0.87logRs (3.4)

Figure 3.3 shows data points for the 1989 Loma Prieta earth-
quake (Mw=7.0) and the mean attenuation curve (solid line) from
Equation 3.4. The dashed lines are the mean curve 6 one stan-
dard deviation.

As shown in Figures 3.2 and 3.3, even with the “best” attenu-
ation relation, observed values are only within a factor of two of
predicted values.

After Gregor, 1995

■ Figure 3.3  Comparison of Peak Ground Displacement at Rock Sites in the 1989 Loma Prieta
Event with Gregor Relation
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3.3

E f f e c t i v e
P r o p a g a t i o n  V e l o c i t y

Since pipelines are typically buried horizontally 1 to 3 m be-
low the ground surface, both body and surface waves are of interest.
The following sections focus on the techniques for estimating ef-
fective propagation velocity for body and surface waves.

3 . 3 . 1   B o d y  W a v e s

For body waves, we consider herein only S-waves since S-waves
carry more energy and tend to generate larger ground motion than
P-waves. For the S-wave, the horizontal propagation velocity, that
is the propagation velocity with respect to the ground surface, is
the key parameter. For vertically incident S-waves, the apparent
propagation velocity is infinity. However there is typically a small
angle of incidence in the vertical plane leading to non-zero hori-
zontal ground strain.  M. O’Rourke et al. (1982) have studied the
apparent horizontal propagation velocity, C, for body waves. They
developed an analytical technique, utilizing all three components
of motion at the ground surface and a ground motion intensity
tensor, for evaluating the angle of incidence of S-waves. The ap-
parent propagation velocity for S-waves is then given by:

       C
Cs

s
=

sin γ   (3.5)

where gs is the incidence angle of S-waves with respect to the
vertical and Cs is the shear wave velocity of the surface soils.

Table 3.1 shows results by the ground motion intensity method
for the 1971 San Fernando and the 1979 Imperial Valley events as
well as values for other events from more direct techniques. Note
that the apparent propagation velocity for S-waves ranged from
2.1 to 5.3 km/sec with a average of about 3.4 km/sec.
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3 . 3 . 2   S u r f a c e  W a v e s

For surface waves, we only consider R-waves since L-waves
generate bending strains in buried pipelines which, particularly
for moderate pipe diameters, are significantly less than axial strain
induced by R-waves. As indicated previously, R-waves cause the
ground particles to move in a retrograde ellipse within a vertical
plane. The horizontal component of the ground motions for R-
waves is parallel to the propagation path and thus will generate
axial strain in a pipe laying parallel to the direction of wave propa-
gation. Since R-waves always travel parallel to the ground surface,
the phase velocity of the R-waves, Cph, is the apparent propaga-
tion velocity.

60 m soft
Alluvium

80 54 2.9 Cross-correlation
array with

common time

Japan
1/23/68

Japan
7/1/68

60 m soft
Alluvium

50 30 2.6 Cross-correlation
array with

common time

70 m of silty
clay, sand &

silty sand

10 140 5.3 Cross-correlation
array with

common time

Japan
5/9/74

Japan
7/8/74

70 m of silty
clay, sand &

silty sand

40 161 2.6 Cross-correlation
array with

common time

Japan
8/4/74

70 m of silty
clay, sand &

silty sand

50 54 4.4 Cross-correlation
array with

common time

San
Fernando

2/9/71

Variable 13 29 to 44 2.1 Ground motion
intensity tensor
(median value)

Imperial
Valley

10/15/79

>300 m
Alluvium

Shallow 6 to 57 3.8 Ground motion
intensity tensor
(median value)

Imperial
Valley

10/15/79

>300 m
Alluvium

Shallow 6 to 93 3.7 Epicentral
distance vs. initial
S-wave travel time

Event Site
Conditions

Focal
Depth
(km)

Epicentral
Distance

(km)

Method for
Calculating

C

C (km/s)

■ Table 3.1  Summary of Apparent Horizontal Propagation Velocities for S-waves
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Note that the phase velocity is defined as the velocity at which
a transient vertical disturbance at a given frequency, originating at
the ground surface, propagates across the surface of the medium.
The phase velocity is a function of the variation of the shear wave
velocity with depth, and, unlike body waves, is also a function of
frequency. For R-waves, the wavelength l, frequency f and the
phase velocity Cph are interrelated by:

         Cph = lf (3.6)

The variation with frequency is typically quantified by a dis-
persion curve. Analytical and numerical solutions are available in
the technical literature to generate dispersion curves for layered
soil profiles (Haskell, 1953, Schwab and Knopff, 1977).

M. O’Rourke et al. (1984) developed a simple procedure for
determining the dispersion curve for layered soil profiles in which
the shear wave velocity increases with depth. Figure 3.4 presents
a normalized dispersion curve for a uniform layer of thickness, Hs,
with shear velocity CL and Poisson’s ratio, nL, over a half space
with shear velocity CH and Poisson’s ratio, nH. The curves are for
two values of the shear velocity ratio. The dispersion relationship
is not strongly affected by the densities of the layer and half space
and those parameters are excluded from Figure 3.4.

Considering first the simplest case of a uniform layer over a
half space, they found that at low frequencies H f Cs L/ .≤( )0 25 ,
the wavelength is large compared to the layer thickness, and the
phase velocity is slightly less than the shear wave velocity of the
stiffer half space. That is, the R-wave is not greatly affected by the
“thin” layer. Conversely, at high frequencies (HSf/CL > 0.5), the wave-
length is comparable to or smaller than the layer thickness, and
the phase velocity is sightly less than the shear wave velocity of
the layer. The dispersion curve for an arbitrary single layer over a
half space can be approximated by:
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where f is the frequency in Hz.
This technique can also be extended to multiple soil layers.

For the two soil layer case shown in Figure 3.5(a), separate single
layer models in Figure 3.5(b) for short wavelengths and in Figure
3.5(c) for long wavelengths are considered. The dispersion curves
for each single layer model are combined to obtain the curve for
the whole profile as shown in Figure 3.6.

After M. O’Rourke et al., 1984

■ Figure 3.4  Normalized Dispersion Curve for Single Layer Over Half Space
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3.4

W a v e l e n g t h

For typical soil profiles, in which the material stiffness increases
with depth, the propagation or phase velocity of the fundamental
R-waves is an increasing function of the wavelength. That is, long
wavelength waves travel faster than short wavelength waves. Hence,

After M. O’Rourke et al., 1984

■ Figure 3.6  Dispersion Curve for Two Layer Soil Profile
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■ Figure 3.5  Idealization of Complex Soil Profile
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the effective propagation velocity for strain calculations with sta-
tions separated by a distance, LS, could very well be related to the
phase velocity of R-waves having a wavelength l proportional to
Ls.

A precise analytical relationship between separation distance,
LS and the appropriate wavelength, l, is complicated by the fact
that the displacement amplitudes associated with various wave-
lengths are not constant. However, a reasonable starting point might
be 2LS<l,4LS. As pointed out by Wright and Takada (1978), ground
motion of two points due to a wave with l=2LS would be out-of-
phase by 1808, leading to fairly large relative displacements and
strains. Similarly, ground motion at two points due to a wave with
l=4LS would be out-of-phase by 908, again leading to relative dis-
placements and strains. If l=LS , the ground motions would be
in-phase, and there would be no contribution to relative displace-
ments and strains due to that wavelength. Thus, the effective
propagation velocity, Ceff, would appear to be the R-wave phase
velocity, Cph, for a wavelength equal to about 2-4 separation dis-
tances.

Figure 3.7 presents back calculated values for the effective
propagation velocity during the 1971 San Fernando event for a
number of stations at the northern end of the Los Angeles Basin, as
well as the phase velocity for the fundamental R-waves, calcu-
lated for l=2LS and l=4LS. The R-wave model with l=4LS seems to
provide a better overall match to the observed effective propaga-
tion velocity data than the R-wave model with l=2LS.

As shown in Figure 3.7, for separation distances less than about
500 m (1640 ft), the R-wave model with l=4LS matches fairly well
the observed effective propagation velocity data. For separation
distances greater than 500 m the R-wave model with l=4LS is con-
servative, i.e., an underestimation of the effective propagation
velocity. However, these large separation distances are fast ap-
proaching the upper limit for engineering applications.
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3.5

G r o u n d  S t r a i n  a n d
C u r v a t u r e  D u e  t o  
W a v e  P r o p a g a t i o n

For the analysis and design of buried pipelines, the effects of
seismic wave propagation are typically characterized by the in-
duced ground strain and curvature. Newmark (1967) developed a
simplified procedure to estimate the ground strain. He considers a
simple traveling wave with a constant wave shape. That is, on an
absolute time scale, the acceleration, velocity and displacement
time histories of two points along the propagation path are as-
sumed to differ only by a time lag, which is a function of the
separation distance between the two points and the speed of the
seismic wave. For such a case, he shows that the maximum ground

After M. O’Rourke et al., 1984

■ Figure 3.7  Effective Propagation Velocity vs. Separation Distance
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strain εg  (tension and compression) in the direction of wave
propagation is given by:

        εg
mV

C
=  (3.8)

where Vm is the maximum horizontal ground velocity in the direc-
tion of wave propagation and C is the propagation velocity of the
seismic wave.

Similarly, the maximum ground curvature, kg, that is the sec-
ond derivative of the transverse displacement with respect to
distance, is given by:

       κ g
mA

C
=

2  (3.9)

where Am is the maximum ground acceleration perpendicular to
the direction of wave propagation.

These two relations for ground strain and curvature along the
direction of wave propagation are relatively straight forward. The
ground motion parameters Vm and Am, the maximum particle ve-
locity and acceleration can be obtained from earthquake records
or from attenuation relations, discussed previously. For R-wave
propagation, the ground strain parallel to the ground surface is
given by Equation 3.8 where C, as shown above, can be taken as
the phase velocity corresponding to a wavelength equal to four
times the separation distance. However, these relations for ground
strain and curvature need to be modified if the direction of interest
is not parallel to the direction of wave propagation.

Consider the case of S-waves. If the pipeline is orientated par-
allel to the direction of propagation, S-waves would induce bending
in the pipeline. The corresponding ground curvature is given by
Equation 3.9 where C is the apparent propagation velocity with
respect to the ground surface given in Equation 3.5 and Table 3.1.
If there is an angle in the horizontal plane between the pipe axis
and the direction of propagation, there is a component of ground
motion parallel to the pipe axis. The resulting ground strain along
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the pipe axis is a function of this angle in the horizontal plane. Yeh
(1974) has shown that the ground strain is a maximum for an angle
of 458 in the horizontal plane where

       εg
C

= Vm

2
 (3.10)

where C is the apparent propagation velocity with respect to the
ground surface given in Equation 3.5 and Table 3.1.

For R-waves propagation, the horizontal ground strain along
the direction of propagation is given by Equation 3.8 where C is
the phase velocity for a wavelength equal to roughly four times
the separation distance.

3.6

E f f e c t s  o f
V a r i a b l e  S u b s u r f a c e
C o n d i t i o n s

The ground strains and curvatures described previously are due
to wave propagation effects. The apparent propagation velocity re-
lations presented apply to relatively uniform soil layering in the
horizontal direction. However as noted by Kachadoorian (1976)
and Wang and M. O’Rourke (1978), damage to buried pipelines is
often concentrated in areas with variable subsurface condition (i.e.,
non-uniform soil properties in a horizontal direction). In a more
recent example, Hall (1995) notes relative large amount of buried
pipeline damage during the 1994 Northridge event in areas where
inclined ground surface or inclined soil-rock interface exists. It is
believed that ground strain for sites with variable subsurface condi-
tion is due, in large part, to local differences in site response or site
amplification.

An advanced finite element model for ground response at a val-
ley was recently proposed by Zhang et al. (1995). They analyze
ground response by using a hybrid numerical technique, which
combines the Boundary Integral Equation with the Finite Element
Method. The finite elements are for the complex site of interest,
while the boundary integral equation considers the effects of infi-
nite media beyond the complex site.
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For given ground motions at rock sites, the particle motions,
the phase velocity of surface wave and the ground strain can be
obtained by this hybrid analysis. Using the record of the 1989
Loma Prieta earthquake and neglecting the liquefaction of sand
fills, Zhang and Papageorgiou (1996) analyzed the ground response
for the Marina District during the 1989 Loma Prieta earthquake.
They found that the maximum ground acceleration and velocity
may have reached values as high as 0.23 g and 34 cm/sec respec-
tively, and that ground strains induced by wave propagation were
of the order of 10-4.

3 . 6 . 1   N u m e r i c a l  M o d e l s

Nishio et al. (1983) carried out a series of laboratory tests to
study the amplification response of ground due to the inclined
soil-rock interface. Figures 3.8 and 3.9 show, for example, two
basic models they considered. The bottom of the model was shaken
as a unit, corresponding to vertically incident waves (i.e., no hori-
zontal wave propagation effects). For the single inclined subsurface

After Nishio et al., 1983

■ Figure 3.8  Axial Strains and Model for a Half Valley
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in Model No. 2 in Figure 3.8, the ground strain was largest near
the inclined surface. For the valley situation (i.e., two inclined sub-
surfaces) in Model No. 3 in Figure 3.9, the ground strain was
roughly symmetric about center of the valley and ground strain
was also largest over the inclined subsurface. They also performed
a finite element analysis for these models. As shown in Figures 3.8
and 3.9, the numerical results match well with the experimental
results for East-West Component at the Shiogama site recorded
during the 1978 Off Miyagi Ken Oki earthquake.

For estimating the ground response of complex sites, ap-
proaches using 1-D, 2-D or 3-D finite element techniques have
been pursued. For example, Ando et al. (1992) use a 2-D finite
element program to analyze the dynamic response of the site shown
in Figure 3.10. In this figure, the shaded area is embanked ground
(fill deposits) with a shear velocity of 166 m/s while the shear ve-
locity for the original ground is 300 m/s.

Using the 1978 Off Miyagi Prefecture earthquake record which
had a maximum ground acceleration of 25 gal, Ando et al. deter-
mined the ground and pipe strains as shown in Figure 3.11.

Again, all points along the base of the model had the same
motion without a time lag, modeling vertically propagating body

After Nishio et al., 1983

■ Figure 3.9  Axial Strains and Model for a Valley
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waves. The ground strain was largest where the original ground
surface is inclined (i.e., near PA3X), and where the fill deposits
were inclined (i.e., to the right of location mark 170 m). The maxi-
mum ground strain due to the complex site is about 10 times that
for original uniform ground. The numerical results match well with
the observed values during the same earthquake.

In order to test their simplified approach which will be dis-
cussed later, Liu and M. O’Rourke (1997a) developed a numerical
approach for calculating the ground response at a site similar to
Nishio et al.’s Model 2 shown in Figure 3.8. Different from the
Nishio et al. model, Liu and M. O’Rourke considered the effects
of material outside the immediate area of interest, as shown in

After Ando et al., 1992

■ Figure 3.10  Profile of a Complex Site
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■ Figure 3.11  Distribution of Strains For Complex Site
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Figure 3.12. Specifically, infinite elements are used in order to
eliminate the reflection at the outside boundary. Shear waves are
generated by inputting acceleration records or prescribed displace-
ments along A1-A2 line, and propagating vertically toward the
ground surface. Above the darkened line is a soil layer with shear
velocity ranged from 150 m/s to 1000 m/s, Poisson ratio of 0.32
and soil density of 2000 kg/m3 (120 pcf), while below the darken
line is rock with shear velocity ranging from 1250 to 2500 m/s,
Poisson ratio of 0.20 and density of 3200 kg/m3 (192 pcf).

■ Figure 3.12  Area of Interest in the Liu and O’Rourke Finite Element Model
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Three acceleration records are inputted at the base of the model.
They are the one shown in Figure 3.13, and two other records at
Stations 102 and 211 from the 1971 San Fernando earthquakes.
The relatively high frequency motion is considered to be repre-
sentation of rock motion at depth. The time increment for the
digitized acceleration input is 0.01 s.

Liu and M. O’Rourke analyze the peak ground response for a
soil-rock interface angle a=108, a=458, and a=908 as shown, for
example, in Figure 3.14.

■ Figure 3.14  Peak Ground Response for  a=108
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Figures 3.14, 3.15 and 3.16 present peak ground displace-
ment, peak ground velocity and peak horizontal ground strain near
the ground surface for three inclined rock models with inclination
angle, a, of 108, 458 and 908, respectively. The shear wave velocity
is 150 m/s for the surface soil layer and 1250 m/s for the rock in
those cases. As shown in these three figures, the ground displace-
ment and velocity are small over the shallow soil layer and large
over the deeper soil layer, that is generally increasing with increas-

■ Figure 3.15  Peak Ground Response for a=458
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ing thickness of the soil layer. The ground strain is typically small
for the soil layer to the left of inclined soil-rock interface, and
reaches a maximum value around the inclined soil-rock interface.
This maximum ground strain then decreases with the increase of
the distance away from the inclined soil-rock interface. This ground
strain is due, in part, to the waves deflected from the inclined rock-
soil subsurface and reflecting between the ground surface and the
horizontal rock-soil subsurface.

■ Figure 3.16  Peak Ground Response for a=908
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3 . 6 . 2  S i m p l i f i e d  M o d e l

Liu and M. O’Rourke (1997a) have proposed a simplified model
for estimating the ground strain for a site with inclined soil-rock
interface as shown in Figure 3.17, in which shear waves are propa-
gating vertically from below.

In Figure 3.17, DA is the peak ground displacement at the shal-
low soil layer while DB is the corresponding value for the deep soil
layer. A simple estimate for ground strain over the inclined rock
surface is the difference in the ground displacement divided by
the separation distance. Assuming that the soil motions are in phase
and taking the horizontal projection of the inclined rock surface,
LAB, as the separation distance.

     εg
B A

AB

D D
L

= −
 (3.11)

A comparison of results from this simple relation with the nu-
merical results given, for example, in Figures 3.14 and 3.15
indicated that Equation 3.11 provides reasonable estimates as long
as the inclination angle a is less than 458. For inclination angles
greater than about 458, Equation 3.11 overestimates peak ground
strains from the numerical model. Note in this regard that for a
vertical rock face (i.e., a=908), LAB is zero and Equation 3.11 gives
infinite ground strain which, of course, is not realistic.
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■ Figure 3.17  Profile of a Site with Inclined Soil-Rock Interface (Shear Wave)
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In addition, the numerical results show that with the increase
in the separate distance LAB, the ground strain decreases to a cer-
tain value and then remains constant. That is, for very large LAB
(i.e., very small inclined angle), the ground strain is a non-zero
constant as opposed to a decreasing function of LAB as predicted
by Equation 3.11.

Based upon these comparisons, Equation 3.12 is suggested for
estimate of ground strain over an inclined rock surface.
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where HA is the thickness of the shallow soil layer, HB is the thick-
ness of the deeper soil layer and T is the predominant period at the
ground surface over the deep soil layer.

For an inclination angle α ≤ °45 , the peak ground strain is an
increasing function of the inclined angle. For a > 458, ground strain
is taken as the value for a 458 inclination angle.

3 . 6 . 3   C o m p a r i s o n

In order to test this simplified approach, Liu and M. O’Rourke
calculated the ground strains for different sites with α ≥ °3 ,
HA ≤ 5 0. m (16 ft),HB ≥ 10m (33 ft),150 1000m s m s≤ ≤−Cs soil ,
Cs rock− ≥ 1000 m s , by using the finite element model in Figure
3.12. For example, Figure 3.18 shows the peak ground strain as a
function of length LAB for Cs-soil=150 m/s, HA=2.0 m (6.6 ft), HB=26
m (85 ft) and Cs-rock=1250 m/s, while Figure 3.19 shows results for
the same model with Cs=210 m/s.

Another type of comparison is shown in Figure 3.20. There the
numerical strain from the model in Figure 3.12 with α ≥ °3  is
plotted versus the estimated strain from Equation 3.12. The ground
strains for the same model subject to the 1971 San Fernando earth-
quake are also included in this figure. Note that for the purposes
of comparison, the two San Fernando time histories were scaled
so that the peak accelerations matches that in Figure 3.13.
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Also shown in Figure 3.20 are the numerical results (2.5310-3)
for the model in Figure 3.8 (Nishio et al. 1983) as well as the
corresponding value from Equation 3.12.  For the model consid-
ered (CS=50 m/s, T=0.016 s), the estimated strain from Equation
3.12 is 2.7310-3.

The ground strains from the recent numerical approach (dot
points) are generally less than that from the simplified approach
except for small strain cases. Hence, Equation 3.12 can be used to
estimate ground strain at a site with an inclined soil-rock inter-
face.

As shown in Figures 3.18 through 3.20, the ground strain from
Equation 3.12 is somewhat less than that from the numerical ap-
proach when the separation distance is large. Overall, however,
the match is reasonably good and the estimated strain is conserva-
tive at large strains.

■ Figure 3.18  Comparison of Ground Strain for Cs=150 m/s
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■ Figure 3.19  Comparison of Ground Strain for Cs=210 m/s

■ Figure 3.20  Comparison of Ground Strain
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4
P i p e  Fa i l u r e

M o d e s  a n d
Fa i l u r e  C r i t e r i o n

This chapter describes the failure modes for buried pipelines
subject to seismic loading. The principal failure modes for corro-
sion-free continuous pipelines (e.g. steel pipe with welded joints)
are rupture due to axial tension, local buckling due to axial com-
pression and flexural failure. If the burial depth is shallow,
continuous pipelines in compression can also exhibit beam-buck-
ling behavior. Failure modes for corrosion-free segmented pipelines
with bell and spigot type joints are axial pull-out at joints, crush-
ing at the joints and round flexural cracks in pipe segments away
from the joints. For each of these failure modes, the corresponding
failure criterion is presented, first for continuous pipelines and then
for segmented pipelines.

4.1

C o n t i n u o u s  P i p e l i n e

The principal failure modes for corrosion-free continuous pipe-
line with burial depth of about three feet or more are tensile rupture
and local buckling. Buried pipelines with burial depths less than
about 3 feet (i.e., shallow trench installation) may experience beam
buckling behavior. Beam buckling has also occurred during post
earthquake excavation undertaken to relieve compressive pipe
strain.

4 . 1 . 1   T e n s i l e  F a i l u r e

When strained in tension, corrosion free steel pipe with arc
welded butt joints is very ductile and capable of mobilizing large
strains associated with significant tensile yielding before rupture.
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On the other hand, older steel pipe with gas-welded joints often
cannot accommodate large tensile strain before rupture. In addi-
tion, as discussed in detail in Section 4.1.4, welded slip joints in
steel pipe do not perform as well as butt welded joints. The 1994
Northridge event provides a case history of these differences in
behavior. According to T. O’Rourke and M. O’Rourke (1995), none
of the four arc-welded steel pipes with butt joints along Balboa
Blvd. suffered tensile rupture when subjected to longitudinal PGD.
However three gas-welded pipes with slip joints suffered tensile
rupture when subjected to the same PGD.

The strain associated with tensile rupture is generally well above
about 4% (Newmark and Hall, 1975). Often an ultimate tensile
value of 4% is used, beyond which the pipeline is considered to
have failed in tension.

Analytical methods for post-yield performance require full
descriptions of the stress-strain behavior. One of the most widely
used models is the one proposed by Ramberg and Osgood (1943).
The Ramberg Osgood model is given by:

       ε σ σ
σ

= +
+

















E

n
r y

r

1
1  (4.1)

where ε is the engineering strain, s is the uniaxial tensile stress, E
is the initial Young’s modulus, sy is the apparent yield stress, n and
r are Ramberg Osgood parameters. Commonly used values for sy,
n and r for various grades of steel are listed in Table 4.1. The
Ramberg Osgood relationship will be used in determining the re-
sponse of continuous pipe subject to longitudinal PGD in Chapter 6.
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■ Table 4.1  Ramberg Osgood Parameters for Mild Steel and X-grade Steel
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4 . 1 . 2   L o c a l  B u c k l i n g

Buckling refers to a state of structural instability in which an
element loaded in compression experiences a sudden change from
a stable to an unstable condition. Local buckling (wrinkling) in-
volves local instability of the pipe wall. After the initiation of local
shell wrinkling, all further geometric distortion caused by ground
deformation or wave propagation tends to concentrate at the
wrinkle. The resulting large curvatures in the pipe wall often then
lead to circumferential cracking of the pipe wall and leakage. This
is a common failure mode for steel pipe. Wave propagation in the
1985 Michoacan event caused this type of damage to a water pipe
in Mexico City. Permanent ground deformation caused this type
of damage to a liquid fuel pipeline in the 1991 Costa Rica event,
as shown in Figure 4.1, and to water and gas pipelines in the 1994
Northridge event.

Based on prior laboratory tests on thin wall cylinders, Hall
and Newmark (1977) suggest that compressional wrinkling in a
pipe normally begins at a strain of 1/3 to 1/4 of the theoretical
value of:

  ε theory  = 0.6 • t/R (4.2)

After M. O’Rourke and Ballantyne, 1992

■ Figure 4.1  Local Buckling to RECOPE Pipeline
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where t is the pipe wall thickness and R is the pipe radius. Hence,
in terms of failure criterion the onset of wrinkling occurs at strains
in the range:

     0 15 0 20. / .⋅ ≤ ≤ ⋅t t RcrR /ε  (4.3)

This assumed wrinkling strain is thought to be appropriate for
thin wall pipe but somewhat conservative for thicker wall pipe.
The additional amount of longitudinal compressive deformation
across the wrinkled zone which results in tearing of the pipe wall
due to large curvature at individual wrinkles is, at present, not
well established.

4 . 1 . 3  B e a m  B u c k l i n g

Beam buckling of a pipeline is similar to Euler buckling of a
slender column in which the pipe/column undergoes a transverse
upward displacement. The relative movement is distributed over a
large distance and hence the compressive pipe strains are not large.
As a result beam buckling of a pipeline in a ground compression
zone is considered more desirable than local buckling since the
potential for tearing of the pipe wall is lessened.

Beam buckling of pipes has been observed in a few events.
For example, during the period from 1932 to 1959, displacements
on the order of 360 mm (14 in.) accumulated across the Buena
Vista reverse fault (Howard, 1968). This ground movement led to
compression stresses in oil pipelines, ranging from 51 to 406 mm
(2 to 16 in.) in diameter. The oil pipelines buried at depths be-
tween 0.15 and 0.30 m (6 to 12 in.), and in loose to medium soil,
lifted out of the ground as a result of compressive forces.

Another example occurred during the 1979 Imperial Valley
earthquake. Two high pressure pipelines, 219 mm (8.6 in.) and
273 mm (10.7 in.) in diameter, crossing the main trace of the Im-
perial fault were affected. No evidence of local buckling or beam
buckling was observed immediately after the event. However, re-
moval of cover during inspection after the earthquake caused both
pipes to displace laterally in a beam buckling mode (McNorgan,
1989).
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As opposed to tensile rupture, or wrinkling and associated tear-
ing of the pipe wall, the pipes do not “fail” after beam buckling.
The beam bucking of pipes may better be described as a service-
ability problem since the pipe continues to serve its function of
transmitting fluid without interruption. In that sense it is difficult to
establish a failure criterion for beam buckling strictly in terms of
pipe material properties. Its occurrence depends on several fac-
tors such as the bending stiffness and burial depth of the pipe as
well as initial imperfections. A discussion of the conditions lead-
ing to beam buckling is presented below.

Beam buckling of buried pipelines has been the subject of
many analytical studies. An analytical solution for a type of beam
buckling was first provided by Marek and Daniels (1971). They
studied the behavior of continuous crane rails subject to a tem-
perature rise.  Hobbs (1981) adapted the Marek and Daniels model
to solve the problem of buckling of submarine pipelines. Hobbs
considered the compressive loads due to temperature changes or
internal pressures, which can cause beam buckling in the pres-
ence of an initial imperfection. His model is shown in Figure 4.2.
where w is the submerged weight of pipeline per unit length, Lb is
the length of the buckle, Ls is the length of pipe adjacent to the
buckle which slips with respect to the surrounding soil.

Figure 4.3 shows the buckling load versus the buckling length,
Lb, and the maximum buckling amplitude, yo.

As shown in Figure 4.3, the buckling load is a nonlinear func-
tion of buckling length and achieves a minimum value at Point B
for a certain buckling length, Lbm. Due to uplift resistance and soil

After Hobbs, 1981

■ Figure 4.2  Vertical Buckling Mode
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friction, the buckling load increases for the buckling length larger
than Lbm. Obviously, for any load higher than that at Point B, there
are two possible buckling lengths and amplitudes, for example,
values at Point A and Point C in Figure 4.3. The situation at Point A
is unstable and the pipe will tend to eventually snap through to
Point C at a constant axial load. Note that, for the case of small
initial imperfection, the pipe buckles and the post-buckling curve
is shown, for example, in Path I after the compressive load reaches
the maximum value at Point O. On the contrary, for large initial
imperfection case, no snap-through is observed (for example, Path
II) since the imperfection is gradually magnified in this case.

Kyriakides et al. (1983) used a somewhat similar approach more
recently which requires imperfection information. Ariman and Lee
(1989) augmented the Kyriakides et al.’s model by considering an
axial friction force at the pipe-soil interface, nonlinear uplift resis-
tance, as well as an elasto-plastic moment-curvature relation for
the pipe. One difficulty in applying both the Kyriakides et al. or
the Ariman and Lee model in practice, is that information on typi-
cal pipeline imperfections is apparently not readily available.

Meyersohn (1991) overcame this difficulty by extending Hobbs
procedure to the problem of beam buckling of buried pipelines
subject to longitudinal PGD. Figure 4.4 shows the distribution of

After Hobbs, 1981

■ Figure 4.3  Vertical Buckling Load and Equilibrium Paths for Increasing Imperfection Level
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axial compressive forces before buckling and after buckling. The
length of the stressed portion of the pipe is directly associated
with the magnitude and extent of the ground displacement. Once
the axial force in the pipe P equals or exceeds a certain value,
referred to as Pmax, beam buckling occurs. The frictional forces are
then relieved over the uplifted length of the pipe. The frictional
forces also change direction over portions of the pipe at both sides
of the buckle (i.e., the zone of reversed friction in Figure 4.4(b)),
relieving some axial stress. The force Po represents the maximum
axial force after equilibrium is restored.

Intuitively, beam buckling is more likely to occur in pipelines
buried in shallow trenches and/or backfilled with loose materials.
That is, beam buckling load is an increasing function of the cover
depth. Hence, if a pipe is buried at a sufficient depth, it will de-
velop local buckling before beam buckling. Based on this concept,
Meyersohn (1991) determined a critical cover depth by setting the
lowest beam buckling stress equal to local buckling stress. Any
pipe buried with less cover than the critical depth would experi-
ence beam buckling before local buckling. Conversely, if the pipe
is buried at a depth more than the critical depth, it will experience
local buckling. Figure 4.5 shows the critical cover depth for Grade
B and X-60 steel pipes.

The shaded areas in the figure correspond to different degrees
of backfill compaction. Note that critical depth for X-60 steel is
larger than that for Grade B steel. That is, the stronger the pipe, the

After Meyersohn, 1991

■ Figure 4.4  Distribution of Axial Compressive Forces
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smaller the possibility of shell wrinkling as opposed to beam buck-
ling. However, as noted by Meyersohn (1991), the t/D ratio is
typically less than or about equal to 0.02. Hence, from Figure 4.5,
the likelihood of beam buckling of buried pipelines is small since
the critical depth is less than typical burial depths.

After Meyersohn, 1991

■ Figure 4.5  Analytical Critical Cover Depth of Pipe for Grade B and X-60 Steel
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4 . 1 . 4   W e l d e d  S l i p  J o i n t s

The failure criterion for steel pipelines with arc-welded butt
joints is based on the strength of pipe material as discussed previ-
ously. However, for steel pipelines with slip joints, riveted joints or
oxy-acetylene/gas welded joints, failure criterion is based on the
strength of these joints since it is less than that of pipe materials.
Many such steel pipelines have suffered failure at those joints dur-
ing past earthquakes. For example, during the 1971 San Fernando
earthquake, the Granada Trunk line (1260 mm in diameter) was
damaged at its welded slip joints (T. O’Rourke and Tawfik, 1983).
Figure 4.6 shows a slip joint where t is the pipe wall thickness.

Tawfik and T. O’Rourke (1985), Moncarz et al. (1987), and
Brockenbrough (1990) analyzed the strength of slip joints. Con-
sidering 108 inch (2.74 m) diameter pipe with an inner weld,
Moncarz et al. calculated a joint efficiency of 0.4 (strength of joint
compared to strength of pipe) by using an inelastic finite element
model. Considering the same type of joints, Brockenbrough deter-
mined a joint efficiency of 0.35, which is a little less (12%) than
Moncarz et al.’s result. Figure 4.7 presents the joint efficiency of
bell-spigot joints with an inner weld by Brockenbrough’s model.
Note that the maximum efficiency is 0.41, when no space or gap
exists between the bell and spigot walls, and the joint efficiency is
a decreasing function of the gap.

However, for most pipelines, slip joints with an outer weld are
used since it is difficult to weld inside portions of pipe segments
when the pipe diameter is small. Figure 4.8 shows a slip joint with
an outer weld.

After Brockenbrough, 1990

■ Figure 4.6  Slip Joint with Inner Weld
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As shown in Figure 4.8(b), t is the wall thickness, Ro  is the
pipe radius, e is the eccentricity (offset of the joint) and l is the
length of curved portion of bell. Using an inelastic shell model,
Tawfik and T. O’Rourke (1985) calculate joint efficiencies as shown
in Figure 4.9. Note that two failure modes are considered in their
analyses. Mode I refers to yielding in the vicinity of welded con-
nections and Mode II refers to plastic flow in the curvilinear, belled

After Brockenbrough, 1990

■ Figure 4.7  Joint Efficiency for Slip Joints with Inner Weld

After Tawfik and T. O’Rourke, 1985

■ Figure 4.8  Slip Joint with Outer Weld
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ends of the joints. For normalized length of the bell l/R0>0.30,
Mode I governs and the joint efficiency is about 0.29.

As shown in Figure 4.7 and Figure 4.9, the joint efficiency of
slip joints with an inner weld is often larger than that with an outer
weld. Presumably this is because the eccentricity of the weld with
respect to the pipe radius for joints with an inner weld are smaller
than that with an outer weld.

4.2

S e g m e n t e d  P i p e l i n e

For segmented pipelines, particularly those with large diam-
eters and relatively thick walls, observed seismic failure is most
often due to distress at the pipe joints. For example, in the 1976
Tangshan earthquake, Sun and Shien (1983) observed that around
80 percent of pipe breaks were associated with joints. M. O’Rourke
and Ballantyne (1992) identified six types of damage mechanism

After Tawfik and T. O’Rourke, 1985

■ Figure 4.9  Joint Efficiency of Slip Joints with an Outer Weld
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to segmented pipelines shown in Figure 4.10 during the 1991 Costa
Rica earthquake. For the CI and DI transmission pipelines in the
Limon area, 52% repairs are due to pull-out at joints (Figure 4.10(f))
and 42% repairs are due to breaks at segments (Figure 4.10(a)).

Axial pull-out, sometimes in combination with relative angu-
lar rotation at joints, is a common failure mechanism in areas of
tensile ground strain since the shear strength of joint caulking
materials is much less than the tensile strength of the pipe. In areas
of compressive ground strain, crushing of bell and spigot joints is
a fairly common failure mechanism in, for example, concrete pipes.
For small diameter segmented pipes, circumferential flexural fail-
ure have been observed in areas of ground curvature. For example,
as observed by T. O’Rourke et al. (1991), more than 80 percent of

After M. O’Rourke and Ballantyne, 1992

■  Figure 4.10  Damage Mechanisms for Segmented Pipelines
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the breaks in cast iron pipes with small diameters (100 mm to 200
mm (4 to 8 in)) in the Marina district after the 1989 Loma Prieta
event were round cracks in pipe segments close to joints.

4 . 2 . 1   A x i a l  P u l l - o u t

In terms of failure criterion, information for the various types
of segmented pipes is not as well developed as for continuous
pipes. El Hmadi and M. O’Rourke (1989) summarized the then
available information on joint pull-out failure. Specifically, based
on laboratory tests by Prior (1935), El Hmadi and M. O’Rourke
(1989) established a cumulative distribution for leakage as a func-
tion of the normalized joint axial displacement uj

u/dp shown in
Figure 4.11. Note that uj

u is the joint opening and dp is the joint
depth.

As shown in Figure 4.11, the mean value of the joint opening
corresponding to joint leakage is 0.52 dp with a coefficient of varia-
tion of 10%. Hence, El Hmadi and M. O’Rourke suggest a relative
joint displacement corresponding to 50% of the total joint depth
as the failure criterion for pull-out of segmented pipelines with
“rigid” joints.

For ductile iron pipes with rubber gasketed joints, they present
laboratory data and semi-empirical relations developed by Singhal
(1983) for the ultimate axial tensile force in the joint at pull-out.

El Hmadi and M. O’Rourke, 1989

■ Figure 4.11  Cumulative Distribution Function for Leakage of Lead Caulked Joints
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More recently, laboratory tests on concrete cylinder pipes with
rubber gasketed joints by Bouabid and M. O’Rourke (1994) sug-
gest that, at moderate internal pressures, the relative joint
displacement leading to significant leakage corresponds to roughly
half the total joint depth. Hence, it would appear that a relative
axial joint extension of roughly half the total joint depth may be
an appropriate failure criterion for many types of segmented pipes.

4 . 2 . 2   C r u s h i n g  o f  B e l l  a n d
S p i g o t  J o i n t s

As noted by Ayala and M. O’Rourke (1989), most of the con-
crete cylinder pipe failures in Mexico City occasioned by the 1985
Michoacan event were due to joint crushing. The corresponding
failure criterion, based on laboratory tests for crushing of bell and
spigot joints, is apparently not well established at this time.

According to Bouabid and M. O’Rourke’s observation in their
1993 axial compressive tests, joint failure to reinforced concrete
cylinder pipes with rubber gasketed joints can start at either the
inner concrete lining or the outer concrete lining. That is, a cir-
cumferential crack starts to form in the ends of the concrete lining
when the applied load nears the ultimate value. After concrete
lining cracks, the critical section then becomes the welded inter-
face between the steel joint ring and the steel pipe cylinder. The
eccentricity existing between these two-elements causes some
denting (or even local buckling) near this welded region. Such
damaging action eventually would result in a leakage path and/or
cause the section to burst. Hence, both Bouabid and M. O’Rourke
(1994) as well as Krathy and Salvadori (1978) proposed that the
crushing failure criterion for concrete pipes can be taken as the
ultimate compression force of the concrete core at joints, Fcr. That
is,

  F Acr comp core= ⋅σ  (4.4)

where scomp is the compressive strength of concrete and Acore is the
area of the concrete core. For plain concrete pipes, Acore is the
cross-section area, while for reinforced pipes, the transformed area
of steel bars needs to be added.



73PIPE FAILURE MODES AND FAILURE CRITERION

4 . 2 . 3  C i r c u m f e r e n t i a l  F l e x u r a l
F a i l u r e  a n d  J o i n t  R o t a t i o n

When a segmented pipeline is subject to bending induced by
lateral permanent ground movement or seismic shaking, the ground
curvature is accommodated by some combination of rotation at
the joints and flexure in the pipe segments. The relative contribu-
tion of these mechanisms depends on the joint rotation and pipe
segment flexural stiffnesses. For a flexible pipeline system such as
DI pipe with Tyton joints or FLEX joints, stress in the pipe seg-
ments starts to increase greatly only after the joint rotation capacity,
typically about 48 and 158 respectively, is exceeded. On the other
hand, for a more rigid segmented pipeline system such as cast
iron pipe with cement/lead joints, ground curvature is accommo-
dated from the start by some combination of joint rotation and
flexure in the segments as will be discussed in more detail in Chap-
ter 11.

In terms of failure criterion, it seems reasonable to base joint
rotation failure/leakage criterion for “standard” segmented pipe-
line joints on some multiple (say 1.1 to 1.5) of the allowable angular
offset for pipe laying purposes contained in manufacturer’s litera-
ture. Table 4.2 contains a listing of such manufacturer’s
recommended allowable offset.

For cast iron or asbestos cement pipes subject to ground cur-
vature, round flexural cracks in segments are a major failure mode.
On the other hand, for concrete pipes subject to ground curva-
ture, cracks typically occur at the bell and spigot ends due in part
to the joint ring eccentricity mentioned previously.

For round flexural cracks, it seems reasonable to use, as a fail-
ure criterion, the pipe curvature corresponding to the smaller of
the ultimate tensile or compressive strains for the material. In this
regard El Hmadi and M. O’Rourke (1989) presented a listing of
these mechanical properties for CI and DI pipe materials. Table
4.3 summarizes this information as well as the properties for other
common pipe materials.
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D
(in)

Cast Iron Ductile Iron
  Push-on            Mechanical

Prestressed
Concrete

Concrete

4

6

8

10

12

14

16

18

20

24

27

30

33

36

42

48

60

72

4-00

3-30

3-14

3-00

2-41

2-09

1-47

1-26

5

5

4

4

4

3

3

3

3

2

2

2

1-30

1-30

1-30

1-30

1-30

1-30

8-18

7-07

5-21

5-21

5-21

3-35

3-35

3-00

3-00

2-23

2-23

2-23

2-05

2-00

2-00

1-44

1-35

1-28

1-16

1-06

0-56

0-56

2-19

2-04

1-52

1-34

1-24

1-15

1-09

1-03

1-03

1-03

■ Table 4.2  Typical Manufacturer’s Recommended Allowable Angular Offset (deg. and min.) for
Various Pipe Joints
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 Item Cast Iron Ductile
Iron

Concrete   PVC HDPE

Yield
Strain 310-3

1.0 to
3.0

1.75 to
2.17

0.1 to
1.3

17 to
22

22 to
25

Ultimate
Strain 310-3

5.0 to
40

100 0.25 to
3.0

50 to
>100

50 to
>100

Yield Stress
(ksi)

14 to
42

42 to
52

0.32 to
4.0

5.0 to
6.5

2.2 to
2.5

Initial
Modulus

(ksi)

14,000 24,000 3,000 290-560 100-120

■ Table 4.3  Mechanical Properties for Common Pipe Materials
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5

S o i l - P i p e
I n t e r a c t i o n

Buried pipelines are damaged in earthquakes due to forces
and deformation imposed on them through interactions at the pipe-
soil interface. That is, the ground moves and thereby causes the
pipe to deform. For purposes of analysis, any arbitrary ground de-
formation can be decomposed into a longitudinal component (soil
movement parallel to the pipe axis) and a transverse component
(soil movement perpendicular to the pipe axis). Both those types
of pipe-soil interactions are discussed in this chapter. In the trans-
verse direction, interaction involves relative deformation and
loading in both the horizontal and vertical planes. For relative
ground movement in the vertical direction, one must distinguish
between upward and downward pipe movement since the inter-
action forces are different for these two cases. Finally one must
distinguish between pipe surrounded by competent, non-lique-
fied soil, and pipelines located in a liquefied layer.

5.1

C o m p e t e n t  
N o n - L i q u e f i e d  S o i l

Soil interaction forces for a pipeline surrounded by compe-
tent, non-liquefied soil are well established. They are based upon
laboratory tests. For example, Trautmann and T. O’Rourke (1983)
established a force-deformation relation for horizontal lateral move-
ment as shown in Figure 5.1.

The ASCE Technical Council on Lifeline Earthquake Engineer-
ing (TCLEE) Committee on Gas and Liquid Fuel Lifelines (ASCE,
1984) have suggested, for the purpose of analysis, idealized elasto-
plastic models as shown in Figure 5.2. Note that the elasto-plastic
model is fully characterized by two parameters; the maximum re-
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sistance tu, pu, qu, in the horizontal axial, horizontal transverse
and vertical transverse directions respectively, having units of force
per unit length and the maximum elastic deformation xu, yu, zu,
having units of distance. The equivalent elastic soil spring coeffi-
cients, having units of force per unit area, is simply the ratio of the
maximum resistance divided by a half of the maximum elastic
deformation, for example 2tu/xu for the horizontal axial (longitudi-
nal) case. Note that this spring coefficient is effective only for relative
displacements less than the maximum values of xu, yu, zu after which
the resistance is constant.

After ASCE, 1984

■ Figure 5.2  Idealized Load-Deformation Relations at Pipe-soil Interface

After Trautmann and T. O’Rourke, 1983

■ Figure 5.1  Lateral Load-Deformation Relation at Pipe-Soil Interface
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5 . 1 . 1  L o n g i t u d i n a l  M o v e m e n t

Relative movement parallel to the pipe axis results in longitu-
dinal (horizontal axial) forces at the pipe-soil interface. For the
elasto-plastic model, the ASCE guideline provides the following
relations for clay and sand.

For sand,

       t D H k tanku o= +π γ φ
2

( )1 (5.1)

       xu = (0.1 ~ 0.2) in = 2.54 ~ 5.08310-3 m (5.2)

For clay,

     tu = pDaSu (5.3)

      xu = (0.2 ~ 0.4) in = 5.08 ~ 10.16310-3 m (5.4)

where D is the pipe diameter, Su is the undrained shear strength of
the surrounding soil, a is an empirical adhesion coefficient vary-
ing with Su, γ  is the effective unit weight of the soil, H is the depth
to center-line of the pipeline, f is the angle of shear resistance of
the sand and ko is the coefficient of lateral soil pressure at rest. The
magnitude of ko for normally consolidated cohesionless soil has
been reported to range from 0.35 to 0.47. However, one expects
ko to be somewhat larger because of the backfilling and compac-
tion of the soil around pipelines. T. O’Rourke et al. (1985)
recommend that ko=1.0, as a conservative estimate under most
conditions of pipeline burial. Finally, k is the reduction factor de-
pending on the outer-surface characteristics and hardness of the
pipe. For a concrete pipe, steel or cast iron pipe with cement coat-
ing, k=1.0, for cast iron or rough steel, k ranges from 0.7 to 1.0,
while for smooth steel or for a pipe with smooth, relatively hard
coating, k ranges from 0.5 to 0.7.

The ASCE guideline recommends the relationship between a
and Su shown in Figure 5.3, in which the adhesion factor is a de-
creasing function of the undrained shear strength of the soil.
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5 . 1 . 2   H o r i z o n t a l  T r a n s v e r s e
M o v e m e n t

Relative movement perpendicular to the pipe axis in the hori-
zontal plane results in horizontal transverse forces at the pipe-soil
interface. For the elasto-plastic model, the ASCE guideline pro-
vides the following relations for sand and clay.

For sand,
                  p HN Du qh= γ (5.5)

          y

H D

H D

H D for dense sand
u =

+
+
+









( . ~ . )( / )

( . ~ . )( / )

( . ~ . )( / )

0 07 0 10 2

0 03 0 05 2

0 02 0 03 2

for loose sand

for medium sand     (5.6)

After ASCE, 1984

■ Figure 5.3  Adhesion Factors vs. Undrained Shear Strength
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For clay,

    pu = SuNchD (5.7)

     yu = (0.03 ~ 0.05) (H + D/2) (5.8)

where Nqh, Nch are the horizontal bearing capacity factors for sand
and clay, respectively.  Nqh is shown in Figure 5.4 for sand. Nch is
equivalent to Nqh with f=308.

5 . 1 . 3   V e r t i c a l  T r a n s v e r s e
M o v e m e n t ,  U p w a r d  D i r e c t i o n

Relative upward movement perpendicular to the pipe axis re-
sults in lateral forces at the pipe-soil interface. For the elasto-plastic
model, the ASCE guideline provides the following relations for
clay and sand.

After Trautmann and T. O’Rourke, 1983

■ Figure 5.4  Horizontal Bearing Factor for Sand vs. Depth to Diameter Ratio
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For sand,

       qu = γ HN Dqv (5.9)

  zu = (0.01 ~ 0.015)H (5.10)

For clay,

qu = SuNcvD                             (5.11)

zu = (0.1 ~ 0.2)H                         (5.12)

where Nqv is the vertical uplift factor for sand and Ncv is the verti-
cal uplift factor for clay.

Nqv and Ncv are presented as functions of the depth over diam-
eter ratio in Figure 5.5 and Figure 5.6, respectively.

After Trautmann and T. O’Rourke, 1983

■ Figure 5.5  Vertical Uplift Factor for Sand vs. Depth to Diameter Ratio
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5 . 1 . 4   V e r t i c a l  T r a n s v e r s e
M o v e m e n t ,  D o w n w a r d  D i r e c t i o n

Relative downward movement perpendicular to the pipe axis
in the vertical plane results in lateral forces at the pipe-soil inter-
face. For the elasto-plastic model, the ASCE guideline provides
the following relations for sand and clay.

For sand,

           q  =  HN D D Nu q yγ γ+ 1
2

2
(5.13)

  zu = (0.10 ~ 0.15)D (5.14)

For clay,
        qu  = SuNcD (5.15)

  zu = (0.10 ~ 0.15)D (5.16)

After ASCE, 1984

■ Figure 5.6  Vertical Uplift Factor for Clay vs. Depth to Diameter Ratio
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where g is the total unit weight of sand, Nq and Ny are the bearing
capacity factors for horizontal strip footings on sand loaded in the
vertically downward direction, while Nc is the bearing capacity
factor for horizontal strip footings on clay.

The ASCE guideline suggests that these three factors can be
obtained from Figure 5.7.

■ Figure 5.7  Vertical Bearing Capacity Factors vs. Soil Friction Angle

5.2

E q u i v a l e n t  S t i f f n e s s
o f  S o i l  S p r i n g s

As noted previously, interaction at the soil-pipe interface can
be modeled as an elastic spring as long as the relative displace-
ment is less than the maximum elastic deformation xu, etc. In such
cases, pipeline response can be determined by “Beam on Elastic
Foundation” types of analysis. However, these analyses apply only
for small to moderate levels of ground deformation since the maxi-
mum elastic deformation (xu, etc.) typically are small. For example,
for a 0.3 m diameter pipe (12 in) in moderately dense sand
(g=1.8310-3 kgf/cm3, 112 pcf, f=358) with H=1.2 m (3.9 ft), the
maximum elastic deformation for longitudinal, transverse horizon-
tal, transverse upwards and transverse downward are 3.8310-3 m
(0.15 in), 0.04 m (1.6 in), 0.018 m (0.71 in) and 0.038 m (1.5 in),
respectively.
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In the following subsection, alternate relations for these spring
coefficients are compared with those from the ASCE guideline.

5 . 2 . 1   A x i a l  M o v e m e n t

For axial soil spring constant, the Specifications for Seismic De-
sign of High Pressure Gas Pipelines (Japan, 1982) suggests that the
soil spring constant is proportional to pipe diameter. M. O’Rourke
and Wang (1978) suggest that the soil spring constant is twice the
effective shear modulus of soil. Table 5.1 provides a comparison of
these three approaches for a pipe with diameter of 0.15 (6 in), 0.30
(12 in) and 0.61 m (24 in) in moderate dense sand (f=358,
g=1.8310-3 kgf/cm3, 112 pcf) and burial depth of 1.2 m (3.9 ft).

As shown in Table 5.1, all three approaches match reasonably
well for a 12-inch diameter pipe. However, because the M.
O’Rourke and Wang approach does not depend on pipe diameter,
it apparently underestimates the axial stiffness for a large-diam-
eter pipe and overestimates the axial stiffness for a small-diameter
pipe. The equivalent axial soil spring stiffness from the ASCE guide-
line matches well with that by the Japanese Gas Association for all
three pipe sizes.

5 . 2 . 2   L a t e r a l  M o v e m e n t  i n  t h e
H o r i z o n t a l  P l a n e

For lateral movement in the horizontal plane, Audibert and
Nyman (1977) proposed three soil spring constants as shown in

Source Formula
Stiffness (kgf/cm2)

Note
D=6 in D=12 in D=24 in

Japanese
Gas Association

O’Rourke and
Wang

ASCE Guideline
(Equivalent)

28.3 56.5 113 Ko = 0.6 kgf/cm3

2GS 60.2 60.2 60.2

27.9 59.1 131
xu = 3.8310-3 m,
ko=0.6, k=0.9,

parameters for Eq 5.1

pDKo

■ Table 5.1  Comparison of Axial Soil Spring Stiffness

t
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u / 2

G H
k

s
o= +

66 3
1 2

3
. γ
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Figure 5.8, for modeling the pipe-soil interaction as an elasto-plastic
system. That is, KL1 and KL2 are for small and moderate relative
displacements at the pipe-soil interface, respectively. KL3 is for rela-
tive displacements equal or large than yu.

Similarly, Thomas (1978) suggests the following soil spring
constant, KL, for large lateral ground movement:

     K
p
y

L
u

u
= ⋅2 7. (5.17)

For small ground movement such as the movement induced
by wave propagation, El Hmadi and M. O’Rourke (1989) suggest
the following soil spring constant:

    K
p
y

L
u

u
= ⋅6 67.  (5.18)

Note that these two constants are based on same interaction
curve recommended by the ASCE guideline. Equation 5.18 corre-
sponds to the initial slope of the interaction curve, KL1, in Figure
5.8. Hence, this equation conservatively estimates the interaction
force even for the wave propagation case.

After Audibert and Nyman, 1977

■ Figure 5.8  Soil Spring Constants Corresponding to Different Relative Movement
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5 . 2 . 3   V e r t i c a l  M o v e m e n t

Considering a infinite beam on an elastic subgrade, Vesic (1961)
developed a soil spring constant using the Winkler hypothesis for
downward pipe movement. The resulting vertical spring stiffness
is:

      K
E D
E I
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µ2  (5.19)

where Es is the soil modulus, Es = 2(1+ms)Gs , ms is the Poisson ratio
of soil, Gs is the shear modulus of soil, EpIp is the flexural rigidity of
the pipe.

For a steel pipe with a diameter of 30 cm (12 in) and a wall
thickness of 0.76 cm (0.3 in), the vertical stiffness from Equation
5.19 ranges from 40 kgf/cm2 to 260 kgf/cm2 for Gs varying from 32
kgf/cm2 to 600 kgf/cm2. Using Equations 5.13 and 5.14 and as-
suming a moderately dense sand (f=358, g=1.8310-3 kgf/cm3, 112
pcf ) and burial depth of 1.2 m (3.9 ft), the ASCE guideline evalu-
ates a soil spring constant of 140 kgf/cm2 (2.0 kips/in2). Note that
this value is about an average of the value from Equation 5.19.

5.3

L i q u e f i e d  S o i l

For a pipeline located in a liquefied layer as opposed to a com-
petent layer, Suzuki et al. (1988) and Miyajima and Kitaura (1989)
have shown that the pipe response is very sensitive to the stiffness
of the equivalent soil springs. This subsection will discuss the
equivalent stiffness of soil springs for a pipe in liquefied soil.

Combining experimental data with analytical solutions based
on a beam on an elastic foundation approach, Takada et al. (1987)
developed an equivalent soil spring for a pipe in a liquefied soil.
They indicate that the equivalent stiffness ranges from 1/1000 to
1/3000 of that for non-liquefied soil. On the other hand, Yoshida
and Uematsu (1978), Matsumoto et al. (1987), Yasuda et al. (1987),
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and Tanabe (1988) suggest that the stiffness ranges from 1/100 to
3/100 of that for non-liquefied soil based on their model experi-
ments.

Miyajima and Kitaura (1991) also conducted model tests which
indicated that the stiffness is related to the effective stress in the
liquefied soil. That is, the soil spring constant is an increasing func-
tion of effective stress and hence, a decreasing function of excess
pore water pressure ratio.

For saturated sandy soil, T. O’Rourke et al. (1994) proposed a
reduction factor, Rf, for a pipe or pile subject to transverse ground
displacement, as:

           R
N
K N

f
qh

c l
= ⋅ 1

0 0055 60. ( )  (5.20)

where Kc is the bearing capacity factor for undrained soil and (Nl)60

is the corrected SPT value.
The reduced stiffness at the pipe-soil interface is then given by

the stiffness for non-liquefied soil divided by the reduction factor.
Their results suggest that the equivalent stiffness ranges from 1/
100 to 5/100 of that for non-liquefied soil. Hence, both the longi-
tudinal and transverse stiffnesses for a pipe in a liquefied soil can
be taken as about 3% of the stiffness for a pipe in competent soil.

For the approach described above, the liquefied soil is treated,
more or less, as a very soft solid. A liquefied soil can also be viewed
as a viscous fluid. For that model, the interaction force at the pipe-
soil interface varies with the relative velocity between the pipe
and surrounding soil. According to Sato et al. (1994), the trans-
verse force imposing on the pipe per unit length is:

F
V

Re
=

−
4

2 002
πη

. log  (5.21)

where h is the coefficient of viscosity for the liquefied soil, V is the
velocity of the pipe with respect to the liquefied soil, Re=rVD/h, is
the Reynolds number and r is the density of liquefied soil.

Based on model tests, Sato et al. (1994) established a relation
between the coefficient of viscosity and the liquefaction intensity
factor, FL.  This relation is shown in Figure 5.9.
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Japanese Road Association (1990) defined the factor of lique-
faction intensity, FL, as:

        F
D

a / g
r

max v v
L =

⋅ ′
0 0042.

( ) ( / )σ σ  (5.22)

where Dr is the relative density of the soil, amax is the maximum
acceleration of the ground, s

y
 is the total overburden pressure and

s9
y
 is the effective overburden pressure.
Note that there are two problems with modeling liquified soil

as a fluid.  First of all, the velocity of the soil, which is an upper
bound for the velocity of the soil with respect to the pipeline, typi-
cally is unknown.  Secondly, when the liquefied soil stops flowing
(i.e., V = 0), Equation 5.21 suggests that there would be no restor-
ing spring force at the soil-pipeline interface which seems
counterintuitive.

After Sato et al., 1994

■ Figure 5.9  Coefficient of Viscosity vs. FL-Value
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6
 Response  of

Cont i nuous  P i p e l i n es
to  Long i tud inal  PGD

As mentioned previously, PGD can be decomposed into lon-
gitudinal and transverse components. This chapter discusses the
response of continuous pipeline subject to longitudinal PGD (soil
movement parallel to the pipe axis). Subsequent chapters will cover
the response of continuous pipeline to transverse PGD (soil move-
ment perpendicular to the pipe axis) as well as the response of
segmented pipe to PGD.

Under longitudinal PGD, a corrosion-free continuous pipe-
line may fail at welded joints, may buckle locally (wrinkle) in a
compressive zone, and/or may rupture in a tensile zone. When
the burial depth is very shallow, the pipeline may buckle like a
beam in a ground compressive zone as discussed in Chapter 4.

Two separate models of buried pipe response to longitudinal
PGD are presented herein. In the first model, the pipeline is as-
sumed to be linear elastic. This model is often appropriate for buried
pipe with slip joints since, as shown in Chapter 4, slip joints typi-
cally fail at load levels for which the rest of the pipe is linear elastic.
In the second model, the pipeline is assumed to follow a Ramberg
Osgood type stress-strain relation as given in Equation 4.1. This
model is often appropriate for pipe with arc welded butt joints,
since the local buckling or tensile rupture failure modes typically
occur when the pipe is beyond the linear elastic range. Conditions
leading to local buckling failure are presented, as well as those for
tensile rupture. Finally the effect of flexible expansion joints are
discussed. For each of these situations, case history comparisons
are presented when available.
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6.1

E l a s t i c  P i p e  M o d e l

As noted previously, the pattern of ground deformation has an
effect upon the response of continuous pipelines to longitudinal
PGD. Examples of observed longitudinal patterns were presented
in Figure 2.10. For the purpose of analysis, M. O’Rourke and
Nordberg (1992) have idealized five patterns as shown in Figure
6.1. That is, the Block pattern in Figure 6.1(a) is an idealization of
the relatively uniform longitudinal pattern in Figure 2.10(a) (Sec-
tion Line N-2) while the Ramp, Ramp-Block, Symmetric Ridge and
Asymmetric Ridge pattern are idealization of the observed pat-
terns in Figure 2-10 (b), (c), (d) and (e) respectively.

Assuming elastic pipe material and using either elasto-plastic
or rigid-plastic force-deformation relations at the soil-pipe inter-
face, M. O’Rourke and Nordberg (1992) analyzed the response of
buried steel pipeline to three idealized patterns of longitudinal
PGD (i.e., Ramp, Block and Symmetric Ridge).

Due to the small values for xu, the maximum elastic deforma-
tion for the longitudinal “soil springs” discussed in Chapter 5, they
found that the response for a simplified rigid-plastic model of the
soil-pipe interaction gives essentially the same results as a more
complex elasto-plastic model for the soil-pipe interface. The maxi-
mum pipe strain, ε, for all three patterns, normalized by the
equivalent ground strain , is plotted as a function of the normal-
ized length of the PGD zone in Figure 6.2. The length of the PGD
zone is normalized by the embedment length, Lem, which is de-
fined as the length over which the constant slippage force tu must
act to induce a pipe strain equal to the equivalent ground strain.
Note that the Block pattern results in the largest strain in an elastic
pipe.

For the Block pattern of PGD, the strain in an elastic pipe is
then given by:
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M. O’Rourke et al., 1995

■ Figure 6.1  Five Idealization Patterns
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       L
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(6.2)

Flores-Berrones and M. O’Rourke (1992) extended the model
for a linear elastic pipe with a rigid-plastic “soil spring” (i.e., maxi-
mum resistance tu for any non-zero relative displacement at the
soil pipe interface) to the Ramp Block and Asymmetric Ridge pat-
terns. They assigned the most appropriate of the five idealized
patterns in Figure 6.1 to each of the 27 observed patterns pre-
sented by Hamada et al. (1986) and determined the peak pipe
strain. They found that the idealized block pattern (that is Equation
6.1) gave a reasonable estimate of pipe response for all 27 of the
observed patterns. This is shown in Figure 6.3 wherein the calcu-
lated maximum strain in two elastic pipes f=278, H=0.9 m (3 ft),
t=1.9 cm (3/4 in) for Pipe 1 and f=358, H=1.8 m (6 ft), t=1.27 cm
(1/2 in) for Pipe 2) with the appropriate idealized PGD pattern are
plotted against the value from Equations 6.1 (i.e., an assumed Block
pattern).

After M. O’Rourke and Nordberg, 1992

■ Figure 6.2  Normalized Pipe Strain as Function of Normalized Length of the Lateral Spread Zone
for Three Idealized Patterns of PGD
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Some of the pipeline damage in the 1994 Northridge earth-
quake provide case histories for comparison with the elastic pipe
model. Three out of seven pipelines along Balboa Blvd. were dam-
aged due to the longitudinal PGD. Figure 6.4 shows a map of the
PGD zone and the locations of the pipe breaks on Balboa Blvd.,

After Flores-Berrones and M. O’Rourke, 1992

■ Figure 6.3  Maximum Strain in Two Elastic Pipes

After M. O’Rourke and Liu, 1994

■ Figure 6.4  Map of Ground Deformation Zones and Locations of Pipeline Damage on Balboa Blvd.
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in which the two parallelograms are the margins of the PGD zone.
According to T. O’Rourke and M. O’Rourke (1995), the length or
spatial extent of the PGD zone along Balboa Blvd. was 280 m
(918 ft) and the amount of movement was about 0.50 m (20 in).

The properties of those three damaged pipelines are shown in
Table 6.1. Note that all these pipelines are made of Grade-B steel.

Due to the relatively low strength of slip joints and unshielded
arc welded joints, the linear elastic pipeline model discussed above
can be used to analyze the behavior of these pipelines.

The interaction force at the pipe-soil interface is evaluated us-
ing Equation 5.1, and assuming f=378 for dense sand, k=0.87 for
coal tar epoxy, k=1.0 for cement mortar coating and
γ = ×1 88 104 3. /N m  (115 pcf). For the two water trunk lines, the
joint efficiency of 0.40 is assumed based upon Figure 4.9. For
unshielded arc welded Line-120, the yield strain of the pipe steel
is conservatively used as critical strain since the compressive and
tensile strength of this type of joints are less than those determined
from the yield strength of the pipe steel (T. O’Rourke and M.
O’Rourke, 1995). Table 6.2 shows the critical strain for the pipes
(i.e., failure condition based on joint efficiency, etc.) as well as the
induced seismic strain calculated from Equation 6.1. Since the
seismic strain is larger than the critical strain, failure is predicted
for each of these pipes, which, as mentioned previously, was the
observed behavior.

Pipeline Diameter Thickness  sy Burial Coating Joints

(mm) (MPa) Depth (m)

Granada
Trunk Line

Rinaldi
Trunk Line

Old Line
120

1260

1730

560

6.4

9.5

7.1

249

249

242

1.8

2.7

1.5

Cement
Mortar

Cement
Mortar

Coal Tar
Epoxy

Slip joints

Slip joints

Unshielded
Arc Welded

(mm)

■ Table 6.1  Properties of Three Damaged Pipelines
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6.2

I n e l a s t i c  P i p e  M o d e l

As mentioned previously, local buckling of a pipeline with typi-
cal burial depths and arc-welded joints requires a model in which
the pipe material is inelastic. Since the Block pattern appears to
be the most appropriate model for elastic pipes, M. O’Rourke et
al. (1995) assumed a Block pattern for determination of the cir-
cumstances leading to local buckling failure due to longitudinal
PGD in a pipe with a more realistic Ramberg Osgood material
model. The idealized Block pattern, shown in Figure 6.1(a), corre-
sponds to a mass of soil having length L, moving down a slight
incline. The soil displacement on either side of the PGD zone is
zero, while the soil displacement within the zone is a constant
value d.

Two cases for a buried pipeline subject to a Block pattern of
longitudinal PGD were considered. In Case I, the amount of ground
movement, d, is large and the pipe strain is controlled by the length,
L, of the PGD zone. In Case II, L is large and the pipe strain is
controlled by d.

The distribution of pipe axial displacement, force and strain
are shown in Figure 6.5 for Case I and in Figure 6.6 for Case II.
Note that tu is the friction force per unit length at the pipe-soil
interface and Le is the effective length over which tu acts.

As shown in Figures 6.5 and 6.6, the force in the pipe over the
segment AB is linearly proportional to the distance from Point A.

Pipeline k Frictional
Coefficient

Critical
Strain

Lem
(m)

Seismic
Strain

Rinaldi
Trunk Line

Old Line
120

1.0

1.0

0.87

0.75

0.75

0.63

0.40

0.40

1.0

0.48310-3

0.48310-3

1.2310-3

50.0

2.1310-3

1.59310-3

2.1310-3

Failure

Failure

Joint
Efficiency

Predicted
Behavior

Failure

51.0

78.7

Granada
Trunk Line

■ Table 6.2  Computation for Three Damaged Pipelines Along Balboa Blvd.
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Using a Ramberg Osgood model, the pipe strain and displace-
ment can be expressed as follows:
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where n and r are Ramberg Osgood parameters discussed in Chap-
ter 4, E is the modulus of elasticity of steel, sy is the effective yield
stress and bp is the pipe burial parameter, having units of pounds
per cubic inch, defined below.

After M. O’Rourke et al., 1995

■ Figure 6.5  Distribution of Pipe Axial Displacement, Force and Strain for Case I



99RESPONSE OF CONTINUOUS PIPELINES TO LONGITUDINAL PGD

For sandy soil (c=0), the pipe burial parameter bp is defined as:

        β µγ
p

H
t

= (6.5)

where the frictional coefficient m can be computed by:

        m = tankf (6.6)

For clay, the pipe burial parameter bp can be expressed as:

       β α
p

uS
t

= (6.7)

After M. O’Rourke et al., 1995

■ Figure 6.6  Distribution of Pipe Axial Displacement, Force and Strain for Case II
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6 . 2 . 1  W r i n k l i n g

Critical displacement and spatial extent of the PGD zone can
be determined by the equations discussed above. Substituting the
critical local buckling strain into Equation 6.3, one can obtain the
critical length of PGD zone Lcr. This can then be used to calculate
the critical ground movement dcr from Equation 6.4. Using the
Ramberg Osgood pipe material model, M. O’Rourke et al. (1995)
develop critical values for d and L which result in wrinkling of the
pipe wall in compression (critical strain in compression taken as
midpoint of range given in Equation 4.3). Table 6.3 shows these
critical values for Grade-B (n=10, r=100) and X-70 (n=5.5, r=16.6)
steel and a variety of burial parameters and R/t ratios (radius of
pipe/thickness).

A pipe fails in local buckling when both the length and dis-
placement of the PGD zone are larger than the critical values given,
for example, in Table 6.3.

As a case history, two X-52 grade steel pipelines (Line 3000
and Mobil Oil) with arc welded joints subject to the longitudinal

bp = 1.0 pci bp = 2.5 pci bp = 5 pci bp = 15 pci bp = 25 pci

R/t L(m) d(m) L(m) L(m) L(m) L(m)d(m) d(m) d(m) d(m)

GR
-B

X-
70

10

25

50

100

150

10

25

50

100

150

1762

1744

1728

1704

1660

4488

4182

3833

2577

1718

1.32

1.12

1.05

1.00

0.94

10.3

6.87

5.18

2.25

1.0

704

698

691

682

664

1795

1673

1533

1031

687

0.53

0.45

0.42

0.4

0.38

4.1

2.75

2.1

0.90

0.4

352

349

346

341

332

898

836

768

515

344

0.26

0.23

0.21

0.20

0.19

2.10

1.37

1.04

0.45

0.2

117

116

115

114

111

299

279

256

172

115

0.09

0.08

0.07

0.066

0.063

0.69

0.46

0.35

0.15

0.067

70

70

69

68

66

180

167

153

103

69

0.05

0.045

0.042

0.04

0.037

0.41

0.28

0.21

0.09

0.04

■ Table 6.3  Critical Length and Displacement for Compressive Failure of Grade-B and X-70 Steel
and Various Burial Parameters and R/t Ratios
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PGD at Balboa Blvd. during the 1994 Northridge earthquake are
studied here. These two pipelines are a 0.76 m diameter (30 in)
gas pipeline and a 0.41 m diameter (16 in) oil pipeline, as listed in
Table 6.4.

Based on the ASCE Guidelines (1984), the friction reduction
factor is taken as 0.6 for a pipe with epoxy or polyethylene coat-
ings. The corresponding burial parameter is 10 pci (0.28 kgf/cm3)
for the gas line and 4 pci (0.11 kgf/cm3) for the Mobil line. The
critical displacement dcr and the critical length Lcr for both wrin-
kling and tensile rupture were determined and listed in Table 6.4.
For tensile rupture, the critical strain was taken as 4%.  Since the
calculated critical length is larger than the observed length of the
PGD zone, the M. O’Rourke et al. (1995) model predicted suc-
cessful the behavior of those two X-52 grade steel pipelines along
Balboa Blvd.  Note, however, that the procedure suggests that one
of the lines (3000) is close to incipient wrinkling.

6 . 2 . 2   T e n s i l e  F a i l u r e

As indicated previously, an initial compressive failure in steel
pipes subject to longitudinal PGD is more likely than an initial
tensile rupture failure. That is, since the peak pipe force and strain
in tension and compression are equal as shown in Figure 6.5 (Case
I) and 6.6 (Case II), and the critical failure strain in compression is
less, one first expects a compressive failure. One can determine
the conditions for an initial tensile rupture (for example in a pipe
locally reinforced in the compression region near the toe of an
expected lateral spread) by substituting a tensile rupture strain into

Pipeline D (m) t
(mm)

bp (pci)
Compression Tension

Lcr (m) dcr (m) Lcr (m) dcr (m)

Line 3000

Mobil Oil

0.76

0.41

9.5

9.5

10

4

281

815

0.31

1.25

362

960

1.57

4.2

■ Table 6.4  Computation for Three Undamaged Pipelines Along Balboa Blvd.
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Equation 6.3. This gives the critical length of the longitudinal PGD
zone which in combination with Equation 6.4 yields the critical
ground displacement. Note that the critical parameters, Lcr and dcr,
for tensile failure are larger than that for compression failure.

These values can be used to evaluate the likelihood of a sub-
sequent tensile failure. By subsequent tensile failure, we mean a
tensile rupture failure in the pipe near the head of the PGD zone,
after a local buckling failure in the compression region near the
toe. For Case II shown in Figure 6.6, the critical parameters can be
used directly to determine the potential for a subsequent tensile
rupture. In that case, L is large enough and d is small enough so
that a compression failure at Point E does not affect the state of
stress in the tensile region around Point B, For Case I shown in
Figure 6.5, the critical parameters for tensile failure are upper
bounds for subsequent tensile failure since a compressive failure
which limits the pipe force at Point D, increases the tensile force at
Point B.

6.3

I n f l u e n c e  o f
E x p a n s i o n  J o i n t s

M. O’Rourke and Liu (1994) studied the influence of flexible
expansion joints in a continuous pipeline subject to longitudinal
PGD. Depending upon the location of the expansion joints, they
may have no effect, have a beneficial effect or have a detrimental
effect. For example, referring to Figure 6.5 (Case I) if the expan-
sion joint is located at a distance larger than L away from the center
of the PGD zone (i.e., to the left of Point A or to the right of Point
E in Figure 6.5), an expansion joint would have no effect on the
pipe stress and strain induced by the longitudinal PGD since the
axial force in the pipe would be zero there even with no expan-
sion joints. Similarly for Case II shown in Figure 6.6, an expansion
joint to the left of Point A, to the right of Point F, or between Points
C and D would have no effect.
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Figures 6.7 through 6.9 illustrate the beneficial effects of two
expansion joints close to the head and toe areas of a longitudinal
PGD zone. In all three cases an expansion joint is located within
a distance L1(L1<L/2) of the head of the PGD zone (Point B) and
another within L2(L2<L/2) of the toe (Point E). This placement is
beneficial since the peak tension and compression forces are lim-
ited to tuL1 and tuL2 respectively.

■ Figure 6.7  Pipe and Soil Displacement with Two Expansion Joints Outside PGD Zone

■ Figure 6.8  Pipe and Soil Displacement with Two Expansion Joints Inside PGD Zone



104       C H A P T E R  6

Figure 6.10 illustrates the potential detrimental effects of a single
expansion close to the head of a PGD zone.

■ Figure 6.9  Pipe and Soil Displacement with One Inside and One Outside PGD Zone

■ Figure 6.10  Pipe and Soil Displacement with a Single Expansion Joint
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For Case I shown in Figure 6.10(a), the tensile stress is reduced
to tuL1 but the compression stress is increased to tuL3. That is, a
single expansion joint made the situation worse since the total
load tuL is no longer shared equally at both the compression and
tension zones. The reverse occurs for a single expansion joint near
the toe region. That is for Case I the compression stress is reduced
but the tensile stress increases. For Case II shown in Figure 6.10(b),
the tensile stress is still reduced to tuL1 but the compression stress
is unchanged.

The use of expansion joints presupposes that they are able to
accommodate the imposed relative expansion and contraction.
For example, if the distance L1 and L2 in Figure 6.9 are small (ex-
pansion joints very close to the head and toe of the PGD zone),
the required expansion and contraction capability would essen-
tially the same as the ground displacement d. For an expansion
joint at distance L1(L1<L/2) away from the head or tow, the required
expansion or contraction capacity is d - tuL1

2/(AE) as shown in Fig-
ure 6.10.

If the amount of ground movement and required expansion/
contraction capability are larger than the allowable movement of
the expansion joint, the pipeline will likely be damaged. This type
of damage has been observed in past events. For example, T.
O’Rourke and Tawfik (1983) note that during the 1971 San
Fernando earthquake, two water mains containing flexible joints
were damaged at mechanical joints. However in that particular
case, the pipe was subject to transverse PGD in combination of
with a small amount of longitudinal PGD.

In summary, the use of expansion joints to mitigate against the
effects of longitudinal PGD on continuous pipelines must be done
with care. In general, to be effective, at least two expansion joints
are needed, one close to the head of the PGD zone and the other
close to the toe. In addition, the expansion and contraction capa-
bility of the joints themselves needs to be comparable to the amount
of ground deformation d.  Finally, one needs a reasonably accu-
rate estimate of both the location and extent of the PGD zone.
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6.4

I n f l u e n c e  o f
a n  E l b o w  o r  B e n d

The response of a straight pipeline subject to longitudinal PGD
is discussed in Sections 6.1 and 6.2. If an elbow or bend is located
close to but beyond the margins of a longitudinal PGD zone, large
pipe stresses may occur due to the induced bending moments.
The case of a 908 bend in the horizontal plane is considered here.
The longitudinal PGD causes the elbow to move in the direction
of ground movement. This elbow movement is resisted by trans-
verse soil springs along the transverse leg (i.e., the leg perpendicular
to the direction of ground motion). The soil loading on the trans-
verse leg results in bending moments, M, at the elbow as well as a
concentrated force F (an axial force in the longitudinal leg and a
corresponding shear force in the transverse leg). Similar to the
models in Figures 6.5 and 6.6, two cases are considered herein as
shown in Figure 6.11.

In both cases, the elbow is located at a distance Lo from the
compression area (i.e., the ground movement is in a direction to-
wards the elbow). In Case I, the length of the PGD zone, L, is small
and the pipe response is controlled by the length of the PGD zone,
as shown in Figure 6.11(a). In Case II, the length of the PGD zone
is large and pipe response is controlled by the displacement of the
PGD zone, d, as shown in Figure 6.11(b).

In the analytical development which follows, the pipe is as-
sumed to be elastic and the axial force per unit length along the
longitudinal leg is taken as tu. Assuming that the lateral soil spring
along both the longitudinal and transverse legs are elastic, a beam
on elastic foundation model of the elbow shown in Figure 6.12
results in the following relation between the imposed displace-
ment d’ and the resulting force F:

′ = −δ
λ

λ1

2 3EI
F M( ) (6.8)
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■ Figure 6.11  Pipeline with Elbow Subject to Longitudinal PGD
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where,

     λ = k
EI4

4  (6.9)

For an imposed displacement d’ at the elbow, the relation be-
tween the resulting moment and force F is given by:

       M
F=

3λ
 (6.10)

For a given force F at the elbow, equilibrium of the longitudi-
nal leg near the compression margin requires:

     F = (L1 - L0)tu (6.11)

where L1 is the distance from the compression margin of the PGD
zone to the point of zero axial pipe stress within the PGD zone
(Point A in Figure 6.11(a)).

For a small L case (Case I in Figure 6.11(a)), the pipe response
is controlled by the length of PGD zone. The maximum pipe dis-
placement dmax is less than the ground displacement d.  Considering
pipe deformation near the compression margin,

    dmax =  d’ + d1 (6.12)

where d’ is given by Equations 6.8 and 6.10, and

         δ1
0 0

2
1= + +FL

AE
t L

AE
t L

AE
u u

2 2

2

 (6.13)

■ Figure 6.12  Model for Beam on Elastic Foundation
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is the displacement due to pipe strain between Point A and the
elbow.

Considering pipe deformation near the tension margin, that is
integrating pipe strain to the left of Point A gives,

   δmax
ut (L L

AE
= − 1

2)
 (6.14)

hence

        
t (L L

AE
F

EI

FL
AE

t L t L
AE

u u u− = + + +1
2

3
0 0

2
1
2

3 2 2
)

λ AE
 (6.15)

For a large length case (Case II in Figure 6.11(b)), the pipe
response is controlled by the maximum ground displacement. That
is,

  dmax = d = d’ + d1 (6.16)

or

  δ
λ

= + + +F

EI

FL
AE

t L
AE

t L
AE3

u u

3 2 2
0 0

2
1
2

(6.17)

The force F at the elbow and the effective length L1 can be
obtained by simultaneously solving Equations 6.11 and 6.15 (Case
I) or Equations 6.11 and 6.17 (Case II). The moment can then be
calculated by Equation 6.10. When the elbow is located near the
compression margin, the maximum pipe stress at the elbow is then
given by:

      σ = ±F
A

MD
I2

 (6.18)

When the elbow is located beyond the PGD zone but close to
the tension margin, the same relation applies but the force at the
elbow, F, would be tension.
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As a case history, New Line 120 is considered herein. As shown
in Figure 6.13, New Line 120 was subject to longitudinal PGD
along McLennan Avenue during the 1994 Northridge earthquake.
There is an elbow at about 40 m (131 ft) away from the southern
(compression) margin of the PGD zone. The length of the PGD
zone was about 280 m (918 ft) and the amount of ground dis-
placement was reported to be about 0.50 m (20 in). This line is
X-60 grade steel pipe with D=0.61 m (24 in), t=0.0064 m (1/4 in)
and H=1.5 m (5.0 ft). For the pipe with fusion bounded epoxy
coating (m = 0.38), the axial friction force per unit length is esti-
mated to be 1.83104 N/m (103 lbs/in) from Equation 5.1 while the
lateral (transverse) spring coefficient is estimated to be 1.673106

N/m2 (242 lbs/in2) (1.03105 N/m (571 lbs/in) from Equation 5.5,
divided by 0.06 m (2.4 in) from Equation 5.6).

For Case I, Equations 6.11 and 6.15 suggest that L1=90 m
(295 ft) and Equation 6.13 gives dmax=0.253 m  (10 in) while for
Case II Equations 6.11 and 6.17 suggest L1=110 m  (361 ft) and
dmax=0.50 m (20 in).  Based on these parameters, the case history
corresponds to Case I (i.e., length control).

■ Figure 6.13  Observed PGD and Location of Pipeline
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For L1=90 m (295 ft), the peak pipe stress at the compression
margin tuL1/A=132 MPa (19.1 ksi), the axial stress at the elbow F/
A=73 MPa (10.6 ksi) while the bending stress at the elbow M/
S=1100 MPa (159 ksi). Hence, the total stress at the elbow, assum-
ing the pipe remains elastic, is 1173 MPa (170 ksi). Note that these
values, based on the analytical relation for an elastic pipe com-
pare favorably with corresponding FE results for an elastic pipe.

Note that the results presented here are based on an elastic
assumption for both the lateral soil spring coefficients and pipe
material. For non-linear soil spring coefficients and elasto-plastic
pipe material, the maximum stresses at the bend are less. For the
New Line 120, a finite element analysis shows that the compres-
sive stress at the compression margin is 517 MPa (75 ksi). The
maximum tensile strain is 2.78310-3 while the maximum compres-
sive strain is 4.02310-3 at the elbow.  This compressive strain is
larger than the critical strain for local buckling (1.80310-3 from
Equation 4.3). Hence, wrinkling is expected at the bend, but not
at the compression margin.

The authors understand that the line was inspected after the
Northridge event and is currently in service.  No distress was noted
at either the tension or compression margin. However, the elbow
region was not inspected.
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As mentioned previously, transverse PGD refers to permanent
ground movement perpendicular to the pipe axis. When subject
to transverse PGD, a continuous pipeline will stretch and bend as
it attempts to accommodate the transverse ground movement. The
failure mode for the pipe depends then upon the relative amount
of axial tension (stretching due to arc length effects) and flexural
(bending) strain. That is, if the axial tension strain is low, the pipe
wall may buckle in compression due to excessive bending. On
the other hand, if axial tension is not small, the pipe may rupture
in tension due to the combined effects of axial tension and flex-
ure.  T. O’Rourke and Tawfik (1983) present a case history, from
the 1971 San Fernando event, of continuous pipe failure due to
PGD. The transverse component of PGD was approximately 1.7
m.  Line 1001 (Pipeline 5 in Figure 2.11 (a)) was abandoned be-
cause of multiple breaks. Line 85 (Pipeline 4 in Figure 2.11(a))
was repaired at several locations within the PGD zone. The records
indicate that three repairs near the eastern boundary of the soil
movement were due to tensile failure 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 toward the west.

Similar to longitudinal PGD, pipeline response to transverse
PGD is in general a function of the amount of PGD d, 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 previously been presented in Fig-
ure 2.11(b) and (c) and in Figure 2.11(a) near Pipeline 2. In these
cases, the pipe strain is a function of both the amount and width of
the PGD zone. Observed examples of abrupt transverse PGD
(sketched in Figure 7.1(b)) have previously been presented in Fig-
ure 2.11(a) near Pipelines 4 and 5. In these cases, the pipe strain is

Response of
Continuous Pipelines

To Transverse PGD
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a function of d and in some cases, the width of the zone W. That is,
if the zone is wide, the movement at each margin of the PGD
zone corresponds more or less to a fault offset where the fault/
pipeline intersection angle is 908.

Another type of transverse PGD occurs when a pipe is buried
directly in liquefied soil. In addition to the pipe deformation in the
horizontal direction due to lateral spreading of liquefied soil, it
may also uplift due to buoyancy (transverse deformation in the
vertical direction). This mechanism has caused pipe damage in
past events. For example, Suzuki (1988) and Takada (1991) men-
tioned that some pipes, with or without manholes, were uplifted
out of the ground due to buoyancy effects during the 1964 Niigata
earthquake.

In this chapter, we discuss continuous pipeline response to
spatially distributed transverse PGD in detail. Various analytical
idealizations of transverse PGD which have been used are re-
viewed. Analytical and numerical models of pipe response to
spatially distributed transverse PGD are then discussed. The cases
of a pipeline in a competent soil layer and in a liquefied layer are
presented separately. 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
topic of pipe response to fault offset is discussed in Chapter 8.

■ Figure 7.1  Patterns of Transverse PGD
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7.1

I d e a l i z a t i o n  o f
S p a t i a l l y  D i s t r i b u t e d
T r a n s v e r s e  P G D

One of the first items needed to evaluate pipeline response to
spatially 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 used different
patterns in their analyses.

T. O’Rourke (1988) approximates the soil deformation with
the beta probability density function.

                y(x) = d[s/sm]r’ - 1[(1 - s)/(1 - sm)]t - r’- 1 0 < s <1          (7.1)

where s is the distance between the two margins of the PGD zone
normalized by the width W, sm is the normalized distance from the
margin of the PGD zone to the location of the peak transverse
ground displacement, d, while r’ and t are parameters of the distri-
bution.  In his analysis, the following values were used; sm = 0.5,
r’ = 2.5 and t = 5.0. Figure 7.2 shows the resulting idealized soil
deformation.

Suzuki et al. (1988) and Kobayashi et al. (1989) approximate
the transverse soil deformation by a cosine function raised to a
power n.

■ Figure 7.2  Assumed Patterns for Spatially Distributed Transverse PGD
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 y x
x

W

n

( ) cos= ⋅ 





δ π
(7.2)

where the non-normalized 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 for n = 0.2, 1.0, 2.0 and 5.0.

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

         y x
x

W
( ) cos= −





δ π
2

1
2

        (7.3)

where x is the non-normalized distance from the margin of the
PGD zone. This gives the same shape as both 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 ground deformation between the center and the
margins.

7.2

P i p e l i n e  
S u r r o u n d e d  b y
N o n - L i q u e f i e d  S o i l

Pipelines are typically buried about 1.0 m (3 ft) below the
ground surface. Often the ground water level and the top surface
of the liquefied soil layer are both below the bottom of the pipe. In
these cases the force-deformation relations at the soil-pipeline in-
terface correspond to a pipe in competent non-liquefied soil which
overrides a liquefied 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 liquefied soil are
presented in Section 7.3.
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7 . 2 . 1    F i n i t e  E l e m e n t  M e t h o d s

The finite element method allows explicit consideration of the
non-linear characteristics of pipe-soil interaction in both the trans-
verse and longitudinal direction as well as non-linear stress-strain
relations for pipe material. T. O’Rourke (1988), Suzuki et al. (1988)
and Kobayashi et al. (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 and
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 soil and the pipe.

As shown in Figure 7.3, La is the distance from the margin of
the PGD zone to an assumed anchored point in the undisturbed
soil beyond the PGD zone. The anchored point in the T. O’Rourke
(1988) model was located where the bending strain is less than
1310-5.

Figure 7.4 presents the maximum tensile strain versus the maxi-
mum ground displacement for various widths of the PGD zone for
an X-60 pipe with 0.61 m (24 in) diameter, 0.0095 m (3/8 in) wall

After T. O’Rourke, 1988

■ Figure 7.3  Parameters for T. O’Rourke’s Model
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thickness and burial depth H = 1.5 m (5 ft). For the three widths
considered, as shown in Figure 7.4, the width of 10 m (33 ft) re-
sults in the largest tensile strain in the pipe for any given value of d.

Figure 7.5 presents the maximum compressive strain as a func-
tion of d for a width of 30 m. In this plot, the soil density ranged
from 18.8 to 20.4 kN/m3 (115 to 122 pcf) and the soil friction
angle ranged from 358 to 458. Note there is no difference in pipe
response for d < 0.5 m (1.6 ft) and only a 30% difference for
d = 1.5 m (5 ft). 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 soil properties.

From Figures 7.4 and 7.5, the peak tensile and compressive
strains for a width of 30 m (98 ft) and d = 1.5 m (5 ft) are about
0.61% and 0.32%, respectively. This indicates that the induced
axial pipe strain at least in the T. O’Rourke (1988) model, is sig-
nificant.

After T. O’Rourke, 1988

■ Figure 7.4  Maximum Tensile Strain vs. Maximum Ground Displacement for Various Width of
PGD Zone
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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 n ≥ 1  correspond
to spatially distributed transverse PGD.

Suzuki et al.’s physical model is similar to T. O’Rourke’s shown
in Figure 7.3 except for the PGD pattern and the anchored length
La.  Suzuki et al. note that La needs be long enough such that the
axial friction at 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 d, 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 ft) 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 ft).

After T. O’Rourke, 1988

■ Figure 7.5  Maximum Compressive Strains vs. Maximum Ground Displacement for Different Soil
Friction Angles
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Kobayashi et al.

Kobayashi et al. (1989) used the same shape function and fol-
lowed the same procedure as Suzuki et al.’s to deal with the
problem. They consider an X-42 grade steel pipe with 0.61 m (24
in) diameter and 0.0095 m (3/8 in) wall thickness. Kobayashi et
al.’s results for the peak tensile strain are shown in Figure 7.7 for
various of widths of the PGD zone. Note that the largest pipe strain
occurs for a width of about 19 m (62 ft) in their model.

Liu and M. O’Rourke

Liu and M. O’Rourke (1997b) developed a finite element
model, utilizing large deformation theory, non-linear pipe-soil in-
teraction forces (soil springs) and Ramberg Osgood stress-strain
relations for the pipe material. The pipe is modeled as a beam
coupled by both axial and lateral soil springs. The anchor length
of the pipe is long enough (up to 400 m (1312 ft)) such that both
the flexural and axial pipe strain are essentially zero at the two
anchor points. The pipe is assumed surrounded by loose to mod-
erately dense sand (friction angle f = 358 and soil density g =
1.873104 N/m3 (115 pcf)) with a burial depth Hc = 1.2 m (4 ft) from
ground surface to the top of the pipe. The resulting elasto-plastic
soil springs are based on the TCLEE Guideline (ASCE, 1984) and

After Suzuki et al., 1988

■ Figure 7.6  Maximum Strain vs. PGD for Different Width of the PGD Zone; X-52 Grade Steel
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have peak transverse, pu, and longitudinal, tu, resistance of 1.03105

and 2.43104 N/m  (571 and 137 lbs/in) respectively. The relative
displacements between pipe and soil at which the peak transverse
and longitudinal soil resistances are mobilizing are 0.06 and
3.8310-3 (2.4 and 0.15 in), respectively.

Figure 7.8 shows the maximum 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 for

After Kobayashi et al., 1989

■ Figure 7.7  Peak Tensile Strain vs. Maximum Ground Displacement; X-42 Grade Steel

After Liu and M. O’Rourke, 1997b

■ Figure 7.8  Maximum Pipe Strain vs. Ground Deformation; X-52 Grade Steel
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an X-52 grade steel pipe with D = 0.61 m (24 in), t = 0.0095 m
(3/8 in) and the ground deformation pattern given in Equation 7.3.
Except for W = 10 m, Figure 7.8 indicates that the peak tensile
strain is substantially larger than the peak compressive strain, par-
ticularly for larger values of d.  Also, for the three widths considered,
the pipe strains are 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 Figure 7.6 for
all three widths. Also, both the peak tensile and compressive strains
match reasonably well with the T. O’Rourke (1988) results for
W = 30 and 50 m.

As shown in Figure 7.9, the maximum pipe displacement more
or less matches the ground deformation up to a certain critical
displacement  dcr. Thereafter, the pipe strain remains relatively con-
stant while the pipe displacement increases more slowly with
ground deformation. For ground deformation greater than dcr, the
pipe bending strain varies slightly (increasing for small widths and
decreasing for large widths) and axial strain increases slowly, which
results in the maximum tensile strain remaining more or less con-
stant.

After Liu and M. O’Rourke, 1997b

■ Figure 7.9  Maximum Pipe Displacement vs. Ground Displacement; X-52 Grade Steel
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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 d = 0.5dcr, dcr and 2dcr.

Note that the pipe deformation matches fairly well with the
ground deformation over the whole width of the PGD zone for
δ δ≤ cr . However, for d > dcr, the maximum pipe displacement is
less than the maximum ground displacement (from Figure 7.10,
40% less for d = 2dcr), and “width” of the deformed pipe (i.e.,
length over which the pipe has noticeable transverse displacement)
is larger than the width of the PGD zone. As a result, the curvature
of the pipe is substantially less than the curvature of the ground for
d > dcr. As shown in Figure 7.10 for W = 30 m, the pipe curvature
at d = 2dcr is comparable to the pipe curvature at d = dcr.

Figures 7.11 and 7.12 show the distribution of bending mo-
ments and axial forces in the pipe at d = dcr for W = 10, 30 and 50
m. As one might expect, the bending moments in Figure 7.11 are
symmetric with respect to the center of the PGD zone and similar
to those for a laterally loaded beam with built-in (i.e., fixed) sup-
ports near the margins of the PGD zone. That is, there are positive
moments near the center of the PGD zone and negative moments

After Liu and M. O’Rourke, 1997b

■ Figure 7.10  Pipe and Ground Deformation for W = 30 m; X-52 Grade Steel
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near the margins. The moments vanish roughly 10 m beyond the
margins. 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 fairly linear fashion with increasing distance from the
center of the zone. Unlike the moments, the axial forces become
small only at substantial distances beyond the margins of the zone
(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 (i.e., largest for W = 50 m
and smallest for W = 10 m).

The transverse loading on the pipe also results in axial move-
ment of the pipe, that is, inward movement towards the center of
the PGD zone. This inward movement is an increasing function of
the ground movement d as shown in Figure 7.13. For d = 4 m (13
ft), 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, 30 and 50 m.

After Liu and M. O’Rourke, 1997b

■ Figure 7.11  Distribution of Bending Moment for Three Widths ( d = dcr)
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The influence of other parameters upon the pipe behavior was
also determined and is shown in Figures 7.14 through 7.20. Un-
less otherwise indicated, these results are for W = 30 m, X-52
grade steel, D = 0.61 m (24 in), t = 0.0095 m (3/8 in), pu = 1.03105

■ Figure 7.13  Pipe Inward Movement at Each Margin of PGD Zone
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After Liu and M. O’Rourke, 1997b

■ Figure 7.12  Distribution of Axial Force for Three Widths ( d = dcr)
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N/m, (571 lbs/in), tu = 2.43104 N/m (137 lbs/in) and the M.
O’Rourke (1989) pattern of ground deformation. Figure 7.14 shows,
for example, the influence of diameter on peak tensile and com-
pressive strains. Note that both the peak tensile and compressive
strains are increasing functions of diameter.

For the pipe model considered the peak tensile strain is, to a
greater or lesser extent, a function of all the parameters shown in
Figures 7.14 through 7.20. However, 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.

The peak tensile strain is an increasing function of the pipe
diameter and the transverse (lateral) soil spring resistance. It is a
decreasing function of the pipe wall thickness, the steel grade and
to a lesser extent the longitudinal (axial) soil spring resistance.

In terms of anchor length La, a zero anchor length resulted in
substantially larger pipe strain than La = 15 m (49 ft) or 400 m
(1312 ft) as shown in Figure 7.19.

With reference to the PGD 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 ≥ 30 m  as shown in Figure 7.20. How-
ever, the Suzuki et al. (1988) pattern with n = 1 resulted in the
largest strain for W ≤ 10 m .

After Liu and M. O’Rourke, 1997b

■ Figure 7.14  Influence of Pipe Diameter, D
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The parameter which most strongly influences the tensile strain
is the width of the PGD zone, followed by the transverse soil spring
resistance, pipe diameter, steel grade, wall thickness, PGD pat-
tern, anchor length of the pipe and longitudinal soil spring

After Liu and M. O’Rourke, 1997b

■ Figure 7.15  Influence of Wall Thickness,  t
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After Liu and M. O’Rourke, 1997b

■ Figure 7.16  Influence of Peak Longitudinal Soil Resistance, t u
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After Liu and M. O’Rourke, 1997b

■ Figure 7.17  Influence of Peak Transverse Soil Resistance, p u
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resistance. The critical ground displacement dcr was found to be
an increasing function of width of the PGD zone and the lateral
pipe-soil interaction force, but a decreasing function of steel grade,
pipe diameter, axial pipe-soil interaction force and pipe wall thick-
ness.

■ Figure 7.18  Maximum Pipe Strain for Three X-Grade Steel Materials
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■ Figure 7.19  Effect of Anchored Length Outside of PGD Zone L a
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■ Figure 7.20  Effect of Spatially Distributed PGD Patterns
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7 . 2 . 2  A n a l y t i c a l  M e t h o d s

Miyajima and Kitaura

Miyajima and Kitaura (1989) model a pipe subject to spatially
distributed transverse PGD as a beam on an elastic foundation as
shown in Figure 7.21. The equilibrium equations for the pipe are
expressed as follows:

EI
d y

dx
K y K

x
W

x
W4

1
4 1 1 1 1 0

2
+ = −





< <





δ π
sin         (7.4)

          EI
d y

dx
K y x

W4
2

4 2 2 0
2

+ = ≥





                  (7.5)

where y1 and y2 are the transverse pipe displacement in and out-
side the PGD zone, K1 and K2 are the equivalent lateral soil spring
coefficient in and outside the PGD zone, and EI is the flexural
rigidity of the pipe cross-section. The equivalent soil springs K1
and K2 are based upon recommended practice in Japan (Japan
Gas Association, 1982) in which non-linear characteristics are taken
into consideration.

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

After Miyajima and Kitaura, 1989

■ Figure 7.21  Analytical Model for Pipeline Subject to Spatially Distributed Transverse PGD
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1/4 inch (0.6 cm) wall thickness steel pipe in a competent soil
layer above the liquefied layer (i.e., K1 = K2) is shown in Figure
7.22 as a function of the width of the PGD zone W for three values
of ground deformation d.

As one might expect intuitively, the pipe stress is an increasing
function of the ground deformation d. For a given value of  d, 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 spatially 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-

After Miyajima and Kitaura, 1989

■ Figure 7.22  Maximum Bending Stress vs. Width of PGD Zone for Three Values of Ground
Deformation
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ment is substantially less than that of the soil. In this case, the pipe
strain was assumed to be due to loading at the soil-pipe interface
(i.e., loading controlled).

For the wide PGD width/flexible pipe case, the pipe is assumed
to match the soil deformation given by Equation 7.3. The maxi-
mum bending strain, εb, in the pipe, is given by:

     ε π δ
b

D

W
= ±

2

2 (7.6)

In this simple model, the axial tensile strain is based solely
upon the arc-length of the pipe between the PGD zone margins.
Assuming the pipe matches exactly the lateral soil displacement,
the average axial tensile strain, εa, is approximated by:

   ε π δ
a

W
= 









2

2 2

(7.7)

After M. O’Rourke, 1989

■ Figure 7.23  M. O’Rourke’s Analytical Model for Pipeline Subject to Spatially Distributed Trans-
verse PGD
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For the narrow width/stiff pipe case, the pipe is modeled as a
beam, built-in at each margin (i.e., fixed-fixed beam), subject to
the maximum lateral force per unit length pu at 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 pipe is
given by:

    ε
π

b
up W

EtD
= ±

2

23
(7.8)

Note that M. O’Rourke (1989) assumes that the pipe is fixed at
the margins and hence neglects any inward (i.e., axial) movement
of pipe at the margin of PGD zone. As a result, Equation 7.7 over-
estimates the axial strain in the pipe, as will be shown later.

Liu and M. O’Rourke

Based on the Finite Element results described previously, Liu
and M. O’Rourke (1997b) found that pipe strain is an increasing
function of ground displacement for ground displacement less than
a certain value, dcr, and pipe strain does not change appreciably
thereafter. For example, for W = 30 m, as shown in Figure 7.8, the
maximum tensile strain is an increasing function of maximum soil
displacement up to a value of d = 1.3 m  (4.3 ft). For larger values
of d, the maximum tensile strain remains at a relatively constant
value of roughly 0.014. Similar behavior is observed for other
widths.

In reality, the pipe resistance to transverse PGD is due to a
combination of flexural stiffness and axial stiffness. The analytical
relations developed below are for an elastic pipe. Although the
inelastic pipe case is more complex, the elastic relations provide a
basis for interpreting finite element results and, as will be shown
later, are directly applicable to transverse PGD case histories from
Niigata.

For 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 (1989) model
for the stiff pipe case (i.e., two-end fixed beam with constant dis-
tributed load). The critical ground deformation is given by:
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            δcr bending
up W

EI
− = 5

384

4

(7.9)

For very large widths of the PGD zone, the pipe behaves like a
flexible cable (i.e., negligible flexural stiffness). For this case, the
critical displacement is controlled primarily by the axial force. For
a parabolic cable shown in Figure 7.24, the relation between the
axial force T at the ends and the maximum lateral deformation (or
sag) d is:

     T
p Wu=

2

8δ
(7.10)

As shown in Figure 7.10, the ground displacement is larger
than the pipe displacement in the middle region of the PGD zone
(assumed herein to be W/2), over which the maximum transverse
resistance per unit length, pu, at the pipe-soil interface (i.e., the
distributed load) is imposed. Taking the “sag” over this middle re-
gion to be d/2, the interrelationship between the tensile force, T,
and ground displacement, d, is given by:

T Dt
p p Wu u= = =π σ

δ δ
( )
( )
W 2

8 2 16

2 2

(7.11)

where s is the axial stress in the pipe (assumed to be constant
within the PGD zone).

■ Figure 7.24  Flexible Cable System
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Inward movement of the pipe occurs at the margin of the PGD
zone due to this axial force. Assuming a constant longitudinal fric-
tion force, tu, beyond the margins, the pipe inward movement at
each margin is:

  D inward
u

Dt
Et

= π σ2

2
(7.12)

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

        
π δ σ π σ2 2 2

4
2

2W
W
E

Dt
Etu

= + ⋅         (7.13)

The critical ground deformation, dcr-axial for “cable-like” behav-
ior and the corresponding axial pipe stress, s, 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 W and
the standard properties mentioned previously (i.e., D = 0.61 m,
t = 0.0095 m, pu = 1.03105 N/m, tu =2.43104 N/m). Note that the
critical ground deformation is controlled by axial force for this
case, and that the maximum axial stress at d = dcr is an increasing
function of width of the PGD zone.

 For any arbitrary width of the PGD 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,

■ Table 7.1  Critical Ground Displacements and Stresses for “Cable-Like” Elastic Pipe

    Item W = 30 m

 dcr-axial (Equations 7.11 and 7.13) 0.37 m 2.85 m

s (Equations 7.11 and 7.13) 92.8 MPa 206 MPa 301 MPa

1.5 m

W = 50 mW = 10 m
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δ

δ δ

cr

cr bending cr axial

=
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− −

1
1 1 (7.14)

Table 7.2 lists the resulting critical displacements of an elastic
pipe (D = 0.61 m, t = 0.0095 m, etc.) for W = 10, 30 and 50 m
along with the corresponding elastic finite element results. For
W = 30 and 50 m, the critical displacement from Equation 7.14
matches that from the elastic finite element model. However, for
W = 10 m, the critical displacement from Equation 7.14 is an or-
der of magnitude less than that from the elastic finite element
model. This is due, in part, to the assumption of a constant trans-
verse load pu on the pipe for bending effects in the simplified
approach. The finite element model, on the other hand, uses trans-
verse elasto-plastic soil springs. As noted previously, one obtains
the full load pu from the soil spring only after 0.06 m (2.4 in) of the
relative transverse displacement between the pipe and the soil.
Hence, although the fully loaded pipe deflects in bending only
0.015 m (0.6 in) for W = 10 m, the bases of the soil springs must
move an additional 0.06 m (2.4 in) to obtain the full transverse
resistance pu.

Note that the critical displacements for both the simplified elas-
tic and elastic finite element models in Table 7.2 underestimate dcr

for an inelastic pipe shown for example in Figure 7.8. This is due
to the fact that for the inelastic pipe model, the steel modulus
decreases after yielding, and the pipe must undergo larger defor-
mations such that the strain energy in the pipe equals the work
done by the distributed soil springs.

■ Table 7.2  Critical Ground Displacements for Elastic Pipe

Item W = 10 m   W = 30 m W = 50 m

dcr-bending (Equation 7.9) 0.015 m 1.22 m 9.6 m

dcr-axial (Table 7.1)  0.37 m 1.5 m  2.85 m

dcr (Equation 7.14)  0.015 m 0.67 m 2.2 m

dcr (F.E. Approach)  0.16 m 0.70 m  2.1 m
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The maximum strains in an elastic pipe are due to the com-
bined effects of axial tension (cable behavior) and flexure (beam
behavior), and can be expressed as:
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(7.15)

where A is the pipe cross-sectional area.

7 .2 .3  Compar i son  Among  Approaches

Table 7.3 presents a summary of the pipe properties and the
pipe-soil interaction forces used in the approaches mentioned
above.

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
suggest that it is only a function of d, D and W.

 Diameter (m)

■ Table 7.3  List of Parameters in Seven Approaches

M. O’Rourke
(1989)

  0.50, 1.01

Miyajima
& Kitaura

(1989)

T. O’Rourke
(1988)

Suzuki
et al.

(1988)

0.61

Kobayashi
et al.

(1989)

F.E.

0.61

Liu &
O’Rourke
(1997b)

0.61

-tu(N/m)

Pu(N/m) 8.7 3 104

2.4 3 104

7.7 3 104

1.9 3 104

1.5 3 105 1.15 3 105

1.9 3 104 2.4 3 104

1.0 3 105

-

-

Item

Analytical F.E. F.E. Both

Mild steel Elastic X-60

0.006 0.0095 0.0127 0.0095 0.0095 0.0127,
0.0063

Thickness

0.610.406

Material X-52 X-42 X-52

Method Analytical
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Figure 7.25 shows the pipe bending strain for W > 20 m,
backcalculated from the different approaches, plotted as a func-
tion of dD/W. Herein the bending strain is calculated as one half
of the sum of the tensile and compressive pipe strains. Note that
the Kobayashi et al. (1989) approach is not included since they
did not present compressive strain. In this figure, the straight line
with a slope of p2 is the analytical relation given in Equation 7.6.
Note that the Suzuki et al. (1988) as well as the Liu and M. O’Rourke
(1997b) results both match the analytical relation fairly well. The
T. O’Rourke (1988) results are somewhat less than the analytical
results while the Miyajima and Kitaura (1989) results are some-
what higher.

Another type of comparison involves the general trends in re-
sults from the various approaches. For example, the Liu and M.
O’Rourke (1997b) results suggest that axial effects are important
in that the tensile strains are larger than the compressive strains.
This agrees with the numerical results by T. O’Rourke (1988). In
addition, for the three widths considered, the tensile strains are
largest for W = 30 m which agrees with the numerical results by
Suzuki et al. (1988). However, the Liu and M. O’Rourke (1997b)
numerical results described above differ from those by T. O’Rourke

■ Figure 7.25  Comparison of Pipe Bending Strain
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(1988), specifically for the width of the PGD zone W = 10 m.
Similarly, the Liu and M. O’Rourke (1997b) 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
strain but essentially has no effect on the peak compressive strain)
in combination with a relatively weak longitudinal soil spring.

7 . 2 . 4   C o m p a r i s o n  w i t h  C a s e
H i s t o r i e s

The performance of buried pipelines subject to the transverse
PGD during the 1971 San Fernando earthquake provides case his-
tories to test the approaches described above. In the case history
shown in Figure 2.11(a), 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 d 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
d = 0.7 m (2.3 ft) would be 6.0310-5 while the axial tension strain
would be 7.6310-6 and the critical displacement dcr is over 10 m
(33 ft). Hence, the maximum tension strain is 6.8310-5 while the
net compression strain is 5.2310-5. Since these values are below
the tensile rupture and local buckling strain respectively for the
pipe, one expects the pipe would not be damaged by this trans-
verse PGD. The expected behavior matches the observed behavior
in that there was no failure within the PGD zone. Note, 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 T.
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.
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7 . 2 . 5  E x p e c t e d  R e s p o n s e

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

For W ≥ 100 m  (328 ft), steel pipe with D = 0.61 m (24 in),
t = 0.0095 m (3/8 in), the critical ground deformation from Equa-
tion 7.14 is 6.0 m (20 ft) or more, which is much larger than the
maximum observed ground displacement of 2.0 m (6.6 ft). Also
the estimated peak tensile (i.e., combined axial and flexural) strain
for d = 2 m from Equation 7.15 is less than the yield strain for X-
grade steel but slightly above the yield strain for GR-B grade steel.
Hence, an X-grade pipe behaves elastically and the strain can be
estimated 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
and numerical models by Liu and M. O’Rourke (1997b). The finite
element results for both X-grade and GR-B grade steels are identi-
cal for d 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 that
material. Note that the analytical model (i.e., Equation 7.15) re-
sults compare favorably with the finite element values.

The approximate analytical approach does overestimate to
some degree the peak tensile strain and underestimates the peak
compressive strain. This suggests that the estimated axial strains
are somewhat too large. However, the differences are relatively
small, particularly in light of the accuracy of geotechnical predic-
tions for expected value of the spatial extent and ground movement
of PGD zones.
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7.3

Pipelines in Liquefied Soil

As mentioned previously, the top of the liquefied soil layer is
commonly located below the bottom of the pipe. However, when
the pipe is buried in saturated sand such as at a river bed, or in a
sea bed, the soil surrounding the pipe may liquefy during strong
seismic shaking. In this case, the pipe may deform laterally fol-
lowing the flow of liquefied soil down a gentle slope, or move
upward due to buoyancy, especially when a manhole is present or
a compressive load acts on the pipe. For example, according to
Suzuki et al. (1988) and Takada (1991), a sewage pipe with man-
hole and a gas pipe (150 mm in diameter) were uplifted out of the
ground due to buoyancy in combination with a compressive load
caused by longitudinal permanent ground deformation during the
1964 Niigata earthquake. A compressive load can also be induced
by temperature change and/or internal operating pressure in a pipe
restrained against longitudinal expansion.

After Liu and M. O’Rourke, 1997b

■ Figure 7.26  Maximum Pipe Strain vs. Ground Displacement for W = 100 m
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7 . 3 . 1  H o r i z o n t a l  M o v e m e n t

When a pipeline is surrounded by liquefied soil, the pipe may
move laterally due to the flow of liquefied 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 that the lateral soil
coefficient (K1) for a pipe surrounded by liquefied soil is some
fraction of the corresponding value (K2 ) for competent, non-lique-
fied soil. Figure 7.27 shows the peak pipe strain as a function of
the amount of PGD, d, for three values of the reduction factor. For
this plot, the width of the PGD zone is 30 m, while the pipe prop-
erties are the same as that listed in Table 7.3 for the Suzuki et al.
approach.

As one might expect, the peak pipe strain for competent non-
liquefied soil (i.e., K1/K2 = 1, also see Figure 7.6 for W = 30 m) is in
all cases larger than that for liquefied soil. As a rough approxima-
tion, the pipe strain for δ ≥ 1 5. m  (5 ft) is proportional to the soil
coefficient reduction factor.

After Suzuki et al., 1988

■ Figure 7.27  Maximum Strain vs. d for Three Soil Spring Constants
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As noted in Section 5.3, the equivalent soil spring coefficient
for liquefied soil, 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 PGD and width of the PGD zone, a pipe sur-
rounded by liquefied soil 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 transverse PGD is located in a competent non-
liquefied soil which overlays the liquefied layer.

7 . 3 . 2   V e r t i c a l  M o v e m e n t

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 soil
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 model 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 cm (0.8 in) diameter polyethylene pipeline, Cai et al.
(1992) carried out a series of laboratory tests and observed pipe
response due to soil liquefaction. Figure 7.28 shows the two sys-
tem models. The model in Figure 7.28 (a) 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 ft) 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 uplifting 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 introduced,
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the upward response is larger. For elastically constrained ends, the
pipe keeps uplifting till a portion of pipe near the center of PGD
zone is at the ground surface. However, when a non-liquefied soil
layer (60 mm in thickness) is used as cover, the pipe came to rest
at the interface of the non-liquefied and liquefied layers.

Hou et al. (1990) analyzed the pipe strain due to buoyancy
effects by a finite element approach. In the analysis, the non-
linearity of both steel material and interaction force at the pipe-
soil interface outside the liquefied zone are considered. The
uplifting force per unit length, Puplift, acting on the pipe within
the liquefied zone, can be expressed as:

        P D Dtuplift soil contents pipe= − −1
4

2π γ γ π γ( )  (7.16)

where gsoil, gpipe, gcontents are the weights per unit volume of lique-

After Cai et al., 1992

■ Figure 7.28  Model System of Buried Pipeline in Liquefied Soil
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fied soil, pipe and pipe contents (i.e., water, gas, etc.) respectively.
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 behav-
ior is similar to a beam, built in at each margin, subject to a uniform
upward load. The maximum strain in a steel pipe is shown in Fig-
ure 7.29 as a function of the length of the liquefied zone for
gsoil = 2.03104 N/m3,(120 pcf), gcontents = 0.83104 N/m3 (48 pcf),
t = 0.0079 m (0.31 in) and three separate pipe diameters. Note
that the initial stress (sInitial = 180 MPa) is due to internal operating
pressure and/or temperature change.

As shown in Figure 7.29, the maximum pipe strain occurs at a
certain width of the liquefied zone, Wcr. For the width less than
Wcr, the pipe strain is an increasing function of the width, while
the pipe strain decreases with the increasing width thereafter. The
critical width can be estimated by setting Equation 7.8 equal to
Equation 7.6 with d = Hc (depth from the ground surface to the top
of the pipe). That is:

W
EtH D
p

cr
c

u
= 3 3 3

4
π

 (7.17)

After Hou et al. 1990

■ Figure 7.29  Maximum Strain vs. Width of the Liquefied Zone
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For Hc = 1.2 m (4 ft), D = 0.61 m (24 in) and pu = 1.03104 N/m
(57 lbs/in), the estimated critical width of the liquefied zone from
Equation 7.17 is 47 m (154 ft), which is slightly larger than the
observed critical width of about 42 m (138 ft) in Figure 7.29.

In fact, the buoyancy per unit length given in Equation 7.16 is
about 10% of the lateral pipe-soil interaction for a pipe surrounded
by non-liquefied soil. That is, it is equivalent to the curve
K1/K2 = 1/10 in Figure 7.27. A comparison of Figures 7.27 and
7.29 indicates that the Suzuki et al.’s results match Hou et al. (1990)
reasonably well. That is, for W m≥ 30  and D = 0.61 m (24 in) in
Figure 7.27, the peak pipe strain is about 0.2% while for
D = 0.53 m (21 in) in Figure 7.29, the peak pipe strain is 0.19%.
Since the maximum strain is less than both critical strain of tensile
failure and local buckling, the pipe is unlikely to be damaged due
to the buoyancy although it may uplift out of the ground when the
width of the liquefied zone is large. For situations where a large
uplifting displacement is not desirable (for example for submarine
pipelines), the following equation derived from the principle of
conservation of energy can be used to determine the maximum
uplift displacement and/or the spacing for piles or other pipe re-
straints.

  δ δ
π

max max
u sI

A
p W

AE

3
4

5

16 16
0+ − = (7.18)

where A is the cross-section area, and Ws is the spacing of the
piles as shown in Figure 7.30.

The peak pipe strain is then given by:

               ε π δ π δ
max

max

s

max

s

D

W W
= ± +

2

2

2 2

24
(7.19)
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7.4

L o c a l i z e d  A b r u p t  P G D

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(b), it was noted that this corresponds more or less to
a pair of fault offsets provided that the PGD zone 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 d = 1.0 m (3.3 ft) while the width of
the PGD zone, W, is 50 m. The pipe and soil properties are D =
0.61 m (24 in), t = 0.0095 m (3/8 in), gsoil = 1.83104 N/m3, f = 358.

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 behaves as if it
was subject to two separate fault offsets, both having a pipe-fault
angle of 908, 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 PGD is the
same as that for a pipe crossing a fault with intersection angle of

■ Figure 7.30  Profile of Pipeline Crossing Liquefied Zone
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908. That is, the procedures described in Chapter 8 could be used
directly in this case.

If the axial force near the center of the zone is non-zero (as
shown in Figure 7.31(b)), the peak axial force at the margins would
be larger than that for two separate fault offsets.  That is, by sym-
metry the center of the zone acts as an effective anchor point, and
as will be noted in Chapter 8, an anchor near a fault increases the
stress in a pipe subject to movement at the fault.

In summary, there are significant differences in pipe behavior
between spatially distributed and localized abrupt transverse PGD.
Unfortunately for designers, the authors are not aware of proce-
dures for discriminating, apriori, between these two patterns.

■ Figure 7.31  Distribution of Pipe Bending Moment and Axial Force
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8
 Response of

Continuous Pipelines
to Faulting

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 into two
components, one, parallel to pipe axis (i.e., longitudinal PGD)
and the other, perpendicular to pipe axis (i.e., transverse PGD).
This chapter presents the response of continuous pipelines subject
to fault offsets, which in the general case involves both longitudi-
nal and transverse response.

Two cases are discussed herein. In Case I, pipes are distressed
due to bending (caused by transverse component) and axial ten-
sile force (caused by longitudinal component). A normal fault and
strike-slip fault with the intersection angle between the fault trace
and the pipe axis, b (shown in Figure 8.1), less than 908 are ex-
amples of this case. The pipe failure mechanism would be tensile
rupture since the fault offset results primarily in tensile strain in
the pipe in this case.

In Case II, pipes are distressed due to bending and axial com-
pressive force. A reverse fault and strike-slip fault with the
intersection angle, b, between the fault trace and the pipe axis
more than 908 are examples of this case. The pipe failure mecha-
nism would 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 breaks during
past earthquakes. For example, much of the surface faulting dur-
ing the 1971 San Fernando earthquake occurred in urban and
suburban communities. Although only a half of one percent of the
area was influenced by the surface faulting, the fault movements
resulted in over 1,400 breaks in water, natural gas and sewer pipe-
lines (McCaffrey and T. O’Rourke, 1983). Among the three fault
zones (the Mission Wells segment, the Sylmar segment and the
Harding school segment), the 3 km long (1.9 mile) Sylmar seg-
ment had the largest ground displacement, which was composed



150         C H A P T E R  8

of 1.9 m (6.2 ft) of left-lateral slip, 1.4 m (4.6 ft) of vertical offset
and 0.6 m (2.0 ft) of thrust. Most of the left-lateral slip and thrust
were concentrated along the southern 25 to 80 m wide (82 to 262
ft) section of the fault zone, where the failure mode of local buck-
ling to the pipe wall was dominant. On the other hand, vertical
offsets and extension fractures are predominant in the northern
section, where most of the breaks were due to tensile failure.

There are three potential failure modes for a continuous pipe-
line fault crossing. They are: tensile rupture, local buckling
(wrinkling) in compression, and beam buckling in compression.
The beam buckling mode is discussed in detail in Section 4.1.3.
As noted pipelines are typically buried about 1.0 m (3.0 ft) 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
buckles like a beam when subject to compressive PGD. Hence,
this chapter focuses on tensile rupture of a pipe due to bending
and tension, and wrinkling of the pipe wall due to bending and
compression.

8.1

S t r i k e  S l i p  F a u l t

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

8 . 1 . 1   A n a l y t i c a l  M o d e l s

Newmark 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 movement df, in which a pipeline in-
tersects a right lateral strike-slip fault at an angle b. For a pipe-fault
intersection angle β ≤ °90 , the strike-slip fault results primarily in
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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
soil) at two anchor points located at La from the fault trace. An-
chors correspond to elbows, tie-ins, and other features, which
develop substantial resistance to axial movement.

The authors neglect the bending stiffness of the pipe as well as
lateral interactions at the pipe-soil 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 elongation
of the pipe is composed of two components. The first is due to the
axial component of fault movement (df cosb). The second is due to
arc-length effects caused by lateral component of fault movement
(df sinb).

After Newmark and Hall, 1975

■ Figure 8.1  Plan View of the Newmark-Hall Model for Pipeline Crossing a Right Lateral Strike-Slip
Fault
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Because of symmetry, only one side of the fault trace is con-
sidered. The average pipe strain, ε , is:

     ε δ β δ β= + 





f

a

f

aL L2
1
2 2

2

cos sin (8.1)

where La is the effective unanchored length, that is, the distance
between the fault trace and the anchor point.

When no bends, tie-ins or other constraints are located near
the fault, the friction forces at the pipe-soil interface provide all
the axial resistance. In this case, La can be estimated by:

      La = Le + Lp (8.2)

where Le is the pipe length over which elastic strain develops, while
Lp is the length over which plastic strain develops.

Le, Lp are given by:

Le = (EiεypDt)/tu (8.3)

         Lp = [Ep(ε - εy)pDt]/tu (8.4)

where εy is the yield strain of material, Ei and Ep are the modulus
before yield and after yield, ε is the plastic tensile strain in the pipe
and tu is the axial friction force per unit length at the pipe-soil
interface. Failure in the Newmark and Hall approach is assumed
to occur when the average strain ε  is greater than 4%.

For a 0.61 m diameter (24 in) pipe made of X-60 steel, the
relation between the tolerable fault movement and the intersec-
tion 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 model provides
valuable insight into the mechanics of this problem, and allows
one to evaluate the most influential parameters. However, as will
be shown later, this approach over-estimates the tolerable fault
movement for pipelines since it uses the average strain as a failure
criterion and neglects the lateral interaction at the pipe-soil inter-
face.
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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 stiffness is considered. That is, the pipe bend-
ing stiffness becomes very small (roughly 0.5% of the initial stiffness)
when axial strain is well beyond the yield strain. As a result, the
bending strain in the pipe is relatively small in this approach.

Figure 8.2 presents the Kennedy et al. model, in which the
bending strain occurs in the curved region where a constant cur-
vature, 1/Rc, is assumed.

The bending strain, εb , is expressed as:

         εb
c

D
R

=
2

  (8.5)

Rc is the radius of curvature of the curved portion, which can
be evaluated by using an analogue to internal pressure in a cylin-
der:

       R
Dt

p
c

u
= σπ

  (8.6)

After Kennedy et al., 1977

■ Figure 8.2  Kennedy et al. Model
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where s is the axial stress at fault crossing, pu is the lateral soil-
pipe interaction force per unit length (see Equation 5.5 for sand or
Equation 5.7 for clay).

The total strain in the pipe is given by:

    ε ε= +a
c

D
R2

(8.7)

where εa is the maximum axial strain due to the elongation of the
pipe induced by the fault offset.

The total elongation of the pipe, DL, can be estimated by:

        DL
L

f
f

c
= +δ β δ β

cos
( sin )2

3
 (8.8)

where the first term is the elongation due to the axial component
of the fault movement, while the second term is the elongation
due to arc-length effects induced by the lateral component of the
fault movement, and Lc is the horizontal projection length of the
laterally deformed pipe shown in Figure 8.2, which can be ap-
proximated by:

  L Rc c f= δ βsin  (8.9)

Based on the Ramberg Osgood relation in Equation 4.1, the
total elongation can be expressed in terms of an integral of axial
strain. That is,

   DL =
E

n
+ r

 dx
y

r

0

L a2
1

1
σ σ

σ
+

















∫  (8.10)

Integrating Equation 8.10, one can obtain the relation between
the axial movement and effective length La.  Combining Equation
6.3, Equation 6.4 and Equation 8.8, one can obtain the relation
between fault offset and pipe strain for any intersection angle b,
which is shown later in Figure 8.12.
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Figure 8.3 shows the tolerable fault movement for a 42 in (1.07
m) diameter pipe as a function of unanchored length.  The critical
tensile strain is 4.5% for Hc = 0.9 m and 3.5% for Hc = 3.0 m due
to the substantial increase in bending strains and hoop 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 g = 1.763104 N/m3 (110 pcf) and f = 348. The
burial depth is 0.91 m (3 ft) from the ground surface to the top of
the pipe.

As shown in Figure 8.3, the tolerable fault offset for the pipe is
an increasing function of unanchored length and pipe-fault inter-
section angle, but a decreasing function of burial depth.   For the
pipe-fault intersection angle of b = 608, Figure 8.4 shows the maxi-
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 forces 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.

After Kennedy et al. 1977

■ Figure 8.3  Tolerable Fault Movement vs. Unanchored Length
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Subsequent to the above studies, Wang and Yeh (1985) intro-
duced some additional modifications. The plan view of half of the
pipe for Wang-Yeh’s model is shown in Figure 8.5.

Assuming a constant radius of curvature for the curved por-
tions (i.e., Regions I and II), Wang and Yeh analyze pipe strain
based on the equilibrium of forces and deformation compatibility.
They also assume that the strains in Regions II and III are elastic,

After Wang and Yeh, 1985

■ Figure 8.5  Plan View of Pipeline Crossing Strike-slip Fault

After Kennedy et al. 1977

■ Figure 8.4  Maximum Axial Strain vs. Unanchored Length
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while the strains in Region I are inelastic. For the nominally straight
portion of the pipe (Region III), a beam on an elastic foundation
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 ( g = 1.763104 N/m3 (110 pcf), and f = 348) with burial
depth of 0.91m (3ft) from the ground surface to the top of the pipe,
their approach results in the tolerable fault offset of 3.5 m (11.5 ft)
for b = 708 and 4.6 m (15 ft) for b = 798. Note that Wang and Yeh
assume that the friction angle at the pipe-soil interface is 208.

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 Regions II and III. As a result, they
overestimate pipe bending strain in Region II and conclude that
the pipe fails at the Point B as shown in Figure 8.5. This seems
counterintuitive since one expects tensile ruptures at or very near
the fault crossing location.

8 . 1 . 2   F i n i t e  E l e m e n t  M o d e l s

Assuming a constant radius of curvature for the curved portion
of the pipe, Ariman and Lee (1991) evaluated pipe strain using the
finite element method. The pipe is modeled as a thin cylindrical
shell which is essentially semi-infinite. For a 42 in diameter 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 (c) respectively. The amount of fault
offset is 6.1 m and the intersection angle is 708 in their calcula-
tion.

 As shown in Figure 8.6, the Ariman and Lee model suggests
that the bending strain in the pipe is an increasing function of the
soil friction angle, burial depth and pipe diameter.

For a pipe fault crossing at a right angle (i.e., b = 908),
Meyersohn (1991) evaluates the pipe strain by a finite element
program UNIPIP (Tawfik and T. O’Rourke, 1986). Meyersohn’s nu-
merical simulations are performed on two pipelines with burial
depth of 0.91 m (3 ft) from top of pipe to the ground surface. Pipe
1, with an outside diameter of 1.06 m (42 in) and a wall thickness
of 14 mm (0.55 in), and Pipe 2 with a diameter of 0.3 m (12 in)
and a wall thickness of 9.5 mm (3/8 in), are unpressurized and
made of X-60 steel. Figure 8.7 shows the maximum compressive
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strain versus the fault displacement, in which the compressive strain
generally increases with an increase in the fault displacement. After
the displacement reaches a certain value (for example 2.3 m for
Pipe 2), the maximum compressive strain decreases with increase
of the displacement since the axial tensile strain becomes larger
than yield strain due to the arc-length effects induced by the fault
movement, according to Meyersohn (1991).

After Ariman and Lee, 1991

■  Figure 8.6  Pipe Bending Strain as a Function of Soil Friction Angle, Burial Depth and Pipe Diameter
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After Meyersohn, 1991

■ Figure 8.7  Maximum Pipe Compressive Strains as a Function of Fault Offset

■ Figure 8.8  Finite Element Model For Pipeline Crossing Strike-slip Fault

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 shown
in Figure 8.8 is used herein to estimate the pipe strain using the
ABAQUS finite element program.

As shown in Figure 8.8, the pipeline model is fixed at the point
A, which is 500 m (1640 ft) away from the pipe-fault intersection
(Point O). This unanchored length is sufficiently long such that
both axial strain and bending strain are zero at point A (i.e., the
fixed end). Similarly, 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 to the left of fault trace are fixed.
To the right of the fault trace, all the bases of lateral soil springs
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(e.g., Point C) move a distance of df sinb in the Y direction, while
all the bases of axial soil springs (e.g., Point E) move a distance of
df cosb in the X direction.

Considering the non-linear interaction at the pipe-soil interface
(Equation 5.1 and Equation 5.5) and the Ramberg Osgood stress-
strain relationship (Equation 4.1), the response of an X-60 grade
pipe (0.61 m in diameter, 0.0095 m in wall thickness) subject to a
strike-slip fault is analyzed.

For a pipe-fault intersection angle of 908, 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.

The peak pipe strain for the same intersection angle (908) 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 ft), the bending
strain in the pipe near the fault is a constant value of about 3.6310-3.
Since the axial strain is larger, the net compressive strain is zero.

■ Figure 8.9  Distribution of Pipe Strains (for 908 intersection angle)
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Three stages can be identified for the response of a buried
pipeline subject to an abrupt lateral fault offset as shown in Figure
8.10. In Stage I (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 II (intermediate offsets), the axial strain is beyond yield,
and bending stiffness (and hence bending strain) are decreasing
and the net compressive strains approach zero. In Stage III (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 steel, the tolerable
fault offset is presented in Figure 8.11 as a function of the pipe-
fault intersection angle. As shown in Figure 8.11, for an intersection
angle less than about 908 (928 for X-60 steel, 90.68 for Grade-B
steel), the tolerable fault offset is governed by tensile failure, and
increases with the pipe-fault intersection angle. For an intersec-
tion angle larger than that angle (Case II), the tolerable fault offset
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 (24 in) diameter, 0.0095 m (3/8 in) wall
thickness and made of Grade-B steel. Note that the solid lines are
based on a tensile critical strain of 4%, while the dotted lines are
based on a local buckling strain of 0.54% (an average value from
Equation 4.3).

■ Figure 8.10  Pipe Strain vs. Fault Offset  (for 908 intersection angle)
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8 . 1 . 3  C o m p a r i s o n  a m o n g
A p p r o a c h e s

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

As shown in Figure 8.12, the results obtained from the ABAQUS
numerical approach match that from Kennedy et al.’s analytical
approach very well for intersection angles less than 608. For inter-
section angles larger than 608, the tolerable fault offset from the
ABAQUS model is somewhat less than that from Kennedy et al.’s
approach.

Newmark and Hall’s approach overestimates the tolerable fault
offset by roughly a factor of 2. This is believed to be due to the use
of the average strain for the failure criterion. Note that the maxi-
mum strain in the pipe is at least twice the average strain used in
their approach. Moreover, they neglect the bending strain in the
pipe and the influence of bending strain on the axial stiffness of
the pipe. Note that the Newmark and Hall’s curve is based on
Equation 8.1 with an unanchored length of 50 m (164 ft).

As mentioned previously, for the pipe made of X-70 steel Wang
and Yeh’s approach leads to tolerable fault offset of 3.5 m (11.5 ft)
and 4.6 m (15 ft) for b = 708 and b = 798, respectively. For the
same case, the tolerable fault offset is 15 m (49 ft) for b = 708 and

■ Figure 8.11  Tolerable Fault Offset vs. Intersection Angle
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21 m (69 ft) for b = 798 by Kennedy et al.’s approach which, as
noted above, appears to match the finite element results. Hence,
Wang and Yeh’s approach apparently underestimates the tolerable
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 II (Figure
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 does exceed the yield strain and the bending
stiffness is, in fact, greatly reduced. Hence, Wang and Yeh’s ap-
proach overestimates the bending strain in the pipe, and
underestimates the tolerable fault offset for the pipe.

Results from the Ariman and Lee model as well 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   C o m p a r i s o n  W i t h  C a s e
H i s t o r i e s

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

■ Figure 8.12   Comparison of Results from Four Approaches
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fault was 550 to 600 mm (1.8 to 2.0 ft) at Heber Dunes. Up to 290
mm (1.0 ft) of afterslip 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 asphalt,
aggregate and fiber mixture. In this case study, Equations 5.1 and
5.5 are used for estimating maximum axial and lateral interacting

After Roth et al., 1990

■ Figure 8.13  Three Gas Pipelines Intersected by the Imperial Fault
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force at the pipe-soil interface. We assume the angle of shear re-
sistance of the sand f = 358 and k = 0.7 for No. 56 coating and
k = 0.9 for somastic coating.

Two cases are considered herein. In Case I, the fault is as-
sumed to be a single abrupt fault (i.e., the width of offset zone is
zero). In Case II, 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 strains from the finite element model
as well as the critical strain are listed in Table 8.1. The critical
strain for Holtville-El Centro Line (angle 558) is taken as 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 II (actual 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 Line for both 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 that the width of the fault can be a
key parameter, particular for compressional movements. That is,
the finite element results suggest that the two pipelines in com-
pression would have wrinkled if the width of the fault were small
(e.g. less than about 3.0 m (10 ft)).

Case I: Abrupt offset
Case II: 9.6 m fault width

Characteristic Holtville-
El Centro Line

Line 6000 Line 6001

Diameter
Wall Thickness

Material
Yield Stress

Operating Pressure
Depth of Cover

Weld Type
Coating

Fault Offset
Intersection Angle

Max. Tensile Strain (Case I)
Max. Tensile Strain (Case II)

 Max. Compressive Strain (Case I)
Max. Compressive Strain (Case II)

Critical Strain

114 mm
5 mm

A-25 Steel
170 MPa
2.8 MPa
0.9 m

Acetylene
No. 56
0.6 m
558

0.015
0.0126

-
-

0.04

219 mm
7 mm

GR-B Steel
240 MPa
2.8 MPa
0.9 m

Electric Arc
Somastic

0.4 m
1208

-
-

> 0.06
0.00736
0.0112

273 mm
5 mm

X-42 Steel
290 MPa
2.8 MPa
0.9 m

Electric Arc
No. 56
0.4 m
1208

-
-

0.0335
0.00326
0.0064

■ Table 8.1  Pipe and Fault Properties and Strain Analyses
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8.2

Normal and Reverse Fault

Relatively little analytical work has been done for a pipe across
a normal or reverse fault. For a pipe subject to a normal fault, the
pipe-soil system is no longer symmetric, and the transverse inter-
action force at the pipe-soil interface for downward movement of
the pipeline is much larger than that for upward movement, based
on Equation 5.9 to Equation 5.16. Kennedy et al.’s approach can
still be used to estimate the pipe strain. In this case, an average
lateral interaction force for upward and downward movements
can be used to estimate the bending strain from Equations 8.5 and
8.6, and the axial strain is the same as before.

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

The behavior in such cases is difficult to generalize, in part
because there are two angles of intersection (the angle in plan
between the fault and the pipeline, as well as the dip angle of the
fault) as well as the aforementioned asymmetric nature of the soil
resistance in the vertical plane.
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9
R e s p o n s e  o f

S e g m e n t e d
P i p e l i n e s  t o  P G D

In this chapter, 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, ductile iron, steel, con-
crete or asbestos 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 a given buried segmented pipeline is a function of the type of
PGD (e.g. longitudinal or transverse), the amount of ground move-
ment d, the spatial extent of the PGD zone and the pattern of
ground movement within the zone.

In reference to the type, Suzuki (1988) concluded that dam-
age due to longitudinal PGD was more common than damage
due to transverse PGD 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
PGD 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 other hand, if the ground movement varies within the PGD
zone (i.e., an idealized ridge pattern of longitudinal PGD in Fig-
ure 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 or 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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9.1

L o n g i t u d i n a l  P G D

As with continuous pipeline, longitudinal PGD induces axial
effects in segmented pipeline, specifically axial strain in the pipe
segments and relative axial displacement at the joints. However,
in contrast to the response of continuous pipelines, damage to
segmented pipelines subject to longitudinal PGD typically occurs
at 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 joints as well as the
characteristics of the PGD.

One particularly important characteristic is the pattern of lon-
gitudinal PGD. Herein, two types of patterns 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
(such 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   D i s t r i b u t e d  D e f o r m a t i o n

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
ridge, asymmetric ridge and ramp patterns in Figure 6.1 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 bL) of the zone.  For example, the ground strain
for the ridge pattern is:

                    ε δ
g

L
= 2

 (9.1)

By assuming that pipe segments are rigid and all of the longi-
tudinal PGD is accommodated by the extension or contraction of
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the joints, the average relative displacement at the joints is given
by the ground strain times the pipe segment length, Lo.

    Du
L

L
avg

o= 2δ
 (9.2)

Although Equation 9.2 represents the average behavior, the
joint displacements for uniform ground strain varied somewhat
from joint to joint due to variation in joint stiffness. That is, a rela-
tively flexible joint is expected to experience larger joint
displacements than adjacent stiffer joints. Using realistic variations
of joint stiffness, El Hmadi and M. O’Rourke (1989) determined,
as presented in Table 9.1, the mean joint displacement, Dx, in
centimeters, and coefficients of variation, m, in percentage, as a
function of ground strain for various diameters of Cast Iron pipe
with lead caulked joints (CI) and Ductile Iron pipe with rubber
gasketed joints (DI). The values in Table 9.1 assume that the pipe
segment length Lo for all types was 6.0 m (20 ft).

Note that the mean values for both CI and DI pipes are about
equal to the value given in Equation 9.2 (that is εgLo).

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

Ground
Strain

C I
D=40 cm

(16 in)

C I
D=76 cm

(30 in)

C I
D=122 cm

(48 in)

D I
D=40-122 cm

(16-48 in)

m(%)Dx (cm)

0.001 (1/1000)

0.002 (1/500)

0.005 (1/200)

0.007 (1/150)

.54

1.14

2.92

4.12

64

56

39

26

.56

1.17

2.95

4.16

54

49

24

19

.58

1.17

2.97

4.16

52

43

14

16

.59

1.19

3.00

4.19

2

2

1

1

m(%) m(%) m(%)Dx (cm) Dx (cm)Dx (cm)

■ Table 9.1  Mean Joint Displacement and Coefficient of Variation for Segmented Pipe Subject to
Uniform Ground Strain
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To gauge the effects of a distributed deformation pattern of
longitudinal PGD on segmented pipe, expected joint openings are
calculated. M. O’Rourke et al. (1995) present a summary of longi-
tudinal PGD pattern observed in Noshiro City after the 1983
Nihonkai Chubu event. The minimum ground strain due to the
distributed longitudinal PGD is 0.008. The corresponding joint
opening is 5 cm (2 in), which is larger than the joint capacity of
typical segmented pipelines as noted in Section 4.2 (i.e., segmented
joints typically leak for relative displacement on the order of half
the total joint depth). Hence, typical segmented pipelines are vul-
nerable and consideration should be given to replacement by
continuous pipelines or segmented pipelines with special joints
(having large contract/expansion capacity and/or anti-pull-out re-
straints) when crossing a potential longitudinal PGD zone.

The potential for damage due to something other than joint
pull-out of simple bell and spigot joints is more difficult to evalu-
ate. For example, tensile failure of various types of restrained joints
or crushing of simple bell and spigot joints typically involves some
slippage in the joint before 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   A b r u p t  D e f o r m a t i o n

As used herein, abrupt longitudinal PGD refers to ground
movements with large relative offsets at localized points. The block
pattern in Figure 6.1(a) is an example. In this case, the ground
strain is zero away from the margins of the PGD zone, there is a
tensile opening or gap at the head of the zone and a localized
compressive mound at the toe. The ramp and ramp-block patterns
in Figure 6.1 (b) and (d) also have an abrupt offset, but for these
patterns at only one end of the PGD zone.

At the head of the zone (i.e., the tension gap), pipeline failure
for typical bell and spigot joints is probable. In the simplest model,
one expects joint leakage or pull-out if the relative joint displace-
ment corresponding to leakage or pull-out respectively is less than
the ground offset (that is d in Figure 6.1).

For the 17 idealized block, ramp or ramp-block patterns stud-
ied by M. O’Rourke et al. (1995), the abrupt offset, d, was 1.2 m (4
ft) or larger.  Hence, one expects joint pull-out in typical segmented
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pipe at tension gaps at least for the examples of longitudinal PGD
considered 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 bolts for a restrained joint in tension, 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
failure 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
tuL/2 or tuLe as shown in Figures 6.5 and 6.6.

9.2

T r a n s v e r s e  P G D

In considering the response of segmented pipelines subject to
transverse PGD, one must differentiate between spatially distrib-
uted transverse PGD and localized abrupt transverse PGD as
sketched in Figure 7.1. Localized abrupt PGD is a special case of
fault offset (intersection angle of 908).

9 . 2 . 1   S p a t i a l l y  D i s t r i b u t e d
P G D

For segmented pipelines subject to spatially distributed 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 9.1(a), (b) present a pipeline sub-
ject to transverse PGD, where Dxt and Du are the joint extension
and relative joint rotation between the adjacent segments.
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Assuming that the pipe segments are rigid (i.e., EA=`, EI= `)
and that the lateral displacement at the midpoint of the rigid pipe
segment exactly matches the spatially distributed PGD at that point,
they developed the relative axial displacement at a joint.

        Dx
L

W
x

W
t

o= 



2

2
2

πδ π
sin  (9.3)

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

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

  Dx
L

W
t

o= 



2

2
πδ

 (9.4)

Assuming that the slope of the rigid pipe segment exactly
matches the ground slope at the segment midpoint, the joint open-
ing due to the joint rotation, Dxr, is as follows:
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where D is the pipe diameter.

After M. O’Rourke and Nordberg, 1991

■ Figure 9.1  Plan View of Segmented Pipeline Subject to Distributed Transverse PGD
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This function is a maximum at x = 0, W/2 and W. Hence, a
pure joint rotation failure and/or flexural round cracks are more
likely at the margins and middle point of the PGD zone.

The total maximum opening at one side of a joint, Dx, 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 previously. Combining these ef-
fects, the resulting maximum joint opening is:

              
Dx

L
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D
D

L

2W
D

o

o
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(9.6)

This relation for the maximum joint opening is plotted in Fig-
ure 9.2. Note that the maximum joint opening is an increasing
function of both the d/W ratio and the D/d ratio.

Consider the observed spatially distributed transverse PGD
during the 1964 Niigata and 1983 Nihonkai Chubu events (Suzuki
and Masuda, 1991) shown in Figure 2.8. Observed values for the
d/W ratio range from 0.001 to 0.01 with 0.003 being a typical

After M. O’Rourke and Nordberg, 1991

■ Figure 9.2  Maximum Joint Opening for Segmented Pipe Subject to Distributed Transverse PGD
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value. The amount of ground movement d ranged from 0.2 to 2.0
m (0.66 to 6.6 ft) with 1.0 m (3.3 ft) being a typical value. Hence,
from Figure 9.2, the corresponding maximum joint opening (i.e.,
using upper bound values of d/W=0.01 and d=2.0 m) would be
2.5 cm (1 in) or less for pipe diameter of 4.0 m (157 in) (i.e., D/
d=2) or less. Hence, significant leakage or pull-out failure at these
joints due to the axial movement is unlikely to occur for segmented
pipelines subject to spatially transverse PGD shown in Figure 2.8.
However, for segmented pipelines with rigid joints, some leakage
at joints is likely to occur since leakage may occur at joint open-
ing of 2.0 mm (0.08 in) based on the laboratory tests (Prior, 1935).

9 . 2 . 2   F a u l t  O f f s e t s

Both 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
(1984) performed a laboratory test to analyze the response of seg-
mented pipelines subject to transverse PGD. Figure 9.3 presents a
sketch of the sinking soil box (dimension 10 m31 m31.5 m), in
which a 169 mm (nominal 6 in) diameter Ductile Iron pipeline is
surrounded by loose sand. The vertical offset is produced by de-
creasing the height of the six jacks which support the movable
box. Two cases were studied in their tests. In Case A, the pipeline
is composed of three longer segments, while in Case B it is com-
posed of five shorter segments.

After Takada, 1984

■ Figure 9.3  Model Box for Segmented Pipeline Subject to Transverse PGD
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Figure 9.4 shows the maximum pipe stress, which occurs di-
rectly over the offset, versus the ground subsidence for both cases.

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

For the geometry studied by Takada, that is, a pipe at 908 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 portion of the pipe segment on
one side of the fault plane acts as a cantilever beam subject to a
distributed loading along its length due to transverse pipe-soil in-
teraction forces and a concentrated load at its end (i.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.

After Takada, 1984

■ Figure 9.4  Maximum Pipe Stress vs. Ground Subsidence for Case A and Case B
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The tolerable fault displacement can be obtained by:

 δ
δ β
δ β

f
a

l
min=





sec

csc  (9.7)

where da is the pull-out capacity of the joint (axial deformation)
near the fault offset, dl is the lateral deformation capacity, which
depends on the joint rotation ability and is calculated by finite
element simulations for typical ductile and cast iron pipelines.

The optimal orientation of the pipeline, boptimal, can be defined
by:

      β δ
δ

optimal
l

a
=  (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 boptimal,
while the pipeline would fail by bending when the intersection
angle is larger than boptimal.

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 to 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 708. According to T.

After T. O’Rourke and Trautmann, 1981

■ Figure 9.5  Plan View of Segmented Pipeline Subject to Fault Offset
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O’Rourke and Trautmann, the decrease in capacity for b > boptimal
is caused by the larger bending moments developed in the pipe-
line for large intersection angles.

Note that pipe with extra long 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 > 608), where flexural effects govern, the
capacity of mechanical and special joints is similar.

Post earthquake observation of segmented pipe response to
fault offsets would be useful for case history verification of avail-
able analytical procedures.

After T. O’Rourke and Trautmann, 1981

■ Figure 9.6  Tolerable Fault Offset vs. Intersection Angle
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10Response of
Bur ied Cont inuous

Pipel ines to Wave
Propagat ion

There have been some events, such as the 1964 Puget Sound,
1969 Santa Rosa, 1983 Coalinga and 1985 Michoacan earth-
quakes, for which seismic wave propagation was the predominate
hazard to buried pipelines. For example, the damage ratio for the
water supply system in the Lake Zone (soft soil zone) of Metro-
politan Mexico City of about 0.45 repairs/km has been attributed
to wave propagation effects in the 1985 Michoacan event.

As discussed in Chapter 3, when a seismic wave travels along
the ground surface, any two points located along the propagation
path will undergo out-of-phase motions. Those motions induce
both axial and bending strains in a buried pipeline due to interac-
tion at the pipe-soil interface. For segmented pipelines, damage
usually occurs at the pipe joints. Although seismic wave propaga-
tion damage to continuous pipelines is less common, the observed
failure mechanism is typically local buckling.

This and the following chapter focus on buried pipe response
due to wave propagation effects. The existing methods for evaluat-
ing the response of continuous pipelines as well as the behavior at
elbows and tees are discussed and compared in this chapter. The
following chapter discusses similar issues for segmented pipelines.

10.1

S t r a i g h t  C o n t i n u o u s
P i p e l i n e s

In general, the axial strain induced in a straight continuous
pipeline depends on the ground strain, the wavelength of the trav-
elling waves and the interaction forces at the pipe-soil interface.
For small to moderate ground motion, one may simply assume
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that pipe strain is equal to ground strain. However, for large ground
motion, slippage typically occurs at the pipe-soil interface, result-
ing in pipe strain somewhat less than the ground strain.

1 0 . 1 . 1   N e w m a r k  A p p r o a c h

Simplified procedures for assessing pipe response due to wave
propagation were first developed by Newmark (1967), and have
since been used and/or extended by a number of authors (e.g.,
Yeh, 1974). Newmark’s approach is based on three assumptions.
The first assumption, which is common to most all the determinis-
tic approaches, deals with the earthquake excitation. The ground
motion (that is, the acceleration, velocity and displacement time
histories) at two points along the propagation path are assumed to
differ only by a time lag. That is, the excitation is modeled as a
traveling wave. The second assumption is that pipeline inertia terms
are small and may be neglected (Wang and M. O’Rourke, 1978).
Experimental evidence from Japan (Kubo, 1974) as well as ana-
lytical studies (Sakurai and Takahashi, 1969, Shinozuka and Koike,
1979) indicate that this is a reasonable engineering approxima-
tion. The third assumption is that there is no relative movement at
the pipe-soil interface and hence, the pipe strain equals the ground
strain.

Figure 10.1 shows a pipeline subject to S-wave propagation in
a vertical plane having an angle of incidence gs with respect to the
vertical.

After Meyersohn,1991

■ Figure 10.1  Pipeline Subject to S-wave Propagation
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For this case, the ground strain parallel to the pipe axis is:

             ε γ γg
m

s

V
C

= sin coss s (10.1)

where Vm is the peak ground velocity and CS is the shear wave
velocity.

In terms of Equation 3.8, VmcosgS is the ground velocity paral-
lel to the pipe axis and, as noted in Equation 3.5, CS/singS is the
apparent propagation velocity with respect to the ground surface
and the pipeline axis.

Similarly, for R-wave, the ground strain parallel to the pipe
axis is:

       εg
m

ph

V
C

= (10.2)

Since bending strain in a pipe due to wave propagation is typi-
cally a second order effect, our attention is restricted to axial strain
in the pipe. Equations 10.1 and 10.2 overestimate pipe strain, es-
pecially when the ground strain is large. For those cases, slippage
occurs at the pipe-soil interface and the pipe strain is less than the
ground strain.

1 0 . 1 . 2   S a k u r a i  a n d  T a k a h a s h i
A p p r o a c h

In relation to Newmark’s assumption regarding pipeline iner-
tia, Sakurai and Takahashi (1969) developed a simple analytical
model for a straight pipeline surrounded by an infinite elastic me-
dium (soil). They used D’Alembert’s principle to handle the inertia
force. For a pipeline subject to the ground displacement ug, the
equilibrium for the pipe segment is:

    ρ ∂
∂

∂
∂

2

2

2

2

u

t
E

u

z
K u up p

g g p− = −( )  (10.3)

where up is the displacement of the pipeline in z direction (longi-
tudinal direction), assumed to be the direction of wave propagation,
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Kg is the linear soil stiffness per unit length as shown in Figure 5.2
and r is the mass density of pipe material.

The analytical results from Equation 10.3, which do not con-
sider slippage at the pipe-soil interface, indicate that the pipe strain
is about equal to free field strain and hence, the inertia effects are
negligible. This result regarding inertia terms is not surprising in
light of the fact that the unit weight of a fluid filled pipe is not
greatly different from that of the surrounding soil.

1 0 . 1 . 3   S h i n o z u k a  a n d  K o i k e
A p p r o a c h

In relation to Newmark’s assumption regarding no relative dis-
placement at the pipe-soil interface, Shinozuka and Koike (1979)
modify Equation 10.3 as follows:

        ρ τ∂
∂

− ∂
∂

=
2

2

2

2

u

t
E

u

z
tp p

s /  (10.4)

where tS is the shear force at the pipe-soil interface per unit length
and t is the pipe wall thickness.

Neglecting the effects of inertia, Shinozuka and Koike (1979)
developed a conversion factor between ground and pipe strains.
For the case of no slippage at the pipe-soil interface (i.e., the soil
springs remain elastic), the conversion factor is,

         
β

π
λ

0 2

1

1
2

=

+ 





⋅ AE
Kg

 (10.5)

That is, the pipe strain is bo times the ground strain. This result
holds as long as the shear strain at the pipe-soil interface, go,

 γ π
λ

ε β0 g
2= Et

G
0  (10.6)
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is less than the critical shear strain, gcr, beyond which slippage
occurs at the pipe-soil interface. The critical shear strain as esti-
mated by Shinozuka and Koike is:

    γ
π

cr
ut

DG
=  (10.7)

In their analysis, Shinozuka and Koike (1979) assumed that
the critical shear strain is 1.0310-3. That is, for γ 0

31 10≤ × − , slip-
page will not take place, while for g0>1310-3, slippage occurs at
the pipe-soil interface.

For large amounts of ground movement, i.e., g0>gcr, the ground
to pipe conversion factor is:

     β γ
γ

βc
cr

o
oq=  (10.8)

where q is a factor which range from 1 to p/2 and quantifies the
degree of slippage at the pipe-soil interface. That is for slippage
over the whole pipe length q = p/2.

The pipe axial strain is then simply calculated by:

        εp = bc•εg (10.9)

1 0 . 1 . 4   M. O ’ R o u r k e  a n d  E l
H m a d i  A p p r o a c h

Also in relation to Newmark’s “no relative displacement as-
sumption”, M. O’Rourke and El Hmadi (1988) use a somewhat
different approach to estimate the maximum axial strain induced
in a continuous pipe due to wave propagation.

Consider a model of a buried pipeline shown in Figure 10.2.
The pipe has cross-sectional area A and modulus of elasticity E.
The soil’s resistance to axial movement of the pipe is modeled by
a linear spring with stiffness Kg and a slider which limits the soil
spring force to the maximum frictional resistance tu at the pipe-
soil interface. If the system remains elastic, that is the pipe strain
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remains below its yield strain and the soil spring force remains
below tu, the differential equation for the pipe axial displacement
Up(x) is:

d

dx
U x U x U xp p g

2

2
2 2( ) ( ) ( )− = −β β  (10.10)

where b2 = Kg/(AE) and Ug(x) is the ground displacement parallel
to the pipe axis.

If the ground strain between two points separated by a dis-
tance LS is modeled by a sinusoidal wave with wavelength l = 4LS,
the ground deformation Ug(x) (i.e., displacement of the base of the
soil springs) is given by:

           U x L
x
L

g g s
s

( ) sin= ε π
2

 (10.11)

where εg is the average ground strain over a separation distance LS.
The pipe strain is then given by:
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After M. O’Rourke and El Hmadi, 1988

■ Figure 10.2  Continuous Pipeline Model
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The elastic solution given in Equation 10.12 holds as long as
the pipe strain is below its yield strain and the maximum force in
the soil spring is less than the frictional resistance at the pipe-soil
interface. That is,
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From Equation 10.13, a slip strain εs is defined as
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 (10.14)

For moderately dense backfill, the slip strain is plotted in Fig-
ure 10.3 as a function of separation distance LS. In this plot, two
different nominal diameters of X-60 grade pipe, D = 30 cm (12in)
and 91 cm (36 in), as well as two different burial depths, H = 0.75
m (2.5 ft) and 1.5 m (5 ft), are considered.

Since the slippage strains are less than the strains which would
results in pipe damage, propagation damage to continuous pipe
typically involve some slippage at the pipe-soil interface.

With this in mind, M. O’Rourke and El Hmadi consider the
upper bound case where slippage occurs over the whole pipe
length.  For a wave with wavelength l, the points of zero ground
strain (points A and B), as shown in Figure 10.4, are separated by
a horizontal distance of l/2.  Assuming a uniform frictional force
per unit length tu, the maximum pipe strain at point C due to fric-
tion is given by:

       ε p
u st L
AE

=  (10.15)

where Ls = λ
4

.
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After M. O’Rourke and El Hmadi, 1988

■ Figure 10.3  Slip Strain vs. Separation Distance for Moderately Dense Sand Backfill

M. O’Rourke and El Hmadi, 1988

■ Figure 10.4  Friction Strain Model for Wave Propagation Effects on Buried Pipelines
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For R-waves, M. O’Rourke and El Hmadi developed an analy-
sis procedure to estimate the maximum pipe strain. This procedure
compares axial strain in the soil to the strain in a continuous pipe-
line due to soil friction along its length. It is assumed that the soil
strain is due to R-waves propagating parallel to the pipe axis. Due
to the dispersive nature of R-wave propagation (i.e., phase veloc-
ity an increasing function of wavelength), the soil strain is a
decreasing function of separation distance or wavelength. The pipe
strain due to the friction at the pipe-soil interface is an increasing
function of separation distance or wavelength. At a particular sepa-
ration distance (that is, for a particular wavelength), the friction
strain matches the soil strain. This unique strain then becomes the
peak strain which could be induced in a continuous pipeline by
R-wave propagation. Figure 10.5 shows both the ground strain
and the pipe strain as function of the separation distance for an
elastic pipe.

As shown in Figure 10.5, for shorter quarter-wavelength sepa-
ration distances, the pipeline frictional force acts over the whole
length (i.e., from A to B in Figure 10.4) and hence, the pipe strain
is linearly proportional to the quarter-wavelength separation dis-

After M. O’Rourke and El Hmadi, 1988

■ Figure 10.5  Frictional Strain and Ground Strain vs. Separation Distance
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tance. However, at longer quarter-wavelength separation distances,
the pipe frictional force acting only near Points A and B results in
a pipe strain equal to the ground strain at Point C. Note that this
procedure for R-waves conservatively assumes that the peak ground
velocity, Vmax, applies to all frequencies (wavelengths) of R-wave
propagation and that all frequencies (wavelengths) are present in
the record.

1 0 . 1 . 5   C o m p a r i s o n  A m o n g
A p p r o a c h e s

A comparison of the three approaches for a continuous pipe
subject to wave propagation are presented in this subsection. The
comparison is based on R-wave propagation having a dispersion
curve with y = 0.48 shown in Figure 10.6. The peak particle veloc-
ity is taken as 0.35 m/s. The ground strains at three frequencies,
from Equation 10.2, are presented in Table 10.1 along with the
estimated strain in a straight pipeline with D=1.07 m (42 in) and
t = 8 mm (5/16 in).

After M. O’Rourke and Ayala, 1990

■ Figure 10.6  Dispersion Curve and Ground Profile for the 1985 Mexico Earthquake Case History
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As shown in Table 10.1, three approaches result in essentially
the same pipe strain when the ground strain is small. In this case
the pipe and soil move together and pipe strain is equal to ground
strain since no slippage occurs. However, for large ground strains,
the pipe strains from the Shinozuka and Koike approach as well as
the M. O’Rourke and El Hmadi approach are both much less than
ground strain. That is, although the ground strains are larger, the
quarter wavelength distances over which the soil friction forces
act are comparatively small. Note that Shinozuka and Koike’s ap-
proach for full slippage case with q = p/2 is essentially the same as
M. O’Rourke and El Hmadi’s. For q = 1 in the Shinozuka and
Koike approach, slippage occurs only over a portion of the pipe,
and the corresponding pipe strains are lower bounds.

1 0 . 1 . 6   C o m p a r i s o n  w i t h  C a s e
H i s t o r i e s

During the 1985 Michoacan earthquake, a welded steel pipe-
line with D = 107 cm (42 in), t = 0.8 cm (5/16 in) and made of API
120 X-42 steel was damaged at several locations within the Lake
Zone in Mexico City. As a case study, M. O’Rourke and Ayala
(1990) estimated the compressive stress in the pipe due to R-wave
propagation.

Figure 10.6 shows the dispersion curve for the fundamental R-
wave, corresponding to the subsoil conditions of the Lake Zone in
the Mexico City (M. O’Rourke and Ayala, 1990). Note that the
generalized ground profile for this site consists roughly of a 40 m
layer of soft clay with a shear wave velocity of 40 m/s. Under this
layer, there are two stiffer strata with shear wave velocities of 300
and 500 m/s respectively. At the bottom is rock with a shear wave
velocity of 1250 m/s.

f
(Hz)

Cph
(m/s)

Wavelength
(m)

εg

(310-3)

Pipe Strain (310-3)

Newmark
Shinozuka & Koike
                q=p/2

O’Rourke
& El Hmadi

0.2

0.3

0.4

0.39

2.5

3.8

0.39

2.5

3.8

0.31

0.77

0.4

0.39

1.3

0.6

0.39

1.3

0.6

900

137

92

4500 m

456 m

230 m

■ Table 10.1  Comparison For Straight Continuous Pipeline

q=1
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For a pipe surrounded by loose sand with g=110 lb/ft3 (17.2
kN/m3) and a coefficient of friction m=0.5, the estimated compres-
sive strain using M. O’Rourke and El Hmadi’s procedure was about
0.002. The corresponding plot of the ground strain and friction
strain is shown in Figure 10.7. Note in this figure, the friction strain
is proportional to the quarter wavelength (i.e., separation distance)
for strains less than about 0.001 (l/4'100 m). For larger separa-
tion distances, although the axial force is still proportional to
separation distance, the strain is not since we are now in the non-
linear portion of the stress-strain diagram for the steel. The local
buckling strain is estimated to be about 0.0026 based upon
D/t=134. That is, the analytical procedure suggests that the pipe-
line was very close to buckling. Note that the pipeline did, in fact,
suffer a local buckling failure at several locations separated by
distances of 300 to 500 m (984 to 1640 ft). This corresponds rea-
sonably well with the 130 m (426 ft) quarter wavelength distance
in Figure 10.7. That is, high compression regions are a wavelength
apart, or 520 m (1706 ft) for the critical quarter-wavelength of
130 m (426 ft).

After M. O’Rourke and Ayala, 1990

■ Figure 10.7  Soil and Friction Strain for Ciudad Nezahualcoyotl Pipeline
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10.2

B e n d s  a n d  T e e s

A pipe network is typically composed of straight pipeline sec-
tions, and interconnecting bends, tees and crosses. The presence
of these elements can produce additional bending strains at these
interconnects and possibly lead to pipe damage. This section will
focus on the effects of bends and tees.

1 0 . 2 . 1   S h a h  a n d  C h u  A p p r o a c h

Considering the interaction forces at the pipe-soil interface,
Shah and Chu (1974), as well as Goodling (1983), developed ana-
lytical formulae for forces and moment at elbows and tees. Figure
10.8 shows the forces acting on a pipeline and pipe deformation
near the bend. The traveling wave is assumed to be propagating
parallel to Element 1 with ground motion also parallel to Element
1 (e.g., R-waves). Element 2 is modeled as a beam on an elastic
foundation with lateral soil stiffness Kg.

After Shah and Chu, 1974

■ Figure 10.8  Displacement and Forces in a Pipe with an Elbow



192       C H A P T E R  1 0

Shah and Chu (1974) assumed that the pipe and ground strains
are equal at a location (Point A in Figure 10.8 b) where no relative
displacement occurs at the pipe-soil interface. Denoting the dis-
tance from this location to the bend as L’ shown in Figure 10.8,
Shah and Chu (1974) as well as Goodling (1983) then estimated
the maximum axial force in Element 1 at the bend (shear force in
Element 2) by:

     S = εmaxAE - tuL’ (10.16)

The moment and flexural displacement at a bend can be then
calculated as:

          M
S=
3ζ  (10.17)

         D1
4
3

= ζS
Kg

 (10.18)

where ζ = K EIg / ( )44  and L’ is the effective slippage length at the
bend.

The effective slippage length, L’, can be calculated based on
displacement compatibility at the bend. That is, within the dis-
tance L’, total ground deformation (taken as εmaxL’) is accommodated
by the lateral displacement of Element 2, D1, and axial deforma-
tion of Element 1, SL

AE
 t L

AE
u′ + ′2

2
.  For a long leg case (i.e., long Element

1), this compatibility condition yields,
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ζ ε
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Similarly, Figure 10.9 shows the forces and deformation for a
tee, again for a wave propagating path parallel to Element 1.
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Using the same procedure as that for bends, Shah and Chu esti-
mate the force, moment and displacement for a tee by the following
equations:

   S = εmaxAE - tuL’  (10.20)

       M
S=
2ζ (10.21)

       D1 = ζS
Kg

 (10.22)

   ′ = + −
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1  (10.23)

Note that Shah and Chu (1974) as well as Goodling (1983)
assume pipe strain is equal to the maximum ground strain at Point
A (Figure 10.8). Based upon the previous discussion of straight
pipe response to wave propagation, this assumption is likely only

After Goodling, 1983

■ Figure 10.9  Representation of Forces, Moments and Displacement at a Tee
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true for small ground strains. Furthermore, they estimate the total
ground displacement simply by the maximum ground strain times
the effective length L’. This implies that the ground strain is con-
stant over the length  L’ which only applies for a wavelength many
times larger than the length L’.

1 0 . 2 . 2   S h i n o z u k a  a n d  K o i k e
A p p r o a c h

Assuming a pipe moving with the soil at the location with zero
ground movement (Point B in Figure 10.10), Shinozuka and Koike
(1979) developed simple equations to estimate pipe strain at bends
based on structural analysis similar to that discussed above. In
their analysis, the effective length, that is, the L’ term, is assumed
to be a quarter wavelength, and the forces are obtained, as in the
previous model, by displacement compatibility at the bend. The
axial force, S, can be then expressed by:

      S
K

Q
g

c g= ⋅ ⋅
+

−( )3
8

1
1

1
λ
π ζ

β ε  (10.24)

where Q
K
AE

g= 3
16

λ
ζ

.

After Shinozuka & Koike, 1979

■ Figure 10.10  Displacement and Forces in a Pipe at an Elbow
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The moment and displacement at the bend can then be calcu-
lated by Equations 10.17 and 10.18. Note that the total ground
deformation within the quarter wavelength is calculated by inte-
grating the pipe strain. That is,

     Dg max= ⋅λ
π

ε
2

 (10.25)

Similarly, the axial force S in Element 1 for a tee is:

    
S
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g
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1
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4
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1
 (10.26)

1 0 . 2 . 3   F i n i t e  E l e m e n t  A p p r o a c h

In order to independently evaluate the assumptions which
underlay the existing approaches, the finite element model shown
in Figure 10.11 was used. In this numerical model, axial and lat-
eral soil springs are used to model the interaction at the pipe-soil
interface. Element 1 is 600 m long and hence, considered appro-
priate for wavelength of roughly 600 m or less. The quasi-static
seismic excitation is modeled by displacing the bases of the soil

■ Figure 10.11  FE Model for Elbow Subject to Wave Propagation
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springs. For example, point F moves Dg in the direction of wave
propagation, while point E does not move. For Element 1, the
movement of the bases (e.g., point D) of the longitudinal soil springs
varies along the pipe matching the sinusoidal pattern as shown in
Figure 10.11(a).

A steel pipe with diameter D = 0.76 m (30 in), wall thickness
t = 0.0095 m (3/8 in) is considered. The assumed seismic excita-
tion is an R-wave with Vmax = 0.36 m/s propagating parallel to
Element 1.

1 0 . 2 . 4   C o m p a r i s o n  A m o n g
A p p r o a c h e s

Results from the finite element approach described in Section
10.2.3 are compared to the existing analytical approaches in this
section. For an elbow, the force, moment and displacement at the
elbow due to travelling wave effects are listed in Table 10.2 using
the Shah and Chu approach, the Shinozuka and Koike approach
as well as the finite element approach described above. Note that
two cases are considered in Table 10.2. In this first case (Case I) the
ground strain and wavelength are taken as 0.29310-3 and 244 m
respectively. While in Case II,  

εg = 1.8310-3 and l = 100 m.
From Equation 10.19, the effective length for the large ground

strain, small wavelength case is 233.3 m by the Gooding/Shah
and Chu approach. Since this effective length is much larger than
a quarter wave length, that approach can not be used. Note that
the effective length by Shinozuka and Koike matches relatively
well with the finite element results for both cases considered here.

As shown in Table 10.2, for a small ground strain case, the
peak pipe strain at the elbow by Shah and Chu is larger than that
by both Shinozuka and Koike and the finite element method. This
is due to the fact that Shah and Chu overestimate the ground de-
formation, and simply assume the maximum pipe strain equal to
maximum ground strain. On the other hand, Shinozuka and Koike’s
approach underestimates the pipe strain at the elbow. This is due
to the fact that the axial soil stiffness they suggested (Kg = 2pG =
2prCs

2 = 4.13109 N/m2 (595 kips/in2)) is much larger than that
(Kg = tu/xu = 8.33106  N/m2 (1.2 kips/in2)) in the finite element model.
For example, by using Kg = 8.33106 N/m2 (1.2 kips/in2) in  Shinozuka
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and Koike’s approach, for the small ground strain case, the peak
strain at the elbow is estimated to be 4.9310-5, which matches the
numerical strain (4.5310-5) very well.

Overall, the comparison in Table 10.2 suggests that, of the avail-
able analytical approaches, the Shinozuka and Koike method
appears more appropriate.

Approach Case l
(m)

εg

(310-3)
Effect
Length

(m)

Dg
(cm)

D
(cm)

S
(N)

M
(N • m)

Peak
Strain

Goodling,
Shah

& Chu

Shinozuka
& Koike

Finite
Element

II

I

II

I

II

I

1.4310-4

-

0

5.5310-4

4.5310-5

5.9310-4

5.93104

-

100.6

2.33105

3.73104

2.93105

4.23104

-

71.8

1.643105

3.23104

1.93105

0.61

-

.001

2.4

0.3

2.4

1.24

-

1.1

2.9

1.1

2.9

42.8

233.3

60

23.6

0.29

1.8

0.29

1.8

0.29

1.8

244

100

244

100

244

100

■ Table 10.2  Comparison For Bend

( )
λ

4
61

( )
λ

4
25





199

11Response  of
Segmented

P i p e l i n es  to
Wave  Propagat i on

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
circumferential 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 is discussed.

11.1

S t r a i g h t  
P i p e l i n e s / T e n s i o n

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 joint movement Du is:

       Du = εmax  • L0 (11.1)

where L0 is the pipe segment length and εmax is the maximum ground
strain parallel to the pipe axis, given, for example, by Equation
3.8.
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For ground motion perpendicular to the pipe axis, the maxi-
mum relative rotation at pipe joints can be estimated by:

     Du = kg • L0 (11.2)

where kg is the maximum ground curvature given, for example, by
Equation 3.9. Equation 11.2 assumes that the bending strain in
pipe segments is small and that all joints experience the same
relative rotation.

In relation to the rigid segment assumption, Wang (1979) de-
termined the joint deformation 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 Kg.

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/in2) 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 joint
opening.

After Wang, 1979

■ Figure 11.1  Model of Segmented Pipeline
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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 opening of 0.85 cm (0.32 in) in Figure 11.2.

The Wang model correctly captures the trend of decreasing
joint opening with increasing joint stiffness. However, it assumes
an equivalent linear joint stiffness while laboratory tests suggest
that joint axial behavior is non-linear. Furthermore, for a given

After Wang, 1979

■ Figure 11.2  Joint Opening due to Wave Propagation vs. Joint Stiffness

After Wang, 1979

■  Figure 11.3  Maximum Axial Strain at Pipe Segments vs. Joint Stiffness
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stiffness, the relative displacement at each joint in the model is the
same. That is, it does not capture the variation in displacement
from joint 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 example, 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
repair for every 182 joints if the pipe segment length is 6.1 m (20
ft). That is, since it is reasonable to assume some variation in re-
sponse from joint to joint, the few joints with largest response
control damage as opposed to joints with “average” response. With
this in mind, El Hmadi and M. O’Rourke (1990) considered a model
somewhat similar to 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 pipe segment. Specifically, a cast iron pipe with lead

caulked joints subject to tensile ground strain was considered. The
assumed force-deformation relation for the joint in tension is shown
in Figure 11.4. The expected variation in the joint slippage force,
FS, was based upon results by T. O’Rourke and Trautmann (1980).

A quasi-static approximation to the seismic wave propagation
environment is modeled by displacing the base of the soil spring
sliders in the longitudinal direction. A simplified Monte Carlo simu-
lation technique is used to establish the characteristics of

After El Hmadi and M. O’Rourke, 1990

■ Figure 11.4  Axial Force-Displacement Curve for a Lead Caulked Joint
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force-displacement relationships at each joint and soil 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).

As shown in Figure 11.5, the average joint displacement is ap-
proximately equal to the product of the ground strain times the pipe
segment length. However, for the data 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
probability (one in a thousand), the joint opening is about five times
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 derived estimation of
joint pull-out 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.

After El Hmadi and M. O’Rourke, 1990

■ Figure 11.5  Relative Joint Displacement vs. Ground Strain for 41 cm Diameter Cast Iron Pipe with
Lead Caulked Joints
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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 ratio (repair/km) for joint pull-out in a cast iron pipe
with lead caulked joints is a decreasing function of pipe diameter.

11.2

S t r a i g h t  P i p e l i n e s/
c o m p r e s s i o n

Extensive damage to concrete pipelines has occurred when
these elements are subject to compressive ground 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
pipe 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-
ion before “lock up” (at about 0.3 inches as shown in Figure 11.6).
The joint compressive displacement, Duult, 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 kN).

When subject to compressive ground strain εg, 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 Duult (i.e., the joint is fully closed). If
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:
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After Bouabid, 1995

■ Figure 11.6  Force-Displacement Relationship for Reinforced Concrete Cylinder Pipe Joints
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For non-liquefied soil, the half-wavelength of seismic waves
(corresponding to (n+1)Lo) is generally larger than 120 m, hence,
the pipe strain is expected to be closer the lower bound value (i.e.,
Equation 11.5).

Using the Monte Carlo technique, M. O’Rourke and Bouabid
(1996) developed 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 (30” RCC), 48 inch-diameter prestressed lined cylinder pipe
(48” LCP) and 60 inch-diameter prestressed embedded cylin-
der pipe (60” ECP).

In this case, the variation in joint crushing thresholds was based
upon the cross-sectional area near the joint and an assumed nor-
mal distribution of concrete strength (mean strength of 5 ksi (34.5
MPa) and 7% coefficient of variation). During the 1985 Michoacan
Earthquake, the average ground strain in the portions of Mexico
City with a significant inventory of large diameter concrete pipe

After M. O’Rourke and Bouabid, 1996

■ Figure 11.7  Analytical Fragility Curves for Concrete Pipe Subject to Compressive Ground Strain
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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, matches relatively well with the observed damage ratio of
0.20. Also most of the pipelines in this Mexico City comparison
are 48 inches in diameter.

11.3

E l b o w s  a n d  C o n n e c t i o n s

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 Iwamoto 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 Shimonaga) in Japan.

For various events, the maximum expansion/contraction at an
elbow is plotted versus the corresponding expansion/contraction
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 reasonable to use three as
the amplification factor for joint openings at bends, relative to the
maximum joint opening induced in corresponding straight pipe-
lines. Iwamoto et al. (1985) also measured expansion/contraction
for joints adjacent to valve boxes. As shown in Figure 11.9, the
behavior is similar to that at elbows in that an amplification factor
of three seems appropriate particularly for large ground strains
(i.e., when the corresponding straight pipe response is larger).

Similar information from Iwamoto et al. (1985) is presented in
Figure 11.10 for joints adjacent to buildings. However, in this case,
the amplification factor is as large as 10.
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After Iwamoto et al., 1985

■ Figure 11.9  Observed Joint Displacement and Amplification Factor at Joint Adjacent to Manhole

After Iwamoto et al., 1985

■ Figure 11.8  Observed Joint Displacement and Amplification Factor for Elbows
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After Iwamoto et al., 1985

■ Figure 11.10  Observed Joint Displacement and Amplification Factor at Joint Adjacent to Buildings

11.4

C o m p a r i s o n  A m o n g
A p p r o a c h e s

This section presents a comparison of three approaches for
estimating joint expansion/contraction in a straight run of pipe sub-
ject to wave propagation. For the comparison presented in Table
11.1, the peak ground velocity is taken as 0.37 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 CI 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 El 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 is used.
Specifically for a 16 in diameter with lead caulked joints, the joint
stiffness K1 and K2 are 3.63105 kN/cm (20.6 kips/in) and 26.5 kN/cm
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(1.5 lbs/in), respectively. For comparison purpose, the joint open-
ing from the Wang approach is evaluated separately assuming linear
stiffness of 3.63105 kN/cm and 26.5 kN/cm, respectively.

The average joint opening from the El Hmadi and M. O’Rourke
approach matches reasonably well with the results from Equation
11.1 and with the Wang approach for Kj = 26.5 kN/cm. However,
when the initial joint stiffness of 3.63105 kN/cm is used in Wang’s
approach, the joint opening is much smaller and the axial strain in
the pipe segments is much larger as shown in Table 11.1. This
illustrates that care must be taken when attempting to model bi-
linear behavior (in this case the axial stiffness of CI pipe joints)
with a linear model.

Based upon a joint depth (dp in Figure 4.11) of 11.5 cm for a
16 to 18 in diameter pipe, one would not expect damage due to
joint pull-out for a joint opening in the range of 0.8 to 0.92 cm
since, as mentioned in Section 4.2.1, the normalized joint dis-
placement is less than about a half (0.92/11.5<<0.5). However,
using the El Hmadi and M. O’Rourke approach, the displacement
for one in a thousand joints is 3.4 cm (normalized displacement =
3.4/11.5=0.3) and hence, some leakage (about one in 10,000 (1/
1031/1000) joints from Figure 4.11) is expected.

An advantage of the Wang approach is that an estimate of the
pipe strain is provided. However, based upon the above discus-
sion, the expected tensile strain in the segments (4.0310-5 strain
corresponding to 0.8 cm joint opening) is less than the yield strain
for a CI pipe of about 2.0310-3 from Chapter 4. Hence, although
pipe strain is provided, it is unlikely that the pipe segment failure
mode governs.

Item Eqn 11.1
(Max.)

Wang (Max.)

Kj = 3.63105

kN/cm
Kj = 26.5
kN/cm

El Hmadi &
 O’Rourke
(Average)

Ground
Strain

Pipe Strain

Joint Opening
(cm)

0.00154 0.00154 0.00154

- 1.2310-3 4.0310-5 -

0.92 0.21 0.8
0.83   Average

2.0  1% Exceedence
3.4  0.1% Exceedence

■ Table 11.1  Comparison of Wave Propagation Response of Straight Segmented Pipelines
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11.5

E f f e c t s  o f
L i q u e f i e d  S o i l

The response of both segmented and continuous pipe to PGD
was discussed in previous chapters. Also the uplifting response of
pipe surrounded by liquefied 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 layer 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 to this mechanism.

Laboratory experiments by Nishio et al. (1987, 1989) provided
an observational basis for the phenomenon. They analyzed the
dynamic response of a continuous pipeline surrounded by non-
liquefied soil but underlain by a liquefied layer. Figure 11.11 shows
their test set up. The pipe is 13 mm (0.51 in) in diameter and made
of poly-carbonate.

The input motion at the base of the model was a sinusoidal
wave with a frequency of 5 Hz and a peak acceleration of about
150 gal. Accelerations throughout the model 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 amplified
by a factor of roughly 2, relative to the input acceleration. Al-

After Nishio et al., 1987

■ Figure 11.11  Configuration of Model and Locations of Gauges
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though the base motion was horizontal (parallel to the pipe axis),
the resulting pipe motion after liquefaction had 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 moving up while right portion moves down).

Ishihara (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-liquefied surface layer, the more seri-
ous the damage.

After Nishio et al., 1987

■ Figure 11.12  Distribution of Peak Pipe Bending Strain
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Considering date from a wide range of earthquake and site
condition, Youd and Garris (1995) evaluate and verify Ishihara’s
criteria. Their study suggests that the thickness bounds proposed
by Ishihara appear valid for sites not susceptible to lateral spread,
but not valid for site susceptible to lateral spread.

After Nishio et al., 1987

■ Figure 11.13  Distribution of Peak Pipe Axial Strain

After Ishihara, 1985

■ Figure 11.14  Ishihara’s Proposed Boundary Curves for Site Identification of Liquefaction-Induced
Damage
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12
   Countermeasures

to Mit igate
Se ism ic  Damage

As indicated previously, seismic damage to buried pipeline is
due to either PGD and/or wave propagation.  Prior studies have
suggested various methods to mitigate against seismic damage to
pipelines.  These include high strength or high ductility materials
for the pipelines themselves, the use of joints with enhanced ex-
pansion/contraction or rotation capability, various methods to
isolate the pipeline from ground movements, various methods to
reduce the amount of ground movement, and finally, avoiding or
rerouting pipes around areas particularly susceptible to damaging
ground movements.

This chapter will briefly describe each of these techniques and
identify situations in which they may be particularly effective.

12.1

R o u t i n g  a n d  R e l o c at i o n

This technique involves simply avoiding areas which are sus-
ceptible to large ground movements.  It is comparatively easy to
implement during the initial design (i.e., route selection) stage for
a new pipeline, but can also be used for an existing line.  For
example, Bukovansky et al. (1985) report on the relocation of a 66
cm (26 in.) natural gas pipeline which was subject to a landslide
hazard.  About 365 m (1200 ft) of line was relocated at a direct
cost of roughly 1 million dollars.  As one might expect, relocation
of an existing line typically requires temporary suspension of ser-
vice.

This method would typically be more effective for the PGD
hazard such as landslides or areas susceptible to liquefaction.  It
could also be used for the fault crossing hazard if the end points
for the line are both on the same side of the active fault.  That is,



216         C H A P T E R  1 2

relocation tends to be more effective when hazard exists only in
an isolated area which can be avoided.  Routing and relocation
tends to be less effective for wave propagation damage, since this
hazard typically exists over much larger areas. Finally, routing and
relocation would typically be easier to implement for transmis-
sion pipe, for which there may be a number of options in terms of
route selection, but more difficult for distribution pipe.  For ex-
ample, if natural gas service is needed along a given street, alternate
locations may be severely limited.

12.2

I so l at i on  f rom  Damag ing  
Ground  Movement

As described above, routing and relocation involve alternate
locations (i.e., realignment in the horizontal plane).  When such
alternate locations are unavailable, impractical or cost prohibi-
tive, isolation techniques can be used to mitigate against seismic
damage to pipelines.  In this case, the pipeline traverses the haz-
ardous area but is isolated from the effects of large ground
movements by realignment in the vertical direction.  A classic ex-
ample is the placement of the Trans-Alaskan pipeline on above
ground “goal post” type supports at fault crossing locations.  That
is, for strike-slip faults there is enough “rattle-space” between the
uprights that the potential fault movement can be accommodated
without overstressing the pipe.  This method can be used for most
types of PGD hazards; however, proper implementation often re-
quires a low-friction sliding surface between the pipe and its
horizontal supporting member.

For certain PGD hazards, the same objectives can be obtained
by directional drilling technology.  In this case, the pipe is isolated
from potential damage by being located below the hazardous area.
Directional drilling can be used for the landslide hazard as well as
the liquefaction hazard.  It is particularly attractive at river cross-
ings which may be susceptible to liquefaction induced PGD of the
bank.  However, this technique cannot be used effectively at faults,
since it is not possible to place the pipe “below” the fault.  A third
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mitigation approach, within this isolation class, involves orienta-
tion of the pipe so as to reduce the potential for damage.  As shown
in Chapters 6 and 7, the potential for damage to a continuous pipe
subject to PGD is reduced as the line is orientated perpendicular
to the direction of ground movement (i.e., transverse PGD as op-
posed to longitudinal PGD).  Similarly, as shown in Chapter 8, a
continuous pipe subject to the fault crossing hazard should be
orientated such that the fault movement places the line in tension
as opposed to compression.  Theoretically, the optimum situation
corresponds to the pipe at right angles to the fault.  However, due
to the difficulty associated with establishing the actual orientation
of the fault line in a horizontal plane, an angle, b, of about 608 is
recommended.

For segmented pipe, the preferred orientations are the same.
That is, as shown in Chapter 9, transverse PGD is preferable to
longitudinal PGD particularly if the joints are flexible.  Also, at
fault crossings, an angle close to 908 is marginally better for typi-
cal joint types.

12.3

R e d u c t i o n  o f  G r o u n d  
M o v e m e n t s

These mitigation techniques involve various types of field treat-
ments to reduce the potential for lateral spreading.  The methods
include increasing the density and strength of sand, lowering the
ground water level and increasing the dissipation of pore water
pressure.  For example, Miyajima et al. (1992) proposed a vertical
gravel drain system along the pipeline right-of-way which reduces
the maximum pore water pressures.  Fujii et al. (1992) suggest
sand and compaction as a technique to increase soil density and
strength, and thereby reduce the potential for liquefaction.  Iwatate
et al. (1988) performed experiments on buried culverts which drain
ground water away from the pipeline.  Finally, one could replace
liquefaction soils in the vicinity of the pipe with nonliquifiable
materials such as gravel to reduce the potential for liquefaction.

These field treatment methods tend to be practical only when
the spatial extent of the liquefied soil deposits is limited and the
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liquifable soil layer is relatively close to the ground surface.  They
are less practical and cost effective for the typical landslide haz-
ard.  In a retrofit situation, they would not necessarily result in
service disruption if done carefully.

12.4

High Strength Mater ials

For continuous pipe, improved seismic performance results,
as one might expect, from the use of stronger materials (i.e., higher
nominal yield stress) and larger pipe wall thickness.  For example,
Table 6.3 shows that the higher strength X-70 pipe can accommo-
date more longitudinal PGD than a corresponding Grade B pipe.
Similar improved performance for higher strength pipe subject to
transverse PGD and fault crossing are shown in Figure 7.18 (re-
duced tensile strain) and Figure 8.11 (larger allowable fault offset),
respectively.  Similarly, Table 6.3, Figure 7.15 and Figure 8.4 show
improved performance for thicker wall pipe subject to longitudi-
nal PGD, transverse PGD and fault crossing, respectively.  Note
that this improved performance is for steel pipe with electric arc
welded butt joints.  The performance of steel pipe with slip joints,
rivet joints or oxy-acetylene welds is expected to be poorer.

Another mitigation option involves reducing the load as op-
posed to increasing the strength. As shown in Section 6.2, the axial
strain induced in a continuous pipe by longitudinal PGD is an
increasing function of the pipe burial parameter bp as defined in
Equation 6.5.

       β µγ
p

H
t

= (12.1)

Hence, axial strain can be reduced by using the smallest pos-
sible burial depth (H), using low density backfill (g), and/or using
coatings which reduce the coefficient of friction at the soil-pipe
interface (m).

These mitigation options can be easily used for design of new
pipelines and also for retrofit of key sections of existing pipe.  Of
course, in the retrofit situation, replacement would in all likeli-
hood result in disruption of service.
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12.5

F l e x i b l e  M a t e r i a l s
a n d  J o i n t s

It has long been argued that the use of more flexible materials
tends to improve the seismic performance of buried pipeline.  The
expected benefits of flexible materials are shown in Figure 1.2.
Note that there are fewer repairs per unit length for ductible iron
(DI) and polyethylene (PE) pipe, at a given MMI level, than for
more brittle materials such as asbestos cement (AC), cast iron (CI),
concrete (Conc), and polyvinyl chloride (PVC).  As shown in Fig-
ures 1.5 and 1.6, one similarly expects improved seismic
performance for flexible pipe materials, such as arc-welded steel
and ductible iron pipe, when subject to various PGD hazards.

For segmented pipe, Isenberg and Richardson (1989),
Ballantyne (1992) and Wang (1994) have suggested the use of flex-
ible joints for pipeline subject to the PGD hazard.  Figure 12.1
presents sketches of various joint types while Table 12.1 lists the
expected deformation capacity, based upon information provided
by Singhal (1984), Isenberg and Richardson, and Akiyoshi et al.
(1994).  However, as explained in Section 6.3, expansion joints

■ Table 12.1  Deformation Capacity of Flexible Joints

Item Pull-Out Rotation Note

Mechanical Joint

Locked Mechanical Joint

Restrained Mechanical Joint

Tyton Joint

Flange-locked Joint

TR FLEX Telescoping Sleeve

Restrained Expansion Joint

XTRA FLEX Coupling

Ball Joint

3 cm

<1 cm

5 cm

3 cm

3 cm

2 D

25 cm

58

58

58

38 - 58

58

58

208

158

Slight Expansion

S-Type Joint (Japan)

Vary with Pipe Diameter

D—Pipe Diameter
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■ Figure 12.1  Various Joint Types
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need to be used with caution.  For example, if an expansion joint
is placed at only one end of a lateral spread zone, the strain in a
continuous pipe induced by longitudinal PGD would actually be
larger than that for a pipe with no expansion joints.

For localized abrupt PGD offsets, such as at a fault crossing,
Ford (1983) suggests, as shown in Figure 12.2, the use of rotationally
flexible ball type joints in combination with an expansion joint.
This combined rotation and extension flexibility could also be use-
ful at other locations when differential movements are expected.
Examples of such locations include the margins of areas with vari-
able subsurface conditions and inlet/outlet to stiff structures such
as tanks and buildings.

After Ford, 1983

■ Figure 12.2  Combined Ball and Expansion Joint
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Nihonkai-Chubu, Japan earthquake,
(1983), 2

cast iron pipe performance, 8
damage due to longitudinal PGD

to segmented pipelines, 170
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damage due to spatially
distributed PGD to segmented
pipelines, 173-174

effects of liquefaction, 27-28
empirical relations, 24
spatial extent of lateral spread

zone, 25-27
Niigata, Japan earthquake, (1964), 2, 4

damage due to liquefied soil to
continuous pipelines, 114,
140-141

damage due to spatially
distributed PGD to segmented
pipelines, 173-174

damage to segmented pipelines,
167

effects of lateral spread, 20
effects of liquefaction, 27-29
empirical relations, 24
spatial extent of lateral spread

zone, 25-27
Normal faults, 166
Northridge, California earthquake,

(1994), 2
buckling of continuous pipelines,

61
damage due to longitudinal PGD

to continuous pipelines, 95-97
damage due to wrinkling of

continuous pipelines, 100-101
effects of variable subsurface

conditions, 46
ground strain, 46
influence of elbows, 110-111
tensile failure of continuous

pipelines, 60

P
Peak ground acceleration

and pipe repairs, 4
attenuation relation for, 35

Permanent ground deformation
abrupt, 10-11, 113
and buried pipelines, 1, 7
and faults, 13
and local soil conditions, 6

and Niigata, Japan earthquake
(1964), 29

and San Fernando earthquake
(1971), 29

and segmented pipelines, 167
patterns of, 27
pipe break rate, 7, 10
spatially distributed, 7-9, 113-116
types of, 6, 13

R
R-waves. See surface waves
Repairs of pipelines, 218-221
Response of ground

numerical models for, 47-53
simplified models for, 54-57

Response of pipelines
and strike slip faults, 150-161
segmented pipelines, 167

Reverse faults, 13, 166
Rock topple. See Landslides
Rockfall. See Landslides
Rotation of joints, 73

S
S-waves. See Body waves
San Fernando, California earth-

quake, (1971), 2-3, 10
cast iron pipes, 8-9
damage due to expansion joints

to continuous pipelines, 105
damage due to fault movement

to continuous pipelines, 149-150
damage due to transverse PGD to

continuous pipelines, 113
damage due to welded slip joints

to continuous pipelines, 67
effect of liquefaction, 27, 29
effect of transverse PGD, 139
empirical relations, 24
ground acceleration records, 51
ground strains, 55
propagation velocity, 38-39, 43-44
transverse PGD patterns, 29

San Francisco Auxiliary Water
Supply System, 12
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San Francisco, California earth-
quake, (1906), xiii-xiv, 1-2, 7

empirical relations, 24
liquefaction, 20

Segmented pipelines
and abrupt deformation, 170-171
and distributed deformation,

168-170
and fault offsets, 174-177
and longitudinal permanent

ground deformation, 168-170
and Niigata, Japan earthquake

(1964), 167
and Tangshan, China earthquake

(1976), 69
and transverse permanent ground

deformation, 171-174
and wave propagation effects, 199
damage mechanisms for, 69-71
failure modes, 69-75, 167, 171,

199
axial pull out, 71-72
circumferential flexural failure, 73

joint rotation, 73
response to permanent ground

deformation, 167
with elbows and connections,

207-209
Seismic hazards

and buried pipelines, 1
fault crossing hazards, 2, 150-157

Seismic vulnerability
and fault offset, 11
of pipelines, 8-9

Seismic wave propagation
and damage to buried pipelines,

2-5, 179
and ground curvature, 45-46
and ground strain, 44-45
and subsurface conditions, 46-47
and wavelength, 42-43
effective propagation velocity,

38-41
idealized patterns of, 92-93
types of, 33-34

Settlement
and Loma Prieta, California

earthquake (1989), 30
causes of, 30
evaluation of, 31-32

Soil-pipe interaction
ASCE TCLEE guidelines for

idealized elasto-plastic
models, 77-78, 80-87

axial movement, 85
lateral movement in horizontal

planes, 85-86
liquified soils

analytical approaches, 141-147
soil springs, 87-88
wrinkling of pipe walls, 100-101

non-liquified soils
comparison with case

histories, 139-141
comparison with finite element

analysis, 137-139
Kobayashi et al., 120-121, 137
Liu and O’Rourke

analytical, 133-137
numerical, 120-129

M. O’Rourke, 131-133, 137
Miyajima and Kitaura, 130-

131, 137
Suzuki et al., 119-120, 137
T. O’Rourke, 117-119, 137

soil springs, 87-88
equivalent stiffness of, 84-85

Spatially distributed permanent
ground deformation, 6-9

and Nihonkai-Chubu earthquake
(1983), 173-174

and Niigata, Japan earthquake
(1964), 173-174

and segmented pipelines, 171-174
Steel pipelines

and empirical damage relations, 8-9
Straight segmented pipelines

and compression, 204-207
and tension, 199-204
response to wave propagation, 210
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Strike slip faults
and response of continuous

pipelines
analytical models for, 150-157
finite element models for, 157-

162
Subsidence. See Settlement
Subsurface conditions

and seismic wave propagation,
46-47

numerical models for, 47-53
simplified models for, 54-55

Surface waves
definition, 33
propagation velocity, 39-41

System serviceability index, 12

T
Tangshan, China earthquake,

(1976), 2
damage to segmented pipelines, 69

Technical Council on Lifeline
Earthquake Engineering (TCLEE)
Committee on Gas and Liquid
Fuel Lifelines Guidelines

guidelines for modeling soil-pipe
interaction, 77-87

parameters in elastic pipe
models, 101

finite element model parameters,
120, 166

Tensile failures
of continuous pipelines, 59-60
of steel pipes, 101-102

Transverse permanent ground
deformation, 88

and continuous pipelines, 113-114
and segmented pipelines, 171-174
finite element analysis of, 117-129
idealization of, 115-116
localized abrupt patterns of, 147-

148
patterns, 29

W
Water supply system performance,

11-12
Wave propagation. See Seismic

wave propagation
Welded slip joints, 67-69
Welded steel pipelines. See steel

pipelines
Wrinkling of pipe walls, 100-101

ASCE guidelines for friction
reduction factor, 101
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