n MCEER MONOGRAPH

Seismic Design of Buried
and Offshore Pipelines

Michael J. O'Rourke
(Jack) X. Liu

MCEER-12-MNO04

[HMMGEER

EARTHQUAKE ENGINEERING TO EXTREME EVENTS



[IIMIMGEER

EARTHOUAKE ENGINEERING TO EXTREME EVENTS

MCEER is a national center of excellence dedicated to the discovery and
development of new knowledge, tools and technologies that equip communities
to become more disaster resilient in the face of earthquakes and other extreme
events. MCEER accomplishes this through a system of multidisciplinary,
multi-hazard research, in tandem with complimentary education and outreach
initiatives.

Headquartered at the University at Buffalo, The State University of New
York, MCEER was originally established by the National Science Foundation in
1986, as the first National Center for Earthquake Engineering Research (NCEER).
In 1998, it became known as the Multidisciplinary Center for Earthquake
Engineering Research (MCEER), from which the current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from
numerous disciplines and institutions throughout the United States, MCEER's
mission has expanded from its original focus on earthquake engineering to one
which addresses the technical and socio-economic impacts of a variety of
hazards, both natural and man-made, on critical infrastructure, facilities, and
society.

The Center derives support from several Federal agencies, including the
National Science Foundation, Federal Highway Administration, and the
Department of Homeland Security/Federal Emergency Management Agency,
and the State of New York, other state governments, academic institutions,
foreign governments and private industry.



SeEIsmMic DESIGN OF BURIED
AND OFFSHORE PIPELINES

by Michael ). O'Rourke’ and
(Jack) X. Liu?

November 28, 2012

Monograph MCEER-12-MN04

1 Professor, Department of Civil and Environmental Engineering,
Rensselaer Polytechnic Institute
2 Principal Consultant, Liu Advanced Engineering, LLC



This monograph was prepared by Rensselaer Polytechnic Institute (RPI) and Liu Advanced
Engineering, LLC. Neither MCEER, associates of MCEER, its sponsors, the University of Buffalo,
State University of New York, RPI, Liu Advanced Engineering, LLC, nor any person acting on

their behalf:

a. makes any warranty, express or implied, with respect to the use of any
information, apparatus, method, or process disclosed in this report or that
such use may not infringe upon privately owned rights; or

b. assumes any liabilities of whatsoever kind with respect to the use of, or
the damage resulting from the use of, any information, apparatus, method,
or process disclosed in this report.

Any opinions, findings, and conclusions or recommendations expressed in this publication are
those of the author(s) and do not necessarily reflect the views of MCEER or its sponsors.

Published by:

MCEER

University at Buffalo, State University of New York
133A Ketter Hall

Buffalo, NY 14260

Phone: (716) 645-3391

Fax: (716) 645-3399

email: mceer@buffalo.edu
http://mceer.buffalo.edu

ISBN 978-0-9656682-4-8

Jane Stoyle Welch, Managing Editor

David Pierro, Illustration and Cover Design
Sarah D'lorio, Layout and Composition

Anna J. Kolberg, Page Design

Cover photographs provided by M. O’Rourke

MCEER Monograph No. 4



PREFACE

BY MICHAEL O’'ROURKE

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 172,000 miles of crude oil
pipelines and 1,540,000 miles of gas pipelines (USDoT, 2011).
The total length of water and sewage pipelines is not readily avail-
able. These pipelines are often referred to as “lifelines” since they
carry materials essential to the support of life and maintenance
of property. Pipelines can be categorized as either continuous or
segmented. Steel pipelines with welded joints are considered to
be continuous while segmented pipelines include cast iron pipe
with caulked or rubber gasket joints, ductile iron pipe with rubber
gasket joints, concrete pipe, and asbestos cement pipe, etc.

The earthquake safety of buried pipelines continues to attract
the attention of both researchers and practitioners. Important
characteristics of buried pipelines are that they generally cover
large areas and are subject to a variety of geotectonic hazards.
Another characteristic of buried pipelines, which distinguishes
them from above-ground structures and facilities, is that 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
seismic wave propagation.

Permanent ground movements include surface faulting, later-
al 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 im-
pose large deformation on pipelines. On the other hand, the wave
propagation 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
earthquake, 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 can be at-
tributed to wave propagation. Hence, although the total amount
of damage 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
compression. Observed seismic failure for segmented pipelines,
particularly those with 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
components subject to permanent ground deformation and wave
propagation hazards, as well as existing methods to quantify the
response. To the extent possible and where appropriate, the re-
view focuses on simplified procedures that 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. Similarily, topics that are a concern for ordi-
nary pipe in non-seismic environments but do not significantly
influence seismic behavior (trench bracing requirements, backfill
compaction, acceptance testing and the like) are not discussed.
Where alternate approaches for analysis or design are available,
attempts are made to compare the results from the different pro-
cedures. In addition, we attempt to benchmark the usefulness and
relative accuracy of various approaches through comparison with
available case histories. Finally, the use of the relations presented
herein is illustrated with design examples.

This monograph is divided into 14 chapters. Chapter 1 is a
review of basic concepts and terminology for both earthquakes
and pipelines. 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 due to travelling wave effects.
Chapter 4 presents the failure modes and corresponding failure
criteria for buried pipelines subject to seismic effects. Chapter 5



reviews commonly used techniques to model the soil-pipe inter-
action in both the longitudinal and transverse directions. Chap-
ters 6 and 7 present the response of continuous pipelines sub-
ject to longitudinal PGD and transverse PGD, respectively, while
Chapter 8 discusses continuous pipe response due to faulting.
Chapter 9 presents 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 seismic wave propagation, respectively. Chapter 12
presents seismic fragility relations for both wave propagation and
PGD hazards. Chapter 13 presents current countermeasures to
reduce damage to pipelines during earthquakes. Finally, Chapter
14 presents three design examples that illustrate the application
of relations and procedures introduced in earlier chapters.
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EARTHQUAKE AND PIPELINE
FUNDAMENTALS

As the title suggests, this monograph concerns itself with the
behavior and design of buried onshore and offshore pipelines
subject to earthquakes. In this first chapter, basic concepts and
terminology related to both earthquakes and pipelines are intro-
duced. This is followed by a brief overview of the content in each
of the following chapters.

EARTHRUAKE FUNDAMENTALS

Earthquakes have been with us for a very long time. An-
cient peoples developed various theories to explain these large
ground movements. For example, the ancient Japanese thought
that earthquakes were caused by the thrashing of a giant catfish
that lived in mud beneath the earth. The modern explanation for
seismic activity is the Plate Tectonics theory. It postulates that the
earth’s surface is composed of seven or eight major plates and a
larger number of minor plates. Earthquake faults are the boundar-
ies between the individual plates. For instance, the San Andreas
Fault system separates the North American Plate to the East from
the Pacific Plate to the West. Earthquakes result from the relative
movement of one plate with respect to its neighbor. Along the
San Andreas Fault, the North American Plate moves towards the
South, while the Pacific Plate moves to the North. As will be men-
tioned shortly, this corresponds to a Transform Plate Boundary.

Plate movement is apparently due to a heat transfer process
below the earth’s surface. In a simple model of the earth’s interior,
there is a relatively thin, cool Lithosphere at the surface, a warm-
er mantle below and a very hot core at the center. The molten
mantle material circulates, picking up heat near the core, rises
towards the Lithosphere where the heat is released with the man-
tle material, then descends downward towards the core where



the cycle repeats itself. When the rising molten material reaches
the Lithosphere and diverges (goes in two opposite horizontal
directions), the plates tend to pull apart. Such Divergent Plate
Boundaries lead to relatively small “ridge” earthquakes. When
two mantle material streams moving in horizontally opposite di-
rections below the Lithosphere converge and head downward,
one plate tends to move beneath the other. These Convergent
Plate Boundaries lead to relatively large “subduction” earth-
quakes. The third type is a Transform Plate Boundary, such as the
San Andreas, where one plate moves laterally with respect to its
neighbor. One expects moderate to large strike-slip earthquakes
at such Transform Plate Boundaries.

Movement at the plate boundaries is sporadic, typically with
at least decades between significant movements. Forces build
over time, eventually fracturing the brittle Lithospheric rock. The
sudden fracture and relative movement across the fault rupture
surface releases built-up energy and generates seismic waves
which propagate away from the fault rupture zone. The passage
of these seismic waves causes the ground to shake back and
forth. However, the ground shaking is transient: the shaking starts
when seismic waves arrive at the site and ends when the waves
have passed.

The ground shaking may trigger landslides of marginally sta-
ble slopes, liquefaction and lateral spreading of saturated san-
dy soil, and settlement of the ground surface. However, unlike
the ground shaking that triggers these ground movements, these
deformations are permanent (i.e., they remain after the seismic
shaking has stopped).

There are a number of different measures of earthquake size.
Prior to the widespread deployment of instruments, the Modified
Mercalli Intensity (MMI) scale was used to characterize earth-
quake size. The intensity was based upon the earthquake’s effects
on people, natural features and man-made facilities. As such, it
varied from high intensity values close to the earthquake’s epicen-
ter to lower values at more distant locations. For example, MMI
VIII corresponds to people generally being frightened, and trees
being shaken strongly with considerable damage to ordinary sub-
stantial buildings. MMI'V corresponds to many people awakened
with some broken glassware and dishes.

The first instrument-based measure of earthquake size was the
Richter Magnitude, now called the Local Magnitude. The Richter
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Magnitude is based on the response of a specific instrument lo-
cated at a specific distance from the event. Although it is widely
recognized by the public, the Richter Magnitude has a problem
correctly measuring large events. Specifically, the Richter scale
has a saturation level at roughly 6.8. That is, irrespective of the
actual earthquake size, the Richter Magnitude does not exceed
6.8. In scientific circles, the Moment Magnitude is the most com-
monly used measure. It is a function of the seismic moment M,
which in turn is the product of the below grade area that ruptured,
the average rupture displacement, and strength of rock that rup-
tured. As such, it is directly related to the amount of fault move-
ment, the length of the fault rupture and the energy released. For
Moment Magnitudes less than about 6.8, the Richter and Moment
Magnitudes are the same number.

There are also more specialized engineering measures of
earthquake size. These include peak ground acceleration (PGA)
and peak ground velocity (PGV). PGA and PGV are usually site
specific values. Empirical attenuation relations allow one to es-
timate the expected PGA and PGV values given earthquake size
and source-to-site distance.

The amount of offset at the surface expression of a fault is
also of interest for engineering purposes. Fault offsets are typi-
cally quantified by either the average or the maximum offset, and
are estimated by empirical relations based upon the earthquake
Moment Magnitude. The amount of permanent movement due to
landslides and lateral spreads is largely controlled by earthquake
size, source-to-site distance, ground slope and various detailed
soil properties.

In terms of their effects on buried pipelines, the two gener-
al classes of seismic hazards are the wave propagation hazard
and the permanent ground deformation (PGD) hazard. The wave
propagation hazard is transient and corresponds to ground shak-
ing. It results in transient strains in buried pipelines, strains that
disappear when the shaking has stopped. The wave propagation
hazard occurs in every event and generally leads to low to mod-
erate damage rates for buried pipe (repairs per kilometer of pipe)
over wide areas.

The PGD hazard corresponds to permanent offset at a fault,
permanent amounts of landslide movement and the like. It results
in permanent strains in buried pipe, strains that remain after the
shaking has stopped. The PGD hazard does not necessarily occur
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in every event, but when it does it generally results in moderate to
high damage rates for buried pipe (again per kilometer of pipe) in
the limited areas where it occurs. Table 1.1 contains brief defini-
tions of seismic terminology used in this monograph.

H Table 1.1 Earthquake Terminology

Term

Definition

Apparent Propagation
Velocity

Speed of traveling wave with respect to a particular direction
different from the wave’s actual direction of travel. Alterna-
tively, propagation velocity back calculated from ground
strain measurements for waves with incoherence.

Attenuation Relation

Equations for estimating engineering
parameters (i.e., PGA and PGV) as functions of earthquake
size and site-to-source distance.

Cap Layer

A non-liquefied layer close to the ground surface with
liquefied soil below.

Drag Length

In the offshore environment, the plan dimension parallel
to the direction of movement of the soil block experiencing
a landslide.

Epicenter

Point on earth surface directly above location of initial
earthquake rupture.

Epicentral Distance

Horizontal distance along earth surface between earthquake
epicenter and site of interest.

Fault Boundary between plates, and place where earthquakes
typically originate.
Focal Depth Vertical distance from epicenter to below ground point of

initial earthquake rupture.

Fault Offset

Relative horizontal and/or vertical movement of one side of
the fault with respect to the other side.

Lateral Spread

Nominally horizontal landslide-like movement of the ground,
the result of liquefaction of the underlying soil.

Liquefaction

Complex process whereby saturated cohesionless soil loses
its shear strength due to increased pore water pressure from
ground shaking.

Longitudinal PGD

Permanent Ground Deformation in which the ground
movement is parallel to the pipe’s longitudinal axis.

Magnitude

A dimensionless number which characterizes the size of
an earthquake.

Moment Magnitude

A magnitude based upon the seismic moment.

Normal Fault

Vertical movement along a vertically inclined fault in which
the overhanging side (side above the incline) moves
downward with respect to the other side.

PGA (Peak Ground
Acceleration)

Engineering measure of the amount of shaking (maximum
acceleration of ground) at a particular site.

PGV (Peak Ground
Velocity)

Engineering measure of the ground shaking (maximum
ground velocity) at a particular site.
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M Table 1.1 Earthquake Terminology (Continued)

Term Definition
Particle Velocity Velocity of a point on the ground surface, its largest
value is PGV.

Propagation Velocity | Speed at which a disturbance, such as an earthquake wave,
travels through the earth or along the earth surface.

Reverse Fault Vertical movement along a vertically inclined fault in which
the overhanging side (above the incline) moves upward with
respect to the other side.

Runout Distance In the offshore environment, total distance that the sliding
block of soil moves from initial location of the head to the
final location of the toe.

Strike-Slip Fault A fault where one side moves horizontally with respect to
the other side. Left lateral if other side appears to have
moved to the left.

Surface Rupture Earthquake rupture at depth which reaches the
ground surface.
Transverse PGD Permanent Ground Deformation in which the ground
movement is perpendicular to the pipe longitudinal axis.
Transient Ground Ground shaking induced ground strain; alternatively, local
Strain ground strain due to local differences in soil properties.

PIPELINE FUNDAMENTALS

Pipelines differ in relation to the fluids they transport: gas, lig-
uid fuels, potable water, sewage, etc. They differ in relation to their
material: steel, cast iron, concrete, etc. They also differ in relation
to their physical characteristics: diameter, wall thickness, burial
depth, etc. However, in terms of seismic behavior and design, the
most important difference is in relation to the manner in which they
are connected. If the axial and rotational stiffness of the pipeline
joint is comparable to that for the pipe section away from the joint,
the pipeline is considered to be continuous. Steel pipe with butt-
welded girth joints, steel pipe with fillet-welded slip joints (WS)),
steel pipe with bolted flanges, and HDPE pipe with fused joints are
examples of continuous pipeline. Although there are differences in
the strength of butt-welded, bolted flange and WSJ pipe, they all
generally perform better than segmented pipeline when subject
to earthquake hazards. Specifically, it is not unusual for continu-
ous pipelines to be damaged by the PGD hazard, but it is unusual
when they are damaged by the wave propagation hazard.
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The other group is segmented pipelines. For segmented pipe-
line, the stiffness of the joints is significantly lower than that for
the portion away from the joint. Cast iron pipe with lead-caulked
joints, ductile iron pipe with push-on rubber gasketed joints, con-
crete cylinder pipe with rubber gasketed joints covered with ex-
terior cement grout are examples of segmented pipelines. Due to
their comparatively low stiffness, segmented pipelines subject, for
example, to axial tension will pull-apart at the joints before expe-
riencing a material failure in the pipe section between the joints.
As noted above, the seismic performance of segmented pipeline
is not as good as that for continuous pipelines. Specifically, it
is common that segmented pipelines are damaged by the wave
propagation as well as the PGD hazards. Table 1.2 contains brief
definitions of pipeline terminology used in this monograph.

M Table 1.2 Pipeline Terminology

Term Definition

Continuous Pipeline Pipeline having joints with axial and rotational stiffness
comparable to that away from the joint.

Segmented Pipeline | Pipeline having joints with axial and rotational stiffness much
lower than that away from the joints.

Welded Slip Joints Joints with interior or exterior fillet welds, connecting the bell
(WS)) end of one segment to the spigot end of another.

Riser Vertical pipeline in which product travels upward
or downward.

CHAPTER SUMMARY

Chapters 2 and 3 cover seismic hazards. Specifically, PGD
hazards including fault offsets, landslides, lateral spreading and
seismic settlements are discussed in Chapter 2. Available empiri-
cal and analytical relations for estimating the amount of move-
ment are provided. Finally, limited information on the spatial ex-
tent of the lateral spread zone, which is particularly important for
buried pipes, is provided.

The wave propagation hazard is covered in Chapter 3. The dif-
ferent types of seismic waves and simplified analytical relations
for the resulting ground strains are presented. The importance of
incoherence for traveling waves (changes in wave shape along the
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propagation path) and the resulting effective propagation veloci-
ties are introduced. Finally, transient ground strains resulting from
local differences in subsurface properties are presented.

Pipe limit states and failure criteria are discussed in Chapter
4. For continuous pipelines, the design tensile and compressive
strains recommended by various groups are presented for butt-
welded and welded slip joint pipe, as well as for both the PGD
and wave propagation hazards. Corresponding limit state rec-
ommendations for segmented pipelines, although limited, are
also discussed.

Chapter 5 presents current information on the interaction
forces at the soil-pipe interface for both onshore and offshore
pipelines. Current recommendations are largely empirical as they
are based upon laboratory tests. However, as much of the under-
lying mechanics are provided as possible so that readers have a
basis for evaluating empirical results.

The response of continuous pipelines to various types of PGD
is covered in Chapters 6 through 8, while Chapter 9 covers seg-
mented pipeline response to the same hazard. Specifically, the
response of continuous pipelines to longitudinal PGD is present-
ed in Chapter 6. This is a particularly important problem since
even butt-welded pipe is susceptible to damage from longitudinal
PGD. The influences of expansion/contraction joints are covered,
as well as the fact that the use of such special joints can be ben-
eficial or detrimental depending on circumstances.

Chapter 7 covers the response of continuous pipelines to
Transverse PGD. For onshore pipe, the behavior is quite different
depending upon whether the PGD is abrupt (ground movement
at margins of slide comparable to that near center) or distributed
(ground movement at margins of slide much less than that near
center). For onshore pipe subject to distributed transverse PGD,
the typical displacements are small enough and the widths of the
zones are wide enough that resulting pipe strains are relatively
small. In the offshore environment, ground movement and the
spatial extent of the PGD zone can be quite large, and applicable
analytical relations for pipe strain are provided.

The response of continuous pipelines to fault offsets is cov-
ered in Chapter 8. Closed form analytical as well as finite ele-
ment results are presented for the preferred case where the pipe
is placed in nominal tension. Centrifuge results are presented,
which indicate that strike-slip offsets resulting in nominal tension
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are preferred to strike-slip offsets resulting in nominal compres-
sion. Similarly, the centrifuge results show that normal faulting is
preferred over reverse faulting.

Chapter 9 covers the response of segmented pipeline to lon-
gitudinal PGD, transverse PGD and fault offsets. It is shown that
segmented pipelines would likely survive distributed transverse
PGD, but would not be expected to survive abrupt transverse
PGD, longitudinal PGD, nor surface faulting.

The responses of continuous and segmented pipelines to the
wave propagation hazard are addressed in Chapters 10 and 11,
respectively. Specifically, in Chapter 10, simple relations for pipe
strain induced in continuous pipelines by wave propagation are
presented and explained. Furthermore, two case histories are
presented which demonstrate that wave propagation damage to
continuous pipelines is possible but not common. Similarly, sim-
ple relations for pipe strain when the pipe enters a tank or build-
ing are provided. Finally, it is shown, at least for ground strain
levels less than 0.1%, that the total strain at an elbow (bending
plus some axial) is usually less than that away from the elbow
(primarily all axial).

The response of segmented pipelines to the wave propaga-
tion hazard is presented in Chapter 11. Simple relations for the
expected response at the average joint are presented. However,
it is shown that the response at a particularly weak or flexible
joint (joint most likely to be damaged) is complicated and re-
quires information on the variation of joint properties from joint
to joint. Computer simulations and experimental observations are
presented which provide confirmation of these views.

Chapter 12 presents fragility relations for segmented pipelines.
Relations based upon ground strain are shown to provide a much
better fit to both wave propagation and PGD-related damage than
either the wave propagation alone relations (based upon PGV) or
the PGD alone relations (based upon the amount of movement).
Finally, recommendations for “acceptable” amounts of damage
are converted into acceptable amounts of ground strain for vari-
ous classes of pipe.

Possible mitigation measures are addressed in Chapter 13.
These include routing and rerouting techniques, preferred orien-
tation techniques, hazard reduction through ground remediation,
and improved performance through the use of anchor points or
soft-springs.
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The monograph concludes with three example problems in
Chapter 14. The first example is a WSJ pipeline crossing a lon-
gitudinal PGD zone for which four retrofit approaches are in-
vestigated. The second example involves an estimate of wave
propagation damage to a segmented cast iron water pipeline. The
preferred orientation for an offshore pipeline crossing a large po-
tential mudslide is covered in the third example.
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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. Pipeline performance, when
subjected to PGD, depends in large part on the amount of PGD
and the spatial extent of the PGD zone, which will be discussed
in detail in this chapter. The aim is to provide a general overview
of each of the four forms of permanent ground deformation. Em-
pirical or analytical relations for the amount of PGD are present-
ed, as well as observations of the spatial extent of the PGD zone.
When available, values recommended for design are provided.

FAULT

As noted in Chapter 1, earthquakes originate well below the
earth surface, along faults in the earth’s crust. If the earthquake
magnitude is large enough, the offset will propagate all the way
to the surface, resulting in a surface rupture or surface expres-
sion of the fault offset. Youngs et al. (2003) presents a number
of relations for the probability of surface rupture as a function of
earthquake magnitude. As shown in Figure 2.1, there is less than
a 10% chance of surface rupture for a magnitude 5 event, about a
50% chance for events with magnitudes in the 6 to 6.5 range, and
more than a 90% chance for a magnitude 7.5 event.

Often there is some uncertainty as to the exact location of a
surface fault, as well as the distribution of the fault offset across
the fault zone. For example, in a project involving the Hetch-
Hetchy Aqueducts crossing the Hayward Fault in Fremont, Cali-
fornia, 85% of the offset was expected to occur in a 10-foot-wide
“active creep zone” with the remaining 15% occurring in “sub-
sidiary faulting zones” on either side. The American Lifeline Al-
liance (ALA) Design Guidelines for Seismic Resistant Water Pipe-



line Installations (2005), recommends four separate scenarios in
relation to fault offset distribution. They envision a main offset
zone (Zone A) and two secondary zones (Zone B), with the width
of the zones being established by an engineering geologist. In
three of the ALA scenarios, 85% of the total movement occurs as
a knife edge at the left-hand edge, right-hand edge or the middle
of Zone A. These distinctions are important only if the soil proper-
ties, pipe properties or burial depths on one side of the fault are
significantly different from those on the other side. In that case,
as will be shown later, the worst case location for the fault offset
would be closer to the stiff soil, deep burial side.

Probability of Surface Rupture

. IR NTU NS U N
4 4.5 5 5.5 6 6.5 7 7.5 8 85

Earthquake Magnitude

After Youngs et al., 2003
W Figure 2.1 Probability of Surface Rupture as a Function of Earthquake Magnitude

Principal types of fault movement include strike-slip, normal-
slip and reverse slip, as shown in Figure 2.2. In a strike-slip fault,
the offset is in a horizontal plane, which deforms a continuous
pipe primarily in axial tension and bending or axial compression
and bending depending on the pipe-fault intersection angle. In
normal and reverse faults, the predominant ground displacement
is vertical. When the overhanging side of the fault moves down-
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wards, the fault is normal, which deforms a horizontal pipe in
axial tension and bending. When the overhanging side of the fault
moves upwards, the fault is reverse, which deforms a horizontal
pipe in axial compression and bending.

Footwall Side
Overhanging Side

Block Before Faulting ~ Normal Fault Reverse Fault

Strike-Slip Fault Oblique-Slip Fault

After Meyersohn, 1991
B Figure 2.2 Block Diagrams of Surface Faulting

Various empirical relations between fault displacement and
earthquake size have been proposed. The Wells and Coppersmith
relations are arguably the most widely recognized and seem to
be the relations used most frequently in practice. Wells and Cop-
persmith (1994) selected 244 earthquakes for analysis from a
worldwide database of 421 historical earthquakes. They estab-
lish empirical relations between surface rupture length, maxi-
mum rupture displacement and average rupture displacement as
a function of the earthquake moment magnitude. The relations for
the average displacement are:

log 3, =-6.32 + 0.90M for Strike-Slip Fault (2.1)
log 3, = -4.45 + 0.63M for Normal Fault (2.2)
log 3, = -0.74 + 0.08M for Reverse Fault (2.3)

where 8, is the average fault displacement, in meters, and M is the
moment magnitude. The observed fault displacement in the Wells
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and Coppersmith’s database (i.e., moment magnitude ranges 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 2.3. Note that the single curve (i.e., solid lines)
in Figure 2.3(a) is for a combined “all-slip type” model, while the
three curves in Figure 2.3(b) are for strike slip, reverse and normal
faults, respectively.
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After Wells and Coppersmith, 1994
B Figure 2.3 Regression of Average Surface Displacement on Magnitude

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 ex-
pected fault displacement.

log 3, =-4.80 + 0.69M for all (2.4)

As one might imagine, there is a lot of variability in the offset
displacement along the surface rupture length. However, the larg-
est displacement often occurs towards the middle of the surface
rupture length and the smallest towards the ends.

For the data analyzed by Wells and Coopersmith (1994), the
ratio of the average displacement to the maximum displacement
(both along an individual surface rupture) ranged from 0.2 to 0.8.
Considering all events, the average displacement was about half
the maximum displacement.
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In the ALA Guideline (2005), the return period for various
pipeline design parameters are given in terms of the so-called
Pipe Function Classification. This classification system ranks
pipelines in terms of seismic importance, with Class | being pipe
with very low seismic importance, Class Il being ordinary pipe,
Class lll being critical pipe that provides service to a large number
of customers and Class IV being essential pipe that is intended
to remain operational after the event. As noted in the Guideline
Commentary, for a community with about 1,000 miles of water
pipeline, it is expected that perhaps 5% of the pipe, by mileage,
would be Function Class I, 75 to 85% would be Function Class
[, 10% or 20% would be Function Class Ill and only 1 to 5%
would be Function Class IV. In general, seismic events with return
periods of 475, 975 and 2,475 years are recommended for Pipe
Function Classes II, lll and 1V, respectively. In relation to fault off-
sets, the ALA Guidelines recommend using the average displace-
ment given in Equations 2.1 through 2.4 for Function Class Il and
1.5 and 2 times the average for Classes Il and IV, respectively, as
shown in Table 2.1. Although not stated explicitly, the average
displacement (Class I, ordinary pipe) is presumably calculated
with the moment magnitude having a 475-year return period. Be-
cause of the ratio of average to maximum fault displacements,
the recommended design offset for essential pipe (Class IV) is the
maximum displacement for the 475-year event.

Inthe 2004 PRCI Guidelines for the Seismic Design and Assess-
ment of Natural Gas and Liquid Hydrocarbon Pipelines (Honeg-
ger and Nyman, 2004) the fault displacement recommended for
design is a function of the site location (e.g., environmentally

M Table 2.1 2005 ALA Guidelines Recommended PGD Hazards

Pipe Fault Offset Landslide Lateral Spread Lateral Lateral
Function Displacements Spread Spread
Classification Width, W Length, L
Class Il Equation 2.1 | Equation 2.6 | Equation 2.16 900 ft 300 ft

Ordinary through 2.4 | for 475-Year for 475-Year

(depending Event Event

on fault type)

for 475-Year

Event

Class Il 1.5 x Class Il 1.75 x 1.5 x Class Il 700 ft 500 ft
Critical Class Il
Class IV 2.0 xClass Il | 2.5 x Class Il | 2.0 x Class Il 500 ft 700 ft
Essential
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sensitive areas) and potential consequences of loss of pressure in-
tegrity (e.g., explosion and fire). The recommended fault displace-
ments range from the average value (Equations 2.1 through 2.4) to
the maximum value (nominally twice the value in Equations 2.1
through 2.4) for a return period presumably selected by the owner
and/or regulators.

LANDSLIDES

Landslides are mass ground movements. Onshore landslides
can be triggered by seismic shaking which increases the lateral
driving forces, or by wet weather which reduces the soil masses
resistance to downslope movements. Offshore landslides can be
caused mainly by seismic shaking or by storm waves. Each type is
discussed separately below.

2.2.1 ONSHORE LANDSLIDES

A large number of classification systems have been developed
for onshore landslides. The most widely used classification sys-
tem in the United States was devised by Varnes (1978). Varnes
identified five principal categories based on soil movements, ge-
ometry 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 their effects on pipelines, Meyersohn (1991) estab-
lished three types of landslides, as shown in Figure 2.4. Type |
includes rock fall and rock topple, which can cause damage to
above-ground pipelines by direct impact of falling rocks. This type
of landslide has relatively little effect on buried pipelines and is
not discussed in detail herein. Type Il includes earth flow and de-
bris flow, in which the transported material behaves as a viscous
fluid. Large movements (several meters or more) are often associ-
ated with this type of landslide but the expected amount of move-
ment is difficult to predict. Type Il landslides are not discussed
herein. Type Ill 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
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After Meyersohn, 1991
B Figure 2.4 Selected Ground Failure Associated with Landsliding

pipelines often cross such zones, the following will focus on this
type of landslide.

Intuitively, the potential for an earthquake-induced onshore
landslide is an increasing function of the earthquake size and the
slope angle. According to a recent summary by Miles and Keefer
(2009), the minimum slope angle for “soil slumps and soil block
sides” is 5 to 15 degrees. Empirical methods have also been used
to determine upper bounds for the occurrence of onshore land-
slides. Figure 2.5 shows one such relation (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.
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Work by Jibson and Keefer (1993) resulted in analytical esti-
mates of the expected amount of landslide movement. They used
the computer program STABL (Siegel, 1978) to search for the criti-
cal failure surface by randomly generating slip surfaces and calcu-
lating the factor of safety (FS). As used herein, the factor of safety
is the ratio of the sum of the resisting forces and the 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 crit-
ical acceleration, a_, can then be defined as:

a_=g(Fs-1)sina (2.5)
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where g is the acceleration due to gravity, a is the inclined angle
of the slope and £S5 is the factor of safety. The critical acceleration
is a threshold, above which movement of the block is possible.
The displacement of the block is then calculated by double in-
tegration of the ground accelerations larger than the critical ac-
celeration a,.

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 2.6,
for which the best regression function is:

log D, = 1.460 logl - 6.642 a_+ 1.546 (2.6)

where D, is the Newmark displacement in centimeters, a_is the
critical acceleration in g’s and /_is the Arias Intensity in m/s, de-
fined as:

T

| = — | [a(®]*dt (2.7)
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B Figure 2.6 Newmark Displacement vs. Arias Intensity for Critical Accelerations of 0.02-0.40 g

PERMANENT GROUND DEFORMATION HAZARDS 19



where a(t) is the ground acceleration time history. As expected,
the Newmark displacement is an increasing function of / and a
decreasing function of threshold critical acceleration.

In this regard, Wilson and Keefer (1983) developed a simple
relationship between Arias Intensity, earthquake magnitude, M,
and source distance, R, in kilometers:

logl =M -2 logR - 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.

In the ALA Guidelines (2005), the landslide displacements
recommended for design are given a D, 1.75 D, and 2.5 D,,
respectively, for Pipe Function Class I, Ill and IV. The displace-
ment D is that given in Equation 2.6, presumably for an event
with a return period of 475 years. The factors of 1.75 and 2.5
apparently result in design displacements with return periods of
975 and 2,175 years, respectively. The spatial extent of the design
landslide is not specified.

2.2.2 0OFFSHORE LANDSLIDES

As noted above, offshore landslides are caused mainly by
earthquake shaking or storm waves, although underwater mud
volcanoes and seafloor erosion are occasionally the cause. As
one would expect, the locations for seismically induced offshore
landslides are in earthquake prone areas. For storm wave-induced
landslides, the locations are coastal regions, specifically down-
stream of river deltas with high sediment loads. Rapid sedimenta-
tion in these areas result in very weak seafloor and near seafloor
soils. Finally, the permeability of seafloor soils influence the like-
lihood of landslides. Both seismic waves and storm waves induce
dynamic or cyclic loading, which for fine soils can lead to excess
pore water pressures and loss of shear strength.

The loading mechanism for earthquake shaking induced off-
shore slides is essentially the same as for onshore slides, lateral
inertia force. The mechanism for storm wave landslides is differ-
ent. Vertical pressure on the ocean floor is larger under the storm
wave crest and lower under the wave trough. When the wave
crest is over the head of a potential slide area, and the trough is
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over the toe, a net moment due to the difference in vertical water
pressure exists about the center of the potential slide tending to
rotate the slide (both the head and toe moving downslope). Of the
two types, storm wave offshore landslides are less common than
earthquake-induced offshore landslides based on the 366 slope
failures for which the trigger mechanism was reported (Hance,
2003). Given the scope of this monograph, we will concentrate
on the later.

Like their onshore counterparts, the ground movement for
offshore landslides is downslope. However, the slope for subma-
rine slides is typically much smaller and the run-out distance is
typically much larger than that for onshore slides. For example,
Hance (2003) studied 534 submarine landslides, of which about
40% were induced by earthquakes and about 30% where in-
duced by rapid sedimentation and storm waves. Figure 2.7 shows
the distribution of slope angle for 339 of these events. Note that
slope angles between 3 and 4 degrees are the most common. The
mean was 5.8 degrees, while the median slope was 4.0 degrees.
The minimum slope was just 0.5 degrees. However, it is thought
that because of soil liquefaction caused by a strong earthquake,
the soil lost essentially all its shear strength in that extreme case.

@ 399 events
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After Hance and Wright, 2003
W Figure 2.7 Frequency Distribution for the Average Slope Angle for Submarine Landslides
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The simplified geometry of a submarine slide is sketched in
Figure 2.8 showing a volume of soil sliding downslope. The total
amount of movement (limit of disturbed seafloor downslope of
headscarp) is the run-out distance, R. According to Hance, the
median run-out distance is 8 km, while the mean is 41 km. As
with all the offshore landslide parameters, the mean is substan-
tially larger than the median. This indicates that the distribution is
skewed, with a “highside” tail. Figure 2.9 presents the run-out dis-
tance as a function of the slope angle, again from Hance (2003).
Except for one data point, all the run-out distances are more than
300 m. It is possible that some smaller landslides, with run-out
distances less than 300 m, were simply unnoticed. Finally, note
that the largest run-out distances are associated with slopes less
than 10 degrees. It is possible that a thin layer of water may be
trapped under the slide. This may explain the extraordinary large
run-out distances for some of the gentle slope conditions.

The median and mean for the slide thickness are 50 m and 141
m, respectively. The two other geometric parameters are the slide
area (median = 200 km?, mean = 3,600 km?) and slide volume
(median = 3.5 km?, mean = 354 km?®). As will be demonstrated in
subsequent chapters, pipeline response is strongly influenced by
the length L (downslope plan dimension as shown in Figure 2.8)
and the width W (cross-slope plan dimension). The width can be
estimated by dividing the total plan area by the run-out distance,
while the length can be estimated by dividing the volume by the
product of the thickness and width. Using median values, the esti-
mated median width is 25 km, while the estimated median length
is 2.8 km. This estimated median length seems reasonable since it
is less than the median run-out distance of 8 km.

As will be explained in more detail in Chapters 6 and 7, the
response of a pipeline to a landslide is a function of the orienta-
tion of a pipeline to the direction of ground movement. How-
ever, irrespective of the orientation, the response is controlled by
the smaller of the imposed displacement or the maximum force
available at the soil-pipe interface. The imposed displacements for
submarine slides are so large that pipeline response is likely con-
trolled by the maximum force available at the soil-pipe interface.
Fortunately, as will be disclosed in more detail in Chapter 5, the
maximum soil forces for submarine pipeline are substantially low-
er than those for on-slope pipelines with typical burial depths.
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LATERAL SPREADING

Lateral spreads develop when a loose saturated sandy soil de-
posit liquefies due to seismic shaking. The increase in pore water
pressure resulting from the liquefaction process causes non-cohe-
sive soil to lose its shear strength, which in turn results in the flow
or lateral movement of soil. Although the ground movement 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.

Liquefaction is a complex topic which has been the subject of
separate monographs and numerous professional journal papers.
For larger projects, a geotechnical engineer will often provide an
assessment of the potential for liquefaction and associated move-
ments. There are a number of methodologies for performing such
an analysis. For example, based on a 1997 NCEER workshop rec-
ommendation, Honegger and Nyman (2004) present procedures
that require either SPT (Standard Penetration Test) or CPT (Cone
Penetration Test) information.

Along the same lines, the HAZUS Technical Manual (NIBS,
1996) presents a procedure for estimating the probability of lique-
faction. In the HAZUS methodology, the potential for liquefaction
is a function of the soil liquefaction susceptibility, the peak accel-
eration at the site and correction factors. As shown in Table 2.2, lig-
uefaction susceptibility category (high, moderate, etc.) is a function
of the type of deposit (delta, flood plain, etc.) and the deposit age
(Modern, Holocene, etc.). For a given susceptibility category, the
probability of liquefaction is a function of the sites’ peak horizontal
ground acceleration, PGA, the earthquake moment magnitude, M,
and the depth to the water table, d (ft). For M = 7.5 and d =5
ft, Figure 2.10 presents the probability of liquefaction for various
susceptibility groups as a function of PGA. Note there is a 50-50
chance of liquefaction of a high susceptibility category deposit for
PGA of about 0.18 g, again for M = 7.5 and d =5 ft. The general
relation including correction factors for moment magnitudes other
than 7.5, K , and depths to the water table other than 5 ft, K , is:

Prob (liq for M =7.5d  =5)

Prob (lig) = (2.9)

ml

K K
m w
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W Table 2.2 Liquefaction Susceptibility Category Utilized in HAZUS

Type of
Deposit

General
Distribution of

Likelihood that Cohesionless Sediments when
Saturated would be Susceptible to Liquefaction

Cohesionless (by Age of Deposit)
Segi;nen'ts in 7500 yr | Holocene | Pleistocene Pre-
posits Modern <11 ka 11 ka-2 | Pleistocene
Ma > 2 Ma
(a) Continental Deposits
River channel | Locally variable | Very High High Low Very Low
Flood plain Locally variable High Moderate Low Very Low
Alluvial fan Widespread Moderate Low Low Very Low
and plain
Marine terraces |  Widespread | = ------ Low Very Low Very Low
and plains
Delta and fan- Widespread High Moderate Low Very Low
delta
Lacustrine and Variable High Moderate Low Very Low
playa
Colluvium Variable High Moderate Low Very Low
Talus Widespread Low Low Very Low Very Low
Dunes Widespread High Moderate Low Very Low
Loess Variable High High High Unknown
Glacial till Variable Low Low Very Low Very Low
Tuff Rare Low Low Very Low Very Low
Tephra Widespread High High ? ?
Residual soils Rare Low Low Very Low Very Low
Sebka Locally variable High Moderate Low Very Low
(b) Coastal Zone

Delta Widespread | Very High High Low Very Low
Esturine Locally variable High Moderate Low Very Low
Beach

High Wave | Widespread Moderate Low Very Low Very Low

Energy
Low Wave [ Widespread High Moderate Low Very Low
Energy
Lagoonal Locally variable High Moderate Low Very Low
Fore shore Locally variable High Moderate Low Very Low
(c) Artificial

Uncompacted Variable Very High | -~ | = —— | -
Fill
Compacted Fill Variable Low [ = | - |

PERMANENT GROUND DEFORMATION HAZARDS




where

K =0.0027M° - 0.0267M?* - 0.2055M +2.9188 (2.10)
and

K =0.022d_+0.93 (2.11)

The magnitude correction factor K varies from 1.7 for a M
= 4.5 event down to 0.90 for a M = 8.5 event. It accounts for
the influence of ground shaking duration—increased potential
for liquefaction for increased duration, longer duration for larger
magnitude events.

The water table correction factor K varies from 1.0 for d, =
5ftupto 1.6 ford, =30 ft. It accounts for a decrease in liquefac-
tion potential with an increase in the depth to the water table.

s T caly
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3 Susceptibility
L 075
=3 Very High
- High
S 0.5 °
= . Moderate
2 ER——

0.25
—.é = = = =Very Low
o

0 I I | |
0 5 k 0.3 0.4 0.5 0.6

Peak Horizontal Ground Acceleration, PGA (g)

B Figure 2.10 Conditional Probability of Liquefaction Used in HAZUS

The final factor in Equation 2.9 is P_, the map unit factor. As
shown in Table 2.3, it varies from 0.25 for deposits in the very
high susceptibility category down to 0.02 for deposits in the very
low category. It accounts for the fact that liquefaction is taken as
having occurred when any portion of a given deposit liquefies.
That is, due to variations in relative density and grain size distri-
butions, when “liquefaction occurs” only a comparatively small
fraction of soil (same susceptibility category) actually liquefies.
The map unit values used in HAZUS (Table 2.3) relied heavily on
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the judgment of Geomatrix geotechnical engineers. As reported
by Wijewickreme et al. (2005), the Terasen (now Fortis BC) Gas
project in British Columbia utilized a similar concept. In that
case, the map unit factor—percent of mapped susceptible area
expected to liquefy—was taken to be 34% for areas within 1 km
of the coast or major river channels, and 17% elsewhere.

B Table 2.3 Map Unit Reduction Factor, P, Used in HAZUS

Liquefaction Susceptibility Category | Percentage of Plan Area Expected to Liquefy
Very High 25%
High 20%
Moderate 10%
Low 5%
Very Low 2%

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 es-
sentially at the ground surface. For this 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 the pipeline. That is, the pipeline is contained in a non-
liquefied surface soil layer (Cap Layer) which rides over the lique-
fied layer. For this second case, the pipeline is subject to horizon-
tal forces due to non-liquefied soil-structure interaction but not
subject to buoyancy effects. Pipeline response to such horizontal
loading is discussed in Chapters 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. According
to Barlett and Youd (1992), these free face lateral spreads have
occurred within 300 m (984 ft) of the free face, with the average
distance from the free face being about 100 m (328 ft). 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, whichever is larger. According to
data presented by Bardet et al. (2002), the ground slopes associ-
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ated with these “away from free face” lateral spreads are typically
less than about 1.5%.

The ALA Guidelines (2005) recommend that, for locations with-
in 1,000 ft of a water boundary or on land with an average slope
larger than 1%, the ground movement be taken as downslope or
towards the water for design purposes. For other locations, ground
movement in any direction should be considered.

There are four geometric characteristics of a lateral spread
which influence pipeline response in a horizontal plane. With
reference to Figure 2.11, these are the amount of PGD move-
ment §, the transverse width of the PGD zone W, the longitudi-
nal length of the PGD zone L, and the pattern or distribution of
ground movement within the zone.

L Length L |
B —_—
P
A A E
<
—_ N
B
c (a) Plan View
_> /\
W - —» P>
7 L I
(b) Transverse Pattern (c) Longitudinal Pattern

W Figure 2.11 Characteristics of Lateral Spreading
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2.3.1 AMOuNT orF PGD

The amount of lateral spread movement is one of the param-
eters that influences pipeline performance. These PGD move-
ments tend to be large. According to data presented by Bardet
et al. (2002), the most common displacement for both ground
slope (GS) and free face (FF) lateral spreads are typically in the 1
to 2 m range, with the largest observed GS and FF displacements
being about 4 m and 10 m, respectively. Predicting the amount
of ground displacement due to soil liquefaction is a 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
resistance 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. Finally, 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.

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. In practice, the empirical
relations to be discussed next are more commonly used.

Empirical Models

Several empirical models have been proposed to predict later-
al spread displacements. Bardet et al. (2002) presents a summary
of the previous work. This includes the Hamada et al. (1986) rela-
tion in which the horizontal displacements are given as a function
of the thickness of the liquefied layer, and the larger of the ground
slope or the slope of the bottom of the liquefied layer. Also includ-
ed in the Bardet et al. summary is the Youd and Perkins (1987)
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Liquefaction Severity Index, in which the displacement is given as
a function of epicentral distance and earthquake magnitude.
However, a series of empirical relations developed by Youd
and colleagues at Brigham Young University are arguably the most
widely recognized and commonly used in practice. The most recent
of the Youd relations, Youd et al. (2002), will be presented herein.
Using data from a number of events, Youd et al. (2002) devel-
oped two empirical relations for the expected amount of PGD due
to liquefaction. The first is for lateral spreads down gentle ground
slopes (GS) and the other is for lateral spreads at a free face (FF).

For gently sloping ground (GS) conditions, the relation is:

logd =-16.213 + 1.532M - 1.406 log R* - 0.012R
+0.338 log S+ 0.540 log T, + 3.413 log(100 - F,)

-0.795 |Og(D5O15 + 0.1) (2.12)
For PGD at a free face (FF):

log & =-16.71 + 1.532M - 1.406 log R* - 0.012R
+0.592 log Y + 0.540 log T, + 3.413 log(100 - F,,)

- 0.795 log(D50,, + 0.1) (2.13)

where 3 is the permanent horizontal displacement of ground (m),
M is the earthquake magnitude, S is the ground slope (in per-
cent, shown in Figure 2.12(a)), Y is the free face ratio (in per-
cent, shown in Figure 2.12(b)), F,. is the average fines contents in
T, (%), D50, is the mean grain size in T, (mm) and T, is the
thickness (m) of saturated cohesionless soils with a corrected SPT
value less than 15. In this most recent Youd relation, R* is an ad-
justed distance parameter (km):

R*=R+R (2.14)
and

R,=10 exp (0.89M - 5.64) (2.15)
where R is the horizontal or mapped distance (km) from the site

to the nearest bound of the seismic energy source. For locations
with R < 0.5 km, Youd recommends a value of 0.5 km.
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In a sense, the Youd relations combine the Hamada relation,
in which displacement is a function of the layer thickness and site
geometry, with the LSI, in which displacement is a function of
earthquake size and distance. Unique aspects of the new Youd re-
lationships are the inclusion of soil characteristics, F,. and D50,
as well as the distinction between free face and ground slope
cases. The overall accuracy of Equations 2.12 and 2.13 is rela-
tively good, in that predicted values are typically within a factor
of two of the observed values.

Finally, Bardet et al. (2002) have developed a so-called four
parameter empirical relation for lateral spread displacements.
Like Youd, the Bardet et al. relations apply to either ground slope
or free face conditions. In point of fact, Bardet uses the same
parameters as Youd to quantify site geometry. Unlike Youd, the
Bardet relations do not consider the soil parameters F,. and
D50,., and as one might expect, the predictive capability of the
Bardet relations are not quite as good as that of the Youd rela-
tions. However, an advantage of the Bardet relations is that the
probability of exceedance and associated confidence intervals
can be determined.

Bardet has two relations, one (Data Set A) that considers 467
data points and a second that only considers the 213 data points
with displacements less than 2.0 m. The Data Set A relation is:

log ®+0.01)=-7.280+1.017 M-0.278 log (R) - 0.026
R +0.497 log () + 0.454 log (S) + 0.558 - log (T,,) (2.16)

where all the parameters are the same as in Equations 2.12 and
2.13 except that R is now simply the epicentral distance.

Since it does not require soil properties, the Bardet relation is
easier to apply than the Youd relation. It is possible that this ad-
vantage is the reason for it being recommended for estimation of
lateral spread displacement in the 2005 ALA Guideline. Specifi-
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cally, as shown in Table 2.1, the value from Equation 2.16 is to be
used for design of ordinary (Function Class Il) pipe, while 1.5 and
2.0 times the Bardet value is to be used for critical (Function Class
[1) and essential (Function Class 1V) pipe, respectively.

An alternate for cases where the soil parameters F,_and D50,
are unknown or difficult to obtain, presumably would be to use
representative values in the Youd relations. Based upon figures in
Youd et al. (2002), the median for D50, , is about 4 mm while the
median for F _ is about 15%.

2.3.2 SPATIAL EXTENT OF LATERAL SPREAD ZONE

As will be seen later, the width and the length of the PGD
zone have a strong influence on pipe response to PGD. Unfor-
tunately, the currently available information on the spatial extent
of the lateral spread zone is somewhat limited and largely em-
pirical. One expects that the spatial extent of the lateral spread
zone strongly correlates with the plan dimensions of the area that
liquefies. However, even if true, this would require information
from a number of bore holes to establish the boundary between
the liquefied (or likely to liquefy) and non-liquefied (unlikely to
liquefy) regions. In the following, both the width W and length L
as shown in Figure 2.11 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 2.13 of
the amount of ground movement and spatial extent of the lateral
spread zone for PGD apparently 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 1,968 ft) and the lateral displacement tends
to increase with increasing width. For example, as observed in
the 2005 ALA Guidelines, the average amount of displacement
is about 0.3% of the width of the zone. The widths of the lat-
eral spread zone recommended for design purposes in the ALA
Guideline are functions of the pipe's function class. They also
recognize that for a given amount of displacement, smaller val-
ues of W result in larger pipe strain. Specifically, the ALA Guide-
lines recommend a width of 900 ft for Function Class Il pipe. This
roughly corresponds to the average value in Figure 2.13. Values
of 700 and 500 ft, respectively, are recommended for Classes Il
and IV, as shown in Table 2.1.
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In terms of the length of the lateral spread zone at a free face,
the study by Bartlett and Youd (1992) provides useful information.
Figure 2.14 shows observed data on the amount of PGD and the
length of the lateral spread zone at a free face. In comparison to
the ground slope cases in Figure 2.13, the displacements for the
free face cases in Figure 2.14 are larger. On the other hand, the
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length of the PGD zone, at least for the free face cases in Figure
2.14, are smaller than the widths in Figure 2.13. Although there
is a large amount of scatter, the ground displacement appears
to be a decreasing function of the length of the lateral spread
zone for this free face situation. Using data from Hamada and
O’Rourke (1992), Honegger (1994) developed an empirical cu-
mulative distribution function for the length of the lateral spread
zone. As shown in Figure 2.15, more than 50% are below 100 m
and 95% are below 300 m. For design purposes, the 2005 ALA
Guidelines recommend a length of 300 ft for Function Class Il
pipe. This is close to the median value in Figure 2.15 and appears
to be a bit above the average value in Figure 2.14. Recognizing
that larger lengths tend to result in higher pipe strain, the ALA
Guidelines recommended lengths of 500 ft and 700 ft for pipe
Function Classes Il and 1V, respectively.
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After Honegger, 1994
W Figure 2.15 Probability of Exceedance for Length of Lateral Spread Zone

2.3.3 PGD PATTERN

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 2.11(b))
or along the length (Figure 2.11(c)) of the lateral spread zone. The
study by Hamada et al. (1986) of liquefaction in the 1964 Nii-
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gata earthquake and 1983 Nihonkai-Chubu earthquake provides
a wealth of information on observed longitudinal PGD patterns.
Figure 2.16 shows longitudinal PGD observed along five of 27
lines in Noshiro City resulting from the 1983 Nihonkai-Chubu
earthquake. In this figure, the height of the vertical line is propor-
tional to the observed horizontal PGD at the point.

Note that about 20% of the observed patterns (six out of
27) have the same general shape as Figure 2.16(a). That is, they
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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
2.1(b) is more limited. Figure 2.17 shows four transverse PGD pat-
terns observed in the 1971 San Fernando earthquake. The general
lack of information on transverse patterns is unfortunate since the
behavior of pipe subject to an abrupt offset at the margins of the
PGD zone, such as near Pipeline 4 in Figure 2.17, is substantially
different than that when there is little or no offset at the margin,
such as near Pipeline 2 in Figure 2.17.

LEGEND: Displacement Scale:

I Lo A1 Offset Displacement (I)_ITIOOm
= Vector Displacement

—~~ Surface Rupture

/qmo Scarp-Hachures on Downward Side

«% Sand Boils

v Location of Pipeline Repair

\ 1.5 = Relative Slip, m
Side\\[.9 m up, .9 m down - Vertical Displacement

SN S
~— _/- N Explosion

~18mdown ~ —= i raters
8L ) N
- ' 'm down
7 /,///
/ q i - Scale:
= '58m oy — 2
’ %o,
760mm Pipeline(Q)y, °®®

After T. O'Rourke and Tawfik, 1983
W Figure 2,17 Observed Transverse PGD Patterns from the 1971 San Fernando Earthquake
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SEISMIC SETTLEMENT

Earthquake-induced subsidence may be caused by densifica-
tion of dry sand, consolidation of clay or consolidation of lig-
uefied 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 dam-
age to a buried pipeline system. Ground settlement induced by
soil liquefaction is discussed briefly below.

According to Honegger et al. (2006), ground settlements from
volumetric contraction of liquefied soil may be as much as 10%
of the liquefied layer thickness for loose sand, as much as 5%
for moderately dense sands and as much as 1% for dense sands.
These should be viewed as upper bounds.

An example of observed seismic settlement due to lique-
faction is shown in Figure 2.18. 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). This
movement is quite small in comparison to the expected amount
of lateral spread deformation discussed previously. Also, the rate
of change of displacement is quite small. The largest gradient is
along Fillmore, South of Beach. The settlement increases from 20
to 100 mm over a distance of roughly 65 m. This corresponds to
a gradient of 0.12%, less than that for the lateral spread data in
Figure 2.16. Hence, settlements tend to be small. As observed
by Honegger et al. (2006), these relatively small displacements
are unlikely to cause damage, particularly to well-constructed
welded steel pipe.

There are, however, fairly well established procedures for es-
timating settlements. For saturated sands without lateral spread
movement, Tokimatsu and Seed (1987) developed an analytical
procedure to evaluate ground settlement. The volumetric strain
for each saturated sandy soil layer, multiplied by the layer thick-
ness, is added up.

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 esti-

PERMANENT GROUND DEFORMATION HAZARDS 37



/7,3’——_: Earthen
Mole of
=_ 1906 Waterfront o1 0

- —= «‘ San Francisco
r Gas Light Co.
.\J \ FA y v 'l 1 1 899
- \ No? Maripa Blvd. }/
120, ‘ /

|

100 I
4

80

|

Beach St. : |
J 1004 60, D
. %0 20 i

— 1857 Shore ”‘E
L

[L —— ~ = Line
OIS LAY N=ee L
p g g —Eic
;;;Iur’;r]al[;m | :Or r ] L J : U-E 4 600ft

After T. O'Rourke et al., 1991
W Figure 2.18 Contour of Ground Settlement in Marina District

mated 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.

Takada and Tanabe (1988) developed two empirical regres-
sion equations for liquefaction-induced ground settlement at em-
bankments and plain (level) sites based on 404 observations dur-
ing five Japanese earthquakes.

For embankments:
5, =0.11H H,a, /N +20.0 (2.17)
For plain sites:
5, =0.30H,a, /N+2.0 (2.18)
where 8 _is the ground settlement in centimeters, H, is the thick-
ness of saturated sand layer (in meters), H, is the helght of em-

bankment (in meters), N is the SPT N-value in the sandy layer, and
a,_is the ground acceleration in gals.
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WAVE PROPAGATION
HAZARD

Transient ground strains due to either wave propagation ef-
fects or variable subsurface effects are discussed in this chapter.
Wave propagation or traveling wave effects are always present
during earthquakes. The wave propagation hazard for a particular
site is characterized by the peak ground motion parameters (ac-
celeration and velocity), as well as the appropriate propagation
velocity and wavelength. As the name suggests, variable subsur-
face effects only occur when there are significant differences in
the soil profile for two “nearby” sites, such as at the edge of a
valley. That is, variable subsurface effects do not occur if the soil
profiles are the same along a particular pipeline route.

This chapter briefly reviews attenuation relations for peak
ground motion parameters, as well as simplified procedures for
determining the apparent propagation velocities and wavelengths
for both body and surface waves. The ground strain and curva-
ture due to wave propagation and the resulting upper bound pipe
strains are then presented. Finally, transient ground strains due to
variable subsurface conditions are discussed. These are transient
effects in that they die out when the ground shaking stops. How-
ever, they are not due to traveling waves. Rather, they are due
to local differences in site response or site amplification. That is,
they can be due to differences in ground displacement at “near-
by” sites caused by vertically incident waves.

WAVE PROPAGATION FUNDAMENTALS

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. Body waves are generated
by seismic faulting while, for the simplest case, surface waves
are generated by the reflection and refraction of body waves at
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the ground surface. Body waves include pressure waves (P-waves)
and shear waves (S-waves). As sketched in Figure 3.1, for pressure
waves, the ground or particle motions are parallel to the direction
of propagation, which generates alternating compressional and
tensile strain. For S-waves, the ground moves perpendicular to the
direction of propagation. This results in shear and bending in the
plane of wave propagation.

Particle Motion Amplitude decreases with
Particle Motion €—e—> distance from surface
Propagation Direction ﬁ Propagation Direction ﬁ
a) P (Pressure) Wave ) R (Raleigh) Wave
) ) Amplitude decreases with
Particle Motlon 417 Particle Motion YL distance from surface
Propagation Direction ﬁ Propagation Direction ﬁ
8 (Shear) Wave d) L (Love) Wave

B Figure 3.1 Particle Motion for Various Seismic Waves Propagating Left to Right

The situation for surface waves is somewhat more complex.
Rayleigh and Love waves are the two main types of surface waves
generated by earthquakes. For Love waves (L-waves), the par-
ticle motion is along a horizontal line perpendicular to the di-
rection of propagation, while for R-waves the particle motion
traces a retrograde ellipse in a vertical plane with the horizontal
component of motion being parallel to the direction of propaga-
tion. Hence, L-waves, like S-waves, produce shear and bending
in a horizontal plane along the direction of wave propagation.
R-waves produce alternating tension and compression in the hor-
izontal direction of propagation, as well as shear and bending
in the vertical plane parallel to the direction of propagation. For
both L- and R-waves, the amplitude of motions decreases with
depth below the ground surface.

Figure 3.2 shows the east-west ground velocity time histo-
ries in the hill and lake zones of Mexico City during the 1985
Michoacan earthquake. Notice that in the hill zone record, the
peak ground velocity is about 10 cm/sec (Figure 3.2(a)) and the
ground motion dies out about 60 sec after initial triggering. In the
lake zone record (Figure 3.2(b)), the ground velocity during the
first 30 to 40 sec after initial triggering is roughly about 10 cm/
sec, similar to the hill zone record. However, the peak ground
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velocity of 30 or 40 cm/sec occurs roughly a minute or two af-
ter initial triggering. This suggests that Rayleigh waves could well
have been present in the lake zone record. Note that if R-waves
are present, they arrive after the arrival of the direct body waves.
That is, P-waves travel fastest and arrive at a site first, followed by
S-waves. If surface waves are present, they travel slower and typi-
cally arrive after the body waves.

N
o

Velocity (sec)
o

40 I I 1 " " " 3 ] " ]
0 10 20 30 40 50 60 70 80
Time (sec)

a) Ciudad Universitaria - Lab. (Hill Zone)
)
2 60
5
} 0
5-60 ] . ] . ] . ] . ] . ] . ]
< 0 20 40 60 80 100 120 140

Time (sec)

b) Central de Abastos - Oficinas (Lake Zone)

After M. O'Rourke and Ayala, 1990

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

GROUND MOTION PARAMETERS

There are a number of ground motion parameters of interest
to earthquake engineers. These include peak ground acceleration,
peak ground velocity, and response spectra acceleration for vari-
ous building periods. For buried pipelines, the most important are
peak ground velocity and, to a lesser extent, peak ground accel-
eration. As will be shown herein, ground strains and pipe strains
due to wave propagation are directly related to peak ground ve-
locity. In terms of the PGD hazard, ground acceleration clearly
influences the amounts of landslide and lateral spread movement
as well as seismic settlements. However, for the estimation proce-
dures identified in Chapter 2, only the relations for seismic settle-
ment directly use peak ground acceleration.
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Ground motion parameters are typically characterized by at-
tenuation relations. A ground motion parameter is presented as
a function of earthquake size (typically moment magnitude) and
distance from source to site. Depending on the specific relation,
other parameters, such as fault type and/or the thickness and stiff-
ness of the soil layer, may be included. Unfortunately, from a user
standpoint, there are a large number of attenuation relations, and
there appears to be little consensus as to which is the best. Fur-
thermore, there seems to be a fair amount of scatter of observed
values compared to the ones predicted by the attenuation rela-
tions, with the outliers typically being larger or smaller than the
mean or expected value by a factor of two. Quite recently, results
from the Next Generation of Ground Motion Attenuation Models
(NGA) project were published in a special issue (Vol. 24, No. 1,
February 2008) of Earthquake Spectra. For example, Figures 3.3
and 3.4 show attenuation relations developed by Campbell and
Bozorgnia (2008) for peak ground acceleration and peak ground
velocity as a function of the closest distance to the rupture for
various moment magnitudes. Both figures are for strike-slip faults
with the average shear wave velocity for the top 30 m being
760 m/sec and the depth to basement rock of 2.5 km. Note that
the peak ground velocities close to the rupture are about 90 cm/sec
and 10 cm/sec for moment magnitudes of 8 and 5, respectively. At
100 km from the rupture, the peak ground velocities are 10 cm/sec
and 0.3 cm/sec, again for moment magnitudes of 8 and 5.
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For instances where only peak ground acceleration values
are available for the site in question, the 2001 ALA Guidelines
for Buried Steel Pipe (2001) provide convenient conversion ratios
shown in Table 3.1.

H Table 3.1 Conversion Factors for Peak Ground Velocity

Moment Ratio of Peak Ground Velocity (cm/sec) to Peak Ground
Magnitude, M, Acceleration (g)
Source-to-Site Distance (km)
0-20 20-50 50-100
Rock*
6.5 66 76 86
7.5 97 109 97
8.5 127 140 152
Stiff Soil*
6.5 94 102 109
7.5 140 127 155
8.5 180 188 193
Soft Soil*
6.5 140 132 142
7.5 208 165 201
8.5 269 244 251
*The sediment types represent the following shear wave velocity ranges within the sediment layer: rock = 750 me-
ters per second, stiff soil is 200 meters per second - 750 meters per second, and soft soil < 200 meters per second.
The relationship between the peak ground velocity and peak ground acceleration is less certain in soft soils.
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WAVE PROPAGATION VELOCITY

Since onshore pipelines are typically buried 1 to 3 m below
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 Boby WAVES

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 propaga-
tion velocity (that is, the propagation velocity with respect to the
ground surface) is the key parameter. For above ground structures,
one often assumes that the seismic excitation is due to vertically
propagating S-waves (infinite apparent propagation velocity with
respect to the ground surface). That is, it is assumed that the en-
tire base of the structure is subject to the same in-phase motion.
For such structures, inertia effects are important and the relative
displacements of the various floors with respect to the base are
the response parameters of interest. For pipelines, inertia effects
are not important since the weight of the pipe plus contents are
roughly the same as the soil it replaces. As such, the out-of-phase
(wave propagation) motion along the pipe length is important.
Hence, for pipelines one must consider the small angle be-
tween the direction of body wave propagation and the vertical
direction since this leads to out-of-phase motion along the pipe.
M. O'Rourke et al. (1982) have studied the apparent horizontal
propagation velocity, C, for body waves. They developed an ana-
lytical technique, utilizing all three components of motion at the
ground surface and a ground motion intensity tensor, for evaluat-
ing the angle of incidence of S-waves. The apparent propagation
velocity for S-waves is then given by:
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where v, is the incidence angle of S-waves with respect to the
vertical and V/ is the shear wave velocity of the surface soils.
Table 3.2 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 an average of about 3.4 km/sec.

B Table 3.2 Summary of Apparent Horizontal Propagation Velocities for S-waves

Event Site Focal Epicentral | Cg(km/s) Method for
Conditions Depth Distance Calculating
(km) (km) Cs
Japan 60 m soft 80 54 2.9 Cross-correlation
1/23/68 | Alluvium array with
common time
Japan 60 m soft 50 30 2.6 Cross-correlation
7/1/68 Alluvium array with
common time
Japan 70 m of silty 10 140 5.3 Cross-correlation
5/9/74 | clay, sand & array with
silty sand common time
Japan 70 m of silty 40 161 2.6 Cross-correlation
7/8/74 | clay, sand & array with
silty sand common time
Japan | 70 m of silty 50 54 4.4 Cross-correlation
8/4/74 | clay, sand & array with
silty sand common time
San Variable 13 29 to 44 2.1 Ground motion
Fernando intensity tensor
2/9/71 (median value)
Imperial >300 m Shallow 6to 57 3.8 Ground motion
Valley Alluvium intensity tensor
10/15/79 (median value)
Imperial >300 m Shallow 61093 3.7 Epicentral
Valley Alluvium distance vs. initial
10/15/79 S-wave travel time
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3.3.2 SURFACE WAVES

For surface waves, we only consider R-waves since L-waves
generate strains in buried pipelines, which will be shown to be
significantly less than axial strain induced by R-waves. As indi-
cated previously, R-waves cause the ground particles to move in
a retrograde ellipse pattern 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 lay-
ing parallel to the direction of wave propagation. Since R-waves
travel parallel to the ground surface, the phase velocity of the
R-waves, C ,, is the apparent propagation velocity.

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 R-wave 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. Like all traveling waves, the wavelength X,
frequency f and propagation phase velocity C are interrelated by:

C=\ (3.2)

The variation of phase velocity with frequency is typically
quantified by a dispersion curve. Analytical and numerical solu-
tions are available in the technical literature to generate disper-
sion 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 for the
typical case where the shear wave velocity increases with depth.
Figure 3.5 presents a normalized dispersion curve for a uniform
layer of thickness, H,, with shear velocity, C,, and Poisson’s ratio,
v,, over a half space with shear velocity, C,, and Poisson’s ratio,
v,. 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 3.5.

Considering first the simplest case of a uniform layer over a
half space, they found that at low frequencies (H.f/ C, < 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
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stiffer half space. That is, for deep, large wavelengths the R-wave
is not greatly affected by the “thin” layer. Conversely, at high
frequencies (Hf/C, > 0.5), the wavelength is comparable to or
smaller than the layer thickness, and the phase velocity is slightly
less than the shear wave velocity of the layer. That is, the shallow
small wavelength R-wave is contained primarily within the layer.
The dispersion curve for an arbitrary single layer over a half space
can be approximated by:

0.875C,, B <025

L

.87 - H.f H.f
_los7sc, - M(_s_o.zs} 0252 <050 (3.3)
P 0.25 C,

L

f
C, BT 5 0.50
L L C

L

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 3.6(a), separate single
layer models in Figure 3.6(b) for short wavelengths and in Figure
3.6(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 3.7.
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WAVELENGTH

The relationship between propagation velocity, frequency
and wavelength is given in Equation 3.2. For body waves with a
constant propagation velocity, the wavelength is inversely pro-
portional to the frequency, or linearly proportional to the pe-
riod of the wave. The situation for surface waves is a bit more
complicated. For typical soil profiles, in which the material stiff-
ness increases with depth, the propagation or phase velocity of
the fundamental R-waves is an increasing function of the wave-
length. That is, long wavelength waves travel faster than short
wavelength waves.

For ground motions which contain a number of different fre-
quencies or wavelengths, the question arises as to which frequen-
cy or wavelength leads to the largest ground strain. All other things
being equal, for strain calculations with stations separated by a
distance, L,, a reasonable starting point might be 2L, < X\ < 4L.. As
pointed out by Wright and Takada (1978), ground motion of two
points due to a wave with A = 2L, would be out-of-phase by 180°,
leading to fairly large relative displacements and strains. Similarly,
ground motion at two points due to a wave with A = 4L, would be
out-of-phase by 90°, again leading to somewhat smaller relative
displacements and strains. If A = L, the ground motions would be
in-phase, and there would be no contribution to relative displace-
ments and strains due to that wavelength. Thus, for R-wave propa-
gation, the effective propagation velocity, C ., would appear to be
the phase velocity, C ,, for a wavelength equal to about two to
four times the separation distance between stations.

Figure 3.8 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, cal-
culated for N = 2L, and \ = 4L.. The R-wave model with N\ = 4L,
seems to provide a better overall match to the observed effective
propagation velocity data than the R-wave model with A = 2L..

As shown in Figure 3.8, for separation distances less than about
500 m (1,640 ft), the R-wave model with \ = 4L, matches fairly well
with the observed effective propagation velocity data. For separa-
tion distances greater than 500 m, the R-wave model with N = 4L,
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is conservative, i.e., an underestimation of the effective propaga-
tion velocity. However, these large separation distances are fast
approaching the upper limit for engineering applications.
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W Figure 3.8 Effective Propagation Velocity vs. Separation Distance

GROUND STRAIN AND OCURVATURE
DUE TO WAVE PROPAGATION

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 displace-
ment time histories of two points along the propagation path are
assumed 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. The general form of a traveling wave is given by:

u:f(§+%) (3.4)
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where T is the period of the repeating motion and \ is the wave-
length. Note that the frequency f is the reciprocal of the period
and that the frequency, wavelength and propagation velocity are
related by the standard traveling wave relation in Equation 3.2. If
u is the ground (particle) motion parallel to the direction of propa-
gation (as would be the case for R-waves), then the derivative with
respect to the spatial coordinate f'/\ is the ground strain along the
direction of propagation, while the derivative with the respect to
time f'/T is the ground or particle velocity. Utilizing Equation 3.2,
we have:

Vmax
£ = (3.5)

where V__is the maximum horizontal ground velocity in the di-
rection of wave propagation and C,, is the propagation velocity of
the R-wave.

If uin Equation 3.4 is now the particle motion perpendicular
to the direction of propagation (as would be the case for S-waves),
the second derivative with respect to the spatial coordinate f''/A* is
the curvature along the direction of propagation, while the second
derivative with respect to time f'’/T* is the ground acceleration in
a direction perpendicular to the direction of propagation. Again
utilizing the standard relation between propagation velocity, fre-
quency and wavelength in Equation 3.2, the curvature K is:

max

K

57 C2 (3.6)
where A is the maximum ground acceleration perpendicular
to the direction of wave propagation and C, is the propagation
velocity of the S-wave.

These two relations for ground strain and curvature along the
direction of wave propagation are relatively straight forward. The
ground motion parameters V. and A the maximum particle
velocity (parallel to direction of propagation), and acceleration
(perpendicular to direction of propagation) can be obtained from
earthquake records or from attenuation relations, discussed previ-
ously. For R-wave propagation, the ground strain parallel to the
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ground surface is given by Equation 3.5 where C,, as shown above,
can theoretically be taken as the phase velocity corresponding to
a wavelength equal to two to four times the separation distance
between the stations.

Hence, wave propagation with particle motion parallel to the
pipeline would presumably induce significant axial strain in a
pipe. On the other hand, an S-wave, again propagating paral-
lel to the pipeline but with particle motion perpendicular to the
pipe, would induce only bending strains. As will be demonstrated
below, these bending strains are small. However, the energetic
S-waves can induce axial strain if they travel at an angle with
respect to the pipe axis. Consider an S-wave traveling in a hori-
zontal plane at some angle with respect to a buried pipeline. Due
to the angle, the S-wave particle motion (perpendicular to its di-
rection of propagation) would have one component parallel to
the pipe (inducing axial strain) and another perpendicular to the
pipe (inducing bending strain). Yeh (1974) has shown the angle
which maximizes the axial strain is 45°. The resulting relation for
axial strain is:

g = _mx (3 . 7)

where C. is theoretically the apparent propagation velocity of the
S-wave with respect to the ground surface given in Equation 3.1
and Table 3.2.

The simple relations in Equations 3.6 and 3.7 can be used
to estimate pipe strain resulting from S-wave propagation. For a
straight pipe running at 45° to the direct of wave propagation, it
will be shown in Chapter 10 that Equation 3.7 is an upper bound
for the axial strain in the pipe induced by wave propagation. Simi-
larly, the product of the ground curvature in Equation 3.6 and half
the pipe diameter is an upper bound for the bending strain in a
pipe running parallel to the direction of S-wave propagation.

A
<D Cmax (3.8)
2

€,
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where D is the pipe diameter. If one assumes that the ground mo-
tion is sinusoidal, then the ratio of peak ground acceleration to
the peak ground velocity is given by:

= 2mw-f (3.9)

where fis now the predominate frequency of the ground motions.
Applying this relation to the V_ /A ratios in Table 3.1 yields
ground motion periods of 0.4 to 1.0 sec for rock, 0.6 to 1.2 sec for
stiff soil, and 0.9 to 1.7 sec for soft soil, all of which seem reason-
able. Utilizing the relation in Equation 3.2, the upper bound pipe
bending strain in Equation 3.8 becomes:

1%
e = 0 Ima (3.10)

Note that the wavelength is typically two or three orders of
magnitude larger than the pipe diameter. Hence, the pipe bend-
ing induced by S-wave propagation is roughly one or two orders
of magnitude less than the pipe axial strain induced by S-wave
propagation in Equation 3.7.

In summary, the bending strains induced in a pipe due to trav-
eling waves (S-waves, L-waves or the vertical component of R-
waves) are generally small. This is due to the fact that, as shown in
Equation 3.10, they are proportional to the ratio of pipe diameter
to wavelength, a small quantity. On the other hand, axial strains
induced in the ground by traveling waves (an upper bound to
axial strain in a pipe) can be fairly large. This is particularly true
for R-waves since the effective propagation in Equation 3.5 (R-
waves, ground strain parallel to the direction of propagation) is
typically smaller than that for S-waves in Equation 3.7 (S-waves,
ground strain at 45° to direction of propagation).
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OBSERVED GROUND STRAIN AND
EFFECTIVE PROPAGATION VELOCGITIES

The theoretical relations for ground strain in Equations 3.5
and 3.7 are for the propagation direction for which the ground
strain is @ maximum (parallel to the direction of propagation for
the R-wave relation in Equation 3.5, at 45° to the direction of
propagation for the S-wave relation in Equation 3.7). If both wave
types are present, the relations presuppose that one is able to
determine the peak ground velocity, V_, for each wave type.
Finally, these equations are based upon the assumption that the
seismic excitation can be modeled as a traveling wave, as given
by Equation 3.4. That is, the relations neglect any incoherence or
change in wave shape from point to point.

Given these conditions, it is instructive to review observed
ground strains. Figure 3.9 presents peak ground strain values as
determined by Paolucci and Smerzini (2008), plotted against
peak ground velocity. The figure contains data from two earth-
quakes (Parkway #1 and Parkway #2) at the Parkway Valley array
in New Zealand and two earthquakes (Parkfield and San Simeon)
at the UPSAR array near Parkfield, California. The peak ground
strain is the largest principle strain developed from a tensorial
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s X [+ Parkfield FC = 1000 misec: = =
n e lwamoto et al. (1988) 4
2 5 AL C = 2000 m/sec
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After Paolucci and Smerzini, 2008
B Figure 3.9 Peak Ground Strain as function of Peak Ground Velocity
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representation of ground strain in a horizontal plane. The ground
strains in turn were determined from spatially interpolated dis-
placement records.

The plot also contains pipe strains as recorded by Iwamoto
et al. (1988). Paolucci and Smerzini correctly note that the pipe
strain data tends to be somewhat lower than the others, since the
pipe upon which the strain gage was placed may not have been
orientated parallel to the direction of peak ground strain. It should
also be mentioned that, as explained in more detailed Chapter
10, the ground strain is an upper bound for pipe strain, with pipe
strain being lower than ground strain, particularly when there is
slippage between the pipe and the surrounding soil. Nevertheless,
Figure 3.9 shows an apparent linear relation over three orders of
magnitude between ground strain and peak ground velocity as
calculated by Paolucci and Smerzini.

Superimposed upon the data points in Figure 3.9 are the
ground strain one calculates from Equation 3.5 using propagation
velocities C = 500 m/sec, 1,000 m/sec and 2,000 m/sec. Note that
the use of C = 500 m/sec provides a reasonable upper bound for
the observed ground strains, C = 1,000 m/sec provides something
close to the least squares line, and C = 2,000 m/sec provides a
reasonable lower bound for the observed ground strains.

Similarly, Trifunac and Lee (1996) present useful information on
the effective propagation velocity for calculation of peak ground
strains. Specifically, they generate artificial accelerograms from the
SYNACC computer program and evaluate ground strains in the ra-
dial direction. They then establish the following empirical relation
between the peak ground strain and the peak particle velocity:

log,, €, = (-0.26 - 0.67V) + (-0.00064 + 0.000467V,) R
+[(1 - 0.19V)) + (-0.0043+0.0015V) R log,, Cmax (3.11)

S

where V__is the peak particle velocity in the radial direction (km/
sec), R, is the source-to-site distance in km, and V/ is the shear
wave velocity (km/sec) in the top 50 meters of soil.

Note that the form of the relationship is consistent with surface
wave propagation, that is, the ground strain in the radial direction
(direction of propagation) is a function of the peak particle veloc-
ity in the same direction. The authors acknowledge that “surface

WAVE PROPAGATION HAZARD 55



waves play a prominent role” in their approach. As such, as the
authors note the results are applicable to sites on soft sediments
and for sources breaking the surface, conditions conducive to sur-
face wave generation. Trifunac and Lee claim that other relation-
ships would be needed for deeper events and when faulting does
not reach the surface, that is for conditions that are not conducive
to surface wave generation.

Equation 3.11 can be used to backcalculate the effective prop-
agation velocity for various values of the source-to-site distance,
the shear wave velocity of the top soil layer, and the peak particle
velocities. These backcalculated effective propagation velocities
are presented in Table 3.3. As one might expect, the effective
propagation velocity for strain in the radial direction is an increas-
ing function of the shear wave velocity of the top soil layer—the
stiffer the soil, the larger the effective propagation velocity, and
the smaller the ground strain for a given peak particle velocity.

H Table 3.3 Backcalculated Effective Propagation Velocities from Trifunac and Lee Ground
Strain Relation

Peak Particle Velocity Effective Propagation Velocity (m/sec)
Vmax
(cm/sec) V=100 m/sec V=500 m/sec

Rs:10km R5:100km RS:10km Rs:100km
10 185 175 892 1265
100 194 195 1123 1462

For V. = 100 m/sec, the effective propagation velocity in Table
3.3 ranged from 1.75V, to 1.95V, with an average of 1.87V.. While
for V= 500 m/sec, the effective propagation velocity ranged from
1.78V, to 2.92V, with an average of 2.36V,. Hence, for sites sub-
ject to surface waves, one could argue that the effective propaga-
tion velocity for R-waves is roughly 2V or twice the average shear
wave velocity of the top 50 meters of soil. This is consistent with
Equation 3.3, as well as Figures 3.5 and 3.7, in that theoretically
the shear wave velocity of the top soil layer is a lower bound
for the R-wave phase velocity. The variation of effective propaga-
tion velocity with V__ seems to be an outgrowth of the specific
functional form chosen by Trifunac and Lee (log of ground strain
proportional to log of V. / V).

The backcalculated Trifunac and Lee effective propagation
velocities also seem generally consistent with the ground strain
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data from Paolucci and Smerzini in Figure 3.9. That is, the larger
than average ground strains, which one would expect to be due
to surface wave excitation, have effective propagation veloci-
ties in the 500 to 1,000 m/sec range. According to Trifunac and
Lee, this range would correspond to V, values in the 250 to 500
m/sec range which seem realistic. Hence, the observed ground
strains from arrays and the simulated ground strain from a com-
puter program are reasonably consistent with surface wave
propagation theory.

However, there seems to be some inconsistency in relation
to body wave propagation. Discounting the pipe strains from
lwamoto et al. in Figure 3.9, the upper bound for the effective
propagation velocity is about 2,000 m/sec. While theory in Equa-
tion 3.7 suggests that the effective propagation velocity for body
waves should be twice C, or roughly 6,800 m/sec, using 3.4
km/sec as the average value of C, from Table 3.2. Either all the
ground strain values in Figure 3.9 are for surface waves (unlikely),
or something is wrong with the theory for body waves, particu-
larly the apparent propagation velocity. It seems likely that the
traveling wave assumption—same shape from station to station—
doesn’t hold for body waves. That is, incoherence or changes in
the body wave shape from point to point result in larger ground
strain than predicted by body wave propagation theory. The in-
coherence induced larger than expected strains result in lower
than expected effective propagation velocities. Work by Zerva
and Harada (1997) generally supports this view. In subsequent
chapters, a lower-incoherence influenced-effective propagation
velocity for S-waves will be utilized. Specifically, ground strains
from Equation 3.7 with C, taken as 1,000 m/sec are shown in
Chapter 10 to be consistent with observed damage to the Potrero
Canyon gas pipeline. The same approach (Equation 3.7 with C, =
1,000 m/sec) is used in Chapter 12 to develop fragility relations
for segmented pipelines.
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TRANSIENT GROUND STRAIN DUE TO
VARIABLE SUBSURFACE CONDITIONS

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

3.7.1 LABORATORY RESULTS AND NUMERICAL
MODELS

Nishio et al. (1983) carried out a series of laboratory tests to
study the amplification response of ground due to an inclined
soil-rock interface. Figures 3.10 and 3.11 show, for example, two
basic models they considered. The bottom of the model was shak-
en as a unit, corresponding to vertically incident waves (i.e., no
horizontal wave propagation effects). For the single inclined sub-
surface in Model No. 2 in Figure 3.10, the displacements were
small where the soil layer was shallow, and large where the soil
layer was deep. Somewhat similarly, the strains were very small
atop the shallow layer and moderate atop the deep layer. How-
ever, the ground strain was largest near the inclined surface. For
the valley situation (i.e., two inclined subsurfaces) in Model No.
3 in Figure 3.11, the ground displacements were again small atop
the shallow layer and largest atop the center of the valley. How-
ever, as with Figure 3.10, the ground strains were largest over the
inclined subsurface. Nishio et al. also performed a finite element
analysis for these models. As shown in Figures 3.10 and 3.11, the
numerical results match well with the experimental results.
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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) used a 2-D fi-
nite element program to analyze the dynamic response of the site
shown in Figure 3.12. In this figure, the shaded area is embanked
ground (fill deposits) with a shear velocity of 166 m/sec while the
shear velocity for the original ground is 300 m/sec.

Using the 1978 Off Miyagi Prefecture earthquake record,
which had a maximum ground acceleration of 25 gal, Ando et al.
determined the ground and pipe strains, as shown in Figure 3.13.

Again, all points along the base of the model had the same
motion without a time lag, modeling vertically propagating body
waves. The ground strain was largest where the original ground
surface (bottom surface of the fill deposits) is inclined (i.e., near
PA3X), and where the top surface of fill deposits were inclined
(i.e., to the right of location mark 170 m). The maximum ground
strain is about three times that for the nominally uniform soil
layer near GA3X. These results demonstrate that large ground
strains are generated when the thickness of the soil layer varies.
This can be due to either a nominally flat top surface and an
inclined bottom surface, or an inclined top surface and a nomi-
nally flat bottom surface.

More recently, Liu and M. O’Rourke (1997a) used a numerical
approach on an inclined subsurface model similar to Nishio et al.’s
Model 2 in Figure 3.10. However, unlike the Nishio et al. model,
Liu and M. O'Rourke considered the effects of material outside
the immediate area of interest. Specifically, infinite elements are
used in order to eliminate the reflection at the two boundaries.
Shear waves are generated by inputting acceleration records or
prescribed displacements along the base of the model.

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 subsurface models with
inclination angle, «, of 10°, 45° and 90°, respectively. The shear
wave velocity is 150 m/sec for the surface soil layer and 1,250
m/sec for the rock in those cases. Like the Nishio and Ando re-
sults, the ground displacement is small over the shallow soil layer
and large over the deeper soil layer. The ground velocities, which
ranged roughly from 10 to 30 cm/sec, followed a similar pattern.

The ground strain was smaller (typically about 0.1 x 10%) atop
the shallow soil layer, and larger (typically about 0.5 x 107) atop
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the deeper soil layer. The largest horizontal ground strain occurred
at the inclined subsurface. For inclination angles of 45° and 90°,
the peak strain was roughly 50% larger than that for the deeper
soil layer. For the shallow inclination angle at 10°, the peak strain
wasn't greatly different than that atop the deep soil layer.
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3.7.2 SIMPLIFIED MODEL

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

In Figure 3.17, D, is the peak ground displacement atop the
shallow soil layer while D, 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, L, as the separation distance:

e = 2 A (3.12)

Ground Surface

Hp

Subsurface

Propagation Path

ottt

B Figure 3.17 Profile of a Site with Inclined Soil-Rock Interface (Shear Wave)

A comparison of results from this simple relation with the nu-
merical results given, for example, in Figures 3.15 and 3.16 in-
dicated that Equation 3.12 provides reasonable estimates as long
as the inclination angle a is less than 45°. For inclination angles
greater than about 45°, Equation 3.12 overestimates peak ground
strains from the numerical model. Note in this regard that for a
vertical rock face (i.e., a = 90°), L, is zero and Equation 3.12
gives infinite ground strain, which, of course, is not realistic.
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In addition, the numerical results show that with an increase
in the separate distance L,,, the ground strain approaches a non-
zero asymptotic value, while Equation 3.12 predicts the ground
strain would approach zero.

Based upon these considerations, Equation 3.13 is suggested
for estimating ground strain over an inclined rock surface.

(D,-D,)-

A

(0.5~tana T )
Hy-H, 271C, o < 45° (3.13)

0.5 ™ °
(Dy-D,) - <HB-HA + ZTCS) a>45

where H , is the thickness of the shallow soil layer, H, 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 a < 45°, the peak ground strain is
an increasing function of the inclined angle. For a > 45°, ground
strain is taken as the value for a 45° inclination angle.

3.7.3 OCOMPARISON

In order to test this simplified approach, Liu and M. O’Rourke
calculated the ground strains for different sites with a > 3°, H,
<50m (16 ft), H,210 m (33 ft), 150 m/sec < C,_. < 1,000 m/
sec, C, . = 1,000 m/sec, using their finite element model. For
example, Figure 3.18 shows the peak ground strain as a function
of length L, for C, =150 m/sec, H, =2.0m (6.6 ft), H, =26 m
(85 ft) and C, = 1,250 m/sec, while Figure 3.19 shows results
for the same model with C, = 210 m/sec.

Another type of comparison is shown in Figure 3.20. There
the numerical strain from the model with a > 3° is plotted versus
the estimated strain from Equation 3.13. Also included are the
results from two San Fernando time histories scaled so that the
peak accelerations match, as well as that from the Nishio et al.
model in Figure 3.10.

Overall the match is reasonably good. Hence, Equation 3.13
can be used to estimate ground strain at a site with an inclined
soil-rock interface.

Finally, it should be noted that the transient strains for the

three earthquakes considered in Figure 3.20 ranged from roughly
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0.1 x 102 to 1.0 x 10°. As such, they are comparable to wave
propagation ground strain for reasonably large peak particle ve-
locities in the 10 to 100 cm/sec range, as per Figure 3.9. Hence,
transient ground strain due to variable subsurface conditions of
and by themselves can lead to pipe damage rates comparable
to those for seismic wave propagation. However, this additional
damage would be restricted to areas with variable soil layer thick-
ness while the wave propagation hazard exists to a greater or

lesser degree over the whole pipe network.
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PIPE LIMIT STATES AND
FAILURE CRITERION

This chapter describes the limit states for buried pipelines
subject to seismic loading. The principal limit states or failure
modes for corrosion-free continuous pipelines (e.g., steel pipe
with welded joints) are rupture due to axial tension and/or bend-
ing, and local buckling due to axial compression and/or bending.
If the burial depth is shallow, continuous pipelines in compres-
sion can also exhibit beam-buckling behavior. This limit state is
particularly common for offshore pipelines in compression. Fail-
ure modes for corrosion-free segmented pipelines with bell and
spigot type joints are axial pull-out at joints, crushing at the joints
and round flexural cracks in pipe segments away from the joints.

Due to the nature of the hazards, different limit state criteria
are often recommended for the PGD hazard (monotonic loading)
than for the wave propagation hazard (cyclic loading). Similarly,
different limit state criteria are recommended for butt-welded pipe
(higher capacity) than for fillet/lap-welded pipe (lower capacity).

As will be shown, limit states for buried steel pipe often in-
volve post-yield behavior. As such, a full description of the stress-
strain behavior is needed. The Ramberg-Osgood model (1943) is
the most widely used:

e=2|1+ ir 4.1)
E 1+r| o, )

where ¢ is the engineering strain, o is the uniaxial tensile stress,
E is the initial Young's modulus, o is the apparent yield stress,
and n and r are Ramberg-Osgood parameters. Commonly used
values for o, n and r for various grades of steel are listed in Table
4.1. Given the functional form of Equation 4.1, large increases
in strain at stress levels only slightly above yield are associated
with large values of r. That is, r = 100 results in a “distinct yield
plateau” stress-strain curve. On the other hand, for r in the 10 to
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20 range there is a more gradual (round-house type) increase in
strain for stress levels above yield.

For modern pipe steel, the minimum elongation (ultimate
strain) required by API 5L for line pipe varies from 12 to 18%, for
test specimens with small cross-sectional area. As shown in Table
4.1, the higher the steel grade the lower is the required minimum
elongation. However, the welds used to join the pipe segments
have significant impact on the post-yield performance of continu-
ous pipelines as discussed later.

B Table 4.1 Yield Stress and Ramberg-Osgood Parameters for Mild Steel and X-Grade Steel Along
with Minimum Elongation Required by API 5L (Small Cross-sectional Area Test Specimen)

Grade-B | X-42 X-52 X-60 X-70 X-80
Yield Stress (MPa) 241 290 359 414 483 552
Minimum Elongation 18% 18% 16% 15% 13% 12%
n 10 15 9 10 5.5 16
r 100 32 10 12 16.6 16

CONTINUOUS PIPELINE WITH BUTT
WELDS

The principal failure modes for corrosion-free continuous
pipeline with burial depth of about 3 ft or more are tensile rup-
ture and local buckling. Onshore or offshore pipelines with burial
depths less than about 3 ft (i.e., shallow trench installations), as
well as offshore pipe laid directly on the seabed, may experience
beam buckling behavior. Beam buckling has also occurred dur-
ing post-earthquake excavation undertaken to relieve compres-
sive pipe strain.

4.1.1 TENSILE RUPTURE - PGD HAZARD

When strained in tension, corrosion-free steel pipe with arc-
welded butt joints is very ductile and capable of significant ten-
sile yielding before rupture. On the other hand, older steel pipe
with gas-welded joints often rupture at much smaller strain levels.
For example, as described in Section 10.1.6.2, tensile tests on 30
specimens taken from a 1925 oxyacetylene-welded pipeline in-
dicate about two-thirds had rupture strains of 1.0% or less, while
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about a third had rupture strains of 0.2% or less. That is, in some
cases the welds failed before the pipe yielded. In addition, as dis-
cussed in detail in Section 4.2, steel pipe with welded slip joints
does not perform as well as steel pipe with 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 along Balboa Blvd. with
butt joints suffered tensile rupture when subjected to longitudinal
PGD. However, three pipes with gas-welded slip joints suffered
tensile rupture when subjected to the same PGD.

When the pipes are jointed with welds in the field, the weld
material is typically stronger but less ductile than the parent mate-
rial well away from the weld. In addition, due to the heat gener-
ated by the fusion welding process, the pipe material adjacent to
the weld in the so-called heat affected zone (HAZ) also becomes
less ductile. Two other factors that make the joint a ‘weak’ point
in a continuous pipeline include tolerable defects in the welds
and enhanced potential corrosion at joint coatings made in the
field. For these reasons, the allowable tensile strains recommend-
ed in various guidelines are only a fraction (less than a third) of
the minimum required elongation.

Over the years there have been a number of values suggested
for the allowable tensile capacity of steel pipe with good quality
butt welds. Newmark and Hall (1975) suggest 4% as the ultimate
tensile strain for design purposes. The ASCE Guidelines for the Seis-
mic Design of Oil and Gas Pipeline Systems (1984) permit longi-
tudinal strains in the 3 to 5% range. In relation to a natural gas
pipeline risk assessment project, Wijewickreme et al. (2005) use
3% and 10%, respectively, as the pipe strains corresponding to 10%
and 90% probability of tensile rupture. Notice that these suggested
tensile limits are given in terms of pipe strain. Since these limits are
well above yield, small changes in stress are associated with large
changes in strain, particularly for steel with a large Ramberg-Osgood
r parameter. As such, strain is a better measure of pipe behavior.

In both the 2001 ALA Guidelines and the 2004 Pipeline Re-
search Council International (PRCI) Guidelines for Gas and Liquid
Hydrocarbon Pipelines (Honegger and Nyman 2004), the sug-
gested tensile strain level for modern pipeline with high quality
overmatched welds are a function of the performance goal. For
pipelines where the performance goal is maintenance of pressure
integrity (envisions a pipe that does not leak but may well have to
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be replaced after the design event), the tensile strain limit is 4 %
in the ALA Guideline and 2 to 4% strain in the PRCI Guideline.
If the performance goal is normal operability (post-event func-
tionality of the pipe is expected), the ALA strain limit is 2% while
the PRCI limit is 1 to 2%. For load-controlled conditions (hazards
other than transient ground strain and PGD), the suggested ten-
sion strain limit in the PRCI Guideline is 0.5%.

The suggested tensile strain limits for onshore butt-welded
modern steel pipe are summarized in Table 4.2.

For offshore pipelines, the Canadian Standard (CSA 2003)
suggests a tensile strain limit of 2.5%. In the Norwegian Standard
(DNV, 2000) the ordinary limit is 2%. However, a strain up to 4%
is allowed if qualified by tensile tests and the Charpy V-notch test.
Furthermore, in the Norwegian Standard the 2% strain limit is
suggested for the normal operability performance goal. This limit
is based in part on the corrosive offshore environment and dif-
ficulties in simply getting access to the pipeline.

Interestingly, even though the ultimate strain (maximum elon-
gation) for the steel grades listed in Table 4.1 are different, the rec-
ommended allowable tensile strains for both onshore and offshore
pipe are not functions of the steel grade nor the weld strength.

H Table 4.2 Recommended Maximum Tensile Strain for PGD - Onshore Steel Pipe with Good
Quality Butt Welds

integrity goal)
2% - (normal
operability goal)

integrity goal)
1 -2 % (normal
operability goal)

Newmark 1984 2001 2004 Wijewickreme
& Hall ASCE ALA PRCI etal.
(1975) Guideline Steel Pipe Guideline (2005)

Guideline
4% 3t05% 4% — (pressure 2 — 4% (pressure | 3% (10% prob-

ability of tensile
rupture)
10% (90 %

probability of
tensile rupture)

4.1.2 LOcAL BuUcCckLING - PGD HAzZARD

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)
typically involves inward kinking of the pipe wall adjacent to out-
ward bulging for low to moderate internal pressures. For high in-
ternal pressure, an outward bulge is more common. The initiation
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of local shell wrinkling typically does not result in leakage or loss
of the pressure boundary. However, all further geometric distor-
tion caused by ground deformation or wave propagation tends to
concentrate at the wrinkle. As noted by Das et al. (2000), as the
wrinkle develops, the pipe strains at the wrinkle increase dramati-
cally (with pipe strains reported in the 5 to 10% range) while the
pipe strains beyond the wrinkle remain nominally the same. The
resulting large curvatures in the pipe wall can lead to leakage.
This is arguably a more common failure mode for steel pipe than
tensile rupture. For example, lateral spreading at a river crossing
caused a pipe wall tear in a liquid fuel pipeline during the 1991
Costa Rica event, as shown in Figure 4.1. Similar damage to water
and gas pipelines was observed in the 1994 Northridge event.

As will be discussed in more detail later, the likelihood of a
pipe wrinkle turning into a pipe wall tear is enhanced by the load
reversals associated with wave propagation. As an example, wave
propagation in the 1985 Michoacan event caused wrinkling and
tearing of the Ciudad Nezahualcoyotl water pipe in Mexico City.
Figure 4.2 shows a circumferential tear in the Ciudad Nezahual-
coyotl pipe wall occasioned by high curvature at a local buckle,
presumably in combination with load reversal. That is, the pipe
may have winkled first under axial compression and then later
cracked under axial tension.

W Figure 4.1 Pencil in Tear at Wrinkle in RECOPE Pipeline (Limon, Costa Rica, 1991)
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W Figure 4.2 Tear at Wrinkle in Ciudad Nezahualcoyotl Pipeline (Mexico City, 1985)

4.1.2.1 S5TRESS5 LIMIT

In Roark and Young (1975), the longitudinal compressive stress
corresponding to elastic buckling of a long, thin walled tube with
wall thickness ¢, radius R and modulus of elasticity £, is given as:

o, =037 (4.2)

This test based result is 40 to 60% of the theoretical value. It
applies to tubes which are thin walled with D/t > 20 and several
times longer than the buckle half wavelength of 1.72+/Rt. For D/t
ratios of 50 and 150, these half wavelengths correspond to 0.17D
and 0.1D, respectively. That is, the wrinkles or buckles are short
in comparison to the pipe diameter.

The elastic result in Equation 4.2 (buckling stress less than
yield stress) holds only for D/t ratios much larger than commonly
used for oil, gas or water pipelines. For example, in Equation 4.2
a critical stress of 50 ksi (345 MPa) or lower is only associated
with D/t ratios of 340 or higher.

Hence, inelastic behavior is expected for pipe with typical
D/t ratios (D/t ranging from 25 to 250). For the inelastic case,
Schilling (1965) provides the critical compressive stress for local
buckling of an unpressurized thin circular cylinder in air as:
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o, =ackly (4.3)

where c is the local buckling imperfection parameter and a is the
plasticity reduction factor. The local buckling parameter is a func-
tion of the R/t ratio as shown in Figure 4.3. The plasticity reduc-
tion is defined as:

a=1.10 ’;_E (4.4)

where E_and E, are the secant and tangent modulus for the level
of stress in question. Relations for £_and £, are:

n—1
£:1+E[LJ (4.5)

Es 7 O-0.7

E 3 n—1

R N (4.6)
Et 7 60.7

where o is the stress corresponding to the intersection of the
0.7E secant modulus line and the actual stress-strain curve. Un-
fortunately, since the plasticity reduction factor is a function of
the level of stress, an iterative procedure is required to solve for

the critical stress.

o 0.6
~ 05
£ D / S~
= °EJ 0.4 - ~
5 © Average Imperfection \
2L 03
3 02
o
o
E
0.1
10 2 3 4 5 7 102 2 3
Radius-to-Thickness Ratio, R/t

After Schilling, 1965
B Figure 4.3 Local Buckling Imperfection Parameter
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The relation is Equation 4.3 is for unpressurized pipe, while
most oil, gas, and water pipes have internal pressure. As one might
expect, internal pressure has the effect of increasing the local buck-
ling stress. Harris et al. (1957) show that for moderate values of the
normalized internal pressure (PE) (Rt)* the percentage increase
in the local buckling stress for an unstiffened circular cylinder is
linearly proportional to the normalized internal pressure. Specifi-
cally, the percentage increase in buckling stress is zero for zero
internal pressure and is about 61% for a normalized internal pres-
sure (PE) (R)? = 0.169 and above. The normalized pressure from
Harris can be rewritten utilizing the Strength of Materials relation
between the pipes hoop stress and internal pressure. Specifically:

Normalized pressure = (PE) (R1)’ =« €, (R/t) (4.7)

where a is the ratio of the hoop stress to the yield stress and €
is the yield strain. Based upon the functional form in Equation
4.7, the increase in the critical wrinkling stress is largest for high
grade steel with large D/t ratios. As an example, for a Grade B
pipe with D/t = 50 the normalized pressure is 0.027a_ while for
X-72 pipe with D/t = 150 it is 0.1875a . Assuming that the earth-
quake occurs during normal operating conditions (as opposed to
occurring, for example, during a hydrostatic test) one expects that
o, might be 0.25 or so. Using the Harris relation, the increase in
critical buckling stress would be 2.5% for Grade B steel with D/t
= 50. For X-72 steel and D/t = 150, the increase would be 17%.

A disadvantage of the stress-based relations in Equations 4.3
through 4.6 is that one must iterate to determine the critical com-
pressive stress. Due to this drawback and the fact that laboratory
instrumentation (strain gages) directly measures strain, limit states
for axial compression (like those for axial tension) are often given
in terms of strain. Although this eliminates the need to iterate, one
still needs a stress-strain relation (e.g., Equation 4.1) since one
typically determines the axial pipe strain for the PGD hazard by
first calculating the pipe axial force.

4.1.2.2 STRAIN LIMIT
The local buckling limit state is a bit more complex than the

tensile rupture limit state in that there are different stages of wrin-
kling: onset (initiation) of wrinkling (i.e., maximum load capac-
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ity), various stage of wrinkle formation (e.g., 5% internal diameter
loss), up to tearing of the pipe wall. For the performance goal
of normal post-event operability, the onset of wrinkling is com-
monly considered to be the appropriate limit state.

In 1995, Zimmerman et al. compared test data and various em-
pirical curves for the onset of wrinkling (i.e., peak load condition).
Based on this comparison, the empirical equation by Stephens et
al. (1991) was judged to be the more appropriate lower bound:

g =2.42(tD)" (4.8)

Using Equation 4.8, the critical strain for a D/t ratio of 50
is equivalent to 0.24t/D (0.48%), while for D/t = 150 we have
0.126t/D (0.084%).

As noted above in the discussion of the Harris, internal pres-
sure has the effect of increasing the local buckling strain. The em-
pirical equation proposed by Gresnigt (1986) includes this effect.

{ (Pr _Pe).D ’
&, =0.55—0.0025+3000 2— (4.9)

where P is the internal pressure, assumed to be larger than the
external pressure P..

However, after a strong earthquake event, a pipeline system
may be shut down for inspection. During the inspection, the inter-
nal pressure may be reduced while the pipe strains due to PGD,
such as fault movements or landslides, may still be present. That
is, the increase in local buckling capacity due to internal pressure
may not be present and, hence, it may be prudent to neglect it.
Neglecting the increase in capacity due to internal pressure (last
term in Equation 4.9), the critical strain becomes:

cr

€ = 0.5% - 0.0025 (4.10)

For a D/t ratio of 50, the critical strain in Equation 4.10 cor-
responds to 0.375t/D. While for D/t = 150, the critical strain cor-
responds to 0.125t/D.

Utilizing o defined previously, the absolute increase in criti-
cal strain due to internal pressure in Equation 4.9 is:

PIPE LIMIT STATES AND FAILURE CRITERION 77



Az, = 3000(, )’ 4.11)

For o = 0.25, the percentage increase in critical strain for a
pipe with Grade B steel and D/t = 50 is only 3.2%. This suggests
that the pressure term has a relatively small influence and may
reasonably be neglected.

Finally, in a recent natural gas pipeline project, Wijewick-
reme et al. (2005) used 0.4t/D and 2.4t/D as the compression
strain corresponding to 10% and 90% likelihood of reaching the
local buckling limit state.

In relation to guidance documents for onshore pipelines, the
1984 ASCE Guidelines recommended a strain limit corresponding
to the initiation of wrinkling of 0.3t/D to 0.6t/D for PGD effects
on gas and oil pipelines. For the PGD hazard with the normal
operability performance goal, the 2001 ALA Guidelines suggest
Equation 4.9 with modification to D, which takes pipe out-of-
roundness into account. For the pressure integrity performance
goal a strain limit of 1.76t/D is recommended. These same sug-
gested compression strain limits appear in the 2005 ALA Water
Pipeline Guidelines, again for butt-welded steel pipe.

Finally, the 2004 PRCI Guidelines provide recommended
compressive strains for gas and liquid hydrocarbon pipelines,
again with butt-welded joints subject to PGD hazards. Like their
tensile counterpart, two limited states are envisioned. For post-
event operability and steels with rounded stress-strain curves:

0.70

om0 () [om(f)] (5 a0 ))

while for steel with distinct yield plateaus:
1 0.70

e = 1.06(%)2'0 [1 -0.50(§y)]_ (;Ey) (1.09-(%)0'09) (4.13)

with a limit of 2%. In Equations 4.12 and 4.13, p is the internal
pressure, p is the internal pressure for hoop stress equal to yield,
and A is a radial offset representing a fabrication tolerance (the
difference in the as-built pipe radius across a girth weld joint).
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The PRCI relations can be viewed as a basic value related to
the pipes D/t ratio and three modification factors related to inter-
nal pressure, pipe material strength and fabrication imperfection,
respectively. Equations 4.12 and 4.13 were originally developed
by Dorey et al. (2000, 2006) for onset of wrinkling based upon
best fit curve for the test data and FE simulation data. Hence, this
strain limit is an “average” value from available data and is higher
than the lower bound strain limit for the onset of wrinkling.

Like the 2001 and 2005 ALA Guidelines, the 2004 PRCI
Guideline recommends 1.76t/D for the pressure integrity perfor-
mance goal (wrinkling but no leakage). The compressive strain
limits recommended for onshore pipe in various guidelines are
summarized in Table 4.3.

H Table 4.3 Recommended Maximum Compressive Strain for PGD - Onshore Steel Pipe with
Good Quality Butt Welds

Item 1984 2001 2005 2004 Wijewick-
ASCE ALA ALA Water PRCI reme et al.
Guideline Guideline Pipeline Guideline (2005)
Guideline
Focus | Oil and gas Oil and gas Water Oil and gas Gas
pipelines pipelines pipelines pipelines pipelines
Strain 0.3 /D Eqn. 4.9- Eqn. 4.9- Eqn. 4.13 or 0.4 /D
to modified modified 4.14 (normal | (10% prob.
0.6 t/D (normal (normal operation) of limit
operation) operation) 1.76 /D state)
1.76 t/D 1.76 t/D (pressure 2.4 /D
(pressure (pressure integrity) (90% prob.
integrity) integrity) of limit
state)

Equations 4.8 and 4.9 provide strain limits corresponding to
the initiation of a wrinkle or local buckle. They are arguably ap-
propriate for the wave propagation hazard and the normal opera-
bility performance goal for the PGD hazard. The pressure bound-
ary limit state, on the other hand, theoretically accepts initial
wrinkling of the pipe wall but is intended to avoid tearing of the
pipe wall. As discussed above, the pressure boundary limit state
is typically addressed via a limiting pipe strain.

However, as noted in the 2005 ALA Guidelines, “once a
wrinkle forms, additional shortening of the pipeline will tend to
accumulate at the wrinkle.” That is, the strain in the pipe away
from the wrinkle does not change a great deal. In point of fact,
in displacement controlled laboratory tests of welded slip joints,
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the strain in the pipe away from the wrinkle reduced after initial
formation of the wrinkle.

As the wrinkle develops, the strain at the wrinkle increases
greatly but the strain away from the wrinkle stays nominally the
same. Hence, one could argue that any strain (e.g., 1.76t/D) with-
out a specified gauge length does not properly capture the poten-
tial for tearing of the pipe wall. Note in this regard that the PRCI
strain criteria is associated with a gauge length of 1.0 to 1.5 pipe
diameter.

Note in this regard that the additional displacement occurring
after initial wrinkling, which results in tearing of the pipe wall, is
expected to be in inches (millimeters) as opposed to feet (meters).
For example, the 2005 ALA Guideline cites a test on a 30 in (760
mm) diameter pipe. It is noted that “average compressive strains
over one pipe diameter, at the wrinkle, reached 3.5% without
breach of the pressure boundary.” However, one expects that the
peak strain at the wrinkle is substantially larger than the average
strain. Furthermore, 3.5% average strain over 30 in (760 mm) cor-
responds to a total displacement of only 1.05 in (26 mm). One
suspects that a total displacement of possibly 3 to 4 in (76 to 102
mm) could result in a peak strain at the wrinkle comparable to the
ultimate strain of the material and hence tearing of the pipe wall.
If that were the case, the “additional displacement capacity” at
the wrinkle would be only 3 to 4 in (76 to 102 mm).

Given the difficulty in calculating pipe strain after the onset
of wrinkling, and the comparatively small expected additional
displacement capacity (i.e., from wrinkle formation to tearing of
the pipe wall), it may be prudent to use a lower bound strain for
wrinkle formation as the appropriate limit state for the normal
operability performance goal, and an average wrinkle formation
strain for the pressure integrity performance goal.

For offshore pipelines, DNV (2000) developed an equation
for pipelines with a D/t ratio smaller than 45 that considers inter-
nal pressure, yield stress and the yield to tensile ratio.

e = 0.78(% - 0.01)(1 +5 g—h) o %a, D/t<45,P<P, (4.14)
4

where t is the remaining wall thickness after considering the cor-

rosion allowance, o, is the hoop stress due to internal pressure,

o, is the yield stress of the pipe, a, is the maximum allowed yield

stress to tensile strength ratio, and a,, is the girth weld factor.
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However, as demonstrated by full-scale test (Vitali et al., 2005),
Equation 4.14 overestimates the critical strain for onset of wrin-
kling strain by more than 100%. Mohr (2003) concluded that if
the (1+5 0,/ 0 term is replaced by (1+ ¢,/ ), Equation 4.14
yields more reasonable results. Note that for D/t of 45 or more,
CSA nominally recommend 0.35t/D as the strain limit. At smaller
D/t ratios the CSA strain limit is somewhat larger than 0.35t/D.

Equations associated with the limit state of onset wrinkling
are plotted in Figure 4.4 for a pipe with zero internal pressure.
In the PRCI curve, Equation 4.13 is used with yield stress of
65 ksi and misalignment of 10%. Note the test data indicates that
for both large and small D/t ratios, Stephens’ limit serves well
as a lower bound of the onset buckling strain. The PRCI relation
with a misalignment of 10% provides a reasonable ‘average’ fit
to the data.
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004 1y e — - - 035D
5 \\ - — — Canadian Code
= L [
2003 | H . - = = = PRCI 2004
"
o
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Y002 | - e
0.01
0
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D/t

After Mohr, 2003
B Figure 4.4 Maximum Compressive Strains - Zero Internal Pressure

4.1.3 WAVE PROPAGATION HAZARD

There are significant differences between the PGD hazard and
the wave propagation hazard. First of all, the wave propagation
hazard occurs in every earthquake event and typically affects a
significant portion of the whole pipeline network. The PGD haz-
ard, on the other hand, may or may not occur during a particular
event, and if it does it only affects a comparatively small portion
of the network. Also, as noted above, the nature of the wave prop-
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agation hazard (alternating axial tension and compression) is dif-
ferent than that for the PGD hazard (monotonic loading with no
load reversals). These differences result in different behavior with
respect to the local buckling limit state. For example, Das et al.
(2008) recently reported on laboratory tests of 305 mm (12 in) di-
ameter X-52 grade steel pipe with D/t = 45. The pipe was subject
to internal pressure, an axial compressive load and a bending mo-
ment. When the bending moment was increased monotonically,
the post-wrinkling behavior was ductile (no leaks or fractures).
However, when the axial load and bending moment were cycled
(nominally full compression load to zero load to full compression
load) the behavior was fairly brittle. Typically, it took about a half
dozen cycles (specifically, 4 to 9 cycles) for a fracture or leak to
form. One expects less capacity/earlier onset of fracture if the
tests cycled from full compression to full tension and back to full
compression. Unfortunately, most research on fatigue is directed
at low stress and a large number of cycles, while for buried pipe
subject to earthquake effects one is interested in high stress and a
limited number of cycles.

As a result of these differences, guidelines have typically rec-
ommended lower limit state criteria for the wave propagation
hazard than for the PGD hazard. Also, since wave propagation
involves alternating tension and compression, and common on-
shore steel pipe has lower capacity for axial compression, the
wave propagation limits typically are directed at the local buck-
ling limit state. For example, the 1984 ASCE Guidelines recom-
mend that half of the strain limit corresponding to the initiation
of wrinkling be used for the wave propagation (ground shaking)
hazard (i.e., 0.15t/D to 0.3t/D). ALA (2001) suggests that 75% of
the PGD strain limit for local buckling be used for wave propaga-
tion hazards for onshore pipelines in compression. The 2001 ALA
Guidelines also establish a 0.5% strain limit for tension, although
the compression limit would likely control for common onshore
pipe D/t ratios. Table 4.4 lists the recommended strain limits for
onshore pipe subject to wave propagation.

H Table 4.4 Recommended Maximum Strain for Wave Propagation - Steel Pipe with Good Quality
Butt Welds

Guideline 1984 2001
ASCE Guideline ALA Guideline
Strain 0.15t/D Tension: 0.5%
to Compression: 0.75 times local
0.3t/D buckling from Eqn. 4.9
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Neither the Canadian nor the Norwegian Standards specifi-
cally address the wave propagation hazard for offshore pipe-
lines. However, since checks for dynamic loads and fatigue are
required, one could argue that strains resulting from wave propa-
gation should be checked. For offshore pipelines, the D/t ratio is
typically less than 45, and the resulting critical buckling strains
are well above 0.5%. Therefore, the 0.5% strain limit for both
compression and tension may well be appropriate for the wave
propagation hazard.

4.1.4 BEAM BUCKLING

Beam buckling of a pipeline is similar to Euler buckling of
a slender column in which the pipe/column undergoes a trans-
verse displacement either upward or in the horizontal plane. The
relative lateral movement occurs over a substantial length of pipe
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 strains
are less and the potential for tearing of the pipe wall is lessened.

4.1.4.1 ONSHORE PIPELINES

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, which ranged in diameter
from 51 to 406 mm (2 to 16 in). The oil pipelines buried at depths
between 0.15 and 0.30 m (6 to 12 in), 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
Imperial fault were affected. No evidence of local buckling or
beam buckling was observed immediately after the event. How-
ever, removal of cover during inspection after the earthquake
caused both pipes to displace laterally in a beam buckling mode
(McNorgan, 1989).

As opposed to tensile rupture, or wrinkling and associated
tearing of the pipe wall, the pipes do not “fail” after beam buck-
ling. The beam bucking of pipes may better be described as a

PIPE LIMIT STATES AND FAILURE CRITERION 83



serviceability problem since the pipe continues to serve its func-
tion 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 factors, such as the bending stiffness and burial depth of
the pipe, as well as initial imperfections. Intuitively, beam buck-
ling is more likely to occur in pipelines buried in shallow trenches
and/or backfilled with loose materials. That is, the critical load
for beam buckling is an increasing function of the cover depth.
Hence, if a pipe is buried at a sufficient depth, it will develop lo-
cal buckling before beam buckling.

The general topic of beam buckling of buried pipelines has
been the subject of analytical studies by Marek and Daniels
(1971), Hobbs (1981), Kyriakides et al. (1983) and Ariman and
Lee (1989).

Meyersohn (1991) arguably presents results for straight pipe
in the most user friendly form. He determined a critical cover
depth by setting the lowest beam buckling stress equal to the lo-
cal buckling stress. Any pipe buried with less cover than the criti-
cal depth would experience beam buckling before local buck-
ling. 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
substantially larger than that for Grade B steel (note the change in
vertical scale). That is, stronger pipe are more susceptible to beam
buckling. However, as noted by Meyersohn (1991), the t/D ratio
is typically less than or about equal to 0.02 (D/t typically greater
than or about equal to 50). Hence, from Figure 4.5, the likelihood
of beam buckling of moderate temperature buried pipelines is
small since the critical depth is less than typical burial depths.

4.1.4.2 OFFSHORE PIPELINES

Offshore pipelines typically have less restraint for lateral and
vertical pipe movements than onshore pipelines. As a result, beam
buckling is the principal “failure” mode for offshore pipes subject
to compression due to PGD. Beam buckling includes upheaval
buckling and lateral buckling (snaking). Upheaval buckling oc-
curs typically for pipelines with significant lateral restraints (e.g.,
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buried offshore pipelines). For pipelines laid on seabed, lateral
buckling is more likely.

Upheaval buckling often requires treatment (e.g., reburial) be-
cause the suspended pipelines are venerable to third party dam-
age (shipping anchors, fishing activity, etc.) and fatigue under
hydrodynamic loads. Lateral buckling is acceptable for pipelines
that require no protective soil cover, especially in deep water.
Lateral buckling may be used as a means to release the compres-
sive forces in the pipe. For example, lateral buckling is a desirable
method to reduce the thermal expansion in high temperature —
high pressure oil field pipelines (flowlines).

PIPE LIMIT STATES AND FAILURE CRITERION 85



CONTINUOUS PIPELINE WITH WELDED
SLIP JOINTS

The failure criterion for steel pipelines with butt-welded joints
is based on the strength of pipe material since properly detailed
butt joints are stronger than the parent or base material away from
the joint. This, however, is not the case for steel pipe with welded
slip joints (WS)). Figure 4.6(a) shows a WS) with an exterior fillet
weld, while Figure 4.6(b) shows the weld detail—specifically, the
eccentricity e, the small gap between the outer surface of the
spigot and the inner surface of the bell, g, and the length of the

Weld Bell
Spigot

S —
a) Bell and Spigot

b) Weld Detail

B Figure 4.6 WSJ with Exterior Fillet
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curved bell, . Alternately, WSJs can have an interior fillet weld,
or both exterior and interior fillets. Due to the eccentricity and the
presence of the fillet weld, the load capacity of WSJs, is less than
that for the parent material away from the joint, particularly for a
WS]J subject to longitudinal compression. As such, pipelines with
WSJs are susceptible to failure during earthquakes, as illustrated
by the Balboa Blvd. example cited above.

4.2.1 AXIAL TENSION
4.2.1.1 ANALYTICAL MODELS

Brockenbrough (1990) considered an unpressurized WSJ
pipeline with an interior fillet weld subject to axial tension. His
model evaluated a strength limit characterized by yielding at the
weld. As one might expect, the joint efficiency (load capacity at
WSJ normalized by yield load for unpressurized pipe away from
the joint) is a decreasing function of the eccentricity. Specifically,
the analytical relation is:

joint efficiency = (k* + 1) - k (4.15)

where k is the ratio of the eccentricity to the wall thickness. For
k = 1.0 (gap = 0) the efficiency is 0.41, while for k = 1.25 (gap =
0.25t) the efficiency is 0.35. The expected joint efficiency for the
limiting value of k = 0 (no eccentricity) is 1.0 as expected.

As noted above, Brockenbrough considered an unpressurized
pipe subject to axial tension. However, one expects similar or
slightly larger joint efficiencies if internal pressure is considered.
That is, using the Von Mises criterion, the yield condition for biax-
ial tension (longitudinal tension and hoop tension) is a bit larger
than that for uniaxial tension.

4.2.1.2 EXPERIMENTAL RESULTS

As will be shown subsequently, experimental test results are
particularly important in understanding the behavior of WSJ pipe-
lines. Brockenbrough presents test data for WSJ pipe with closed
ends subject to internal pressure. Due to these conditions, the
longitudinal tension stress is always exactly half the hoop ten-
sion stress. Table 4.5 summarizes results from a 1958 and 1984
series of tests.
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B Table 4.5 Internal Pressure Tests on WSJ Pipe with Closed Ends

Year No. Diameter Wall Gap Weld Size Joint
(in) Thickness (in) (in) Efficiency
(in) Int.  Ext.
1958 1 48 5/16 - 5/16 - 0.93
1958 2 48 5/16 - 5/16 - 1.00
1958 3 48 5/16 - - 5/16 0.99
1958 4 48 5/16 - - 5/16 0.99
1984 2 61 5/16 .05/.08 | 5/16 | 1/4 0.80
1984 3 61 5/16 .03/.10 174 | 5/16 0.78
1984 4 61 5/16 .05/.08 | 5/16 - 0.76
1984 5 61 5/16 .04/.10 - 5/16 0.76
1984 6 61 5/16 .09/.11 5/16 - 0.83

The 1958 tests as well as the single fillet 1984 tests (No.’s 4,
5, and 6) suggest that, at least for axial tension, the location of
the fillet weld (exterior or interior) does not make a great deal of
difference in terms of axial load capacity (joint efficiency). Also,
surprisingly, the 1984 double fillet tests (exterior and interior fil-
lets) suggest that double fillets are not significantly better than ei-
ther a single exterior or a single interior fillet. However, this may
be simply an artifact of the applied test loads. Note that both the
double fillet tests, as well as Test No. 6 in the 1984 series, failed
by longitudinal (hoop stress related) rupture. All the others failed
by circumferential (longitudinal stress related) rupture or were dis-
continued before rupture (No.'s 3 and 4, 1958). Hence, the double
fillets may well have increased the axial load capacity. The pipe
may simply have failed due to large stress in the hoop direction, as
opposed to a lack of strength in the longitudinal direction.

Both series have joint efficiencies at least double those pre-
dicted by the Brockenbrough theory in Equation 4.15. It seems
likely that this is due to the fact that the Brockenbrough theory
considered yielding while the experimental tests measured rup-
ture and, as Brockenbrough describes it, a “decrease in eccen-
tricity as the joint region tends to straighten under the action of
the axial force.” That is, as with the Tawfik and O’Rourke model
discussed later, the Brockenbrough analytical model is a small
deformation model. As such, the equilibrium equations are not
reformulated based upon the deformed geometry of the WS]J. That
is, the joint eccentricities remain the same throughout the analy-
sis. For WSJ subject to axial tension, the deformed shape of the
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joint tends to reduce the eccentricity for a single fillet (either ex-
terior or interior) joint. As a matter of fact, the observed joint ef-
ficiency nominally corresponds to the expected ultimate strength
of a transversely loaded fillet weld without eccentricity.

Weld Capacity = 1.33 (0.6F, ) (0.707t ) (mD) (4.16)

where 0.6F_ is the ultimate shear strength of the electrode,
0.707t, is the nominal throat dimension for the weld, and 7D is
the circumference of the pipe. The factor of 1.33 accounts for the
33% increase in capacity for transverse welds in comparison to
longitudinal welds.

Recently, Mason and T. O’Rourke (2009) reported on a se-
ries of two unpressurized WS) pipes with exterior fillets sub-
ject to axial tension. The pipe diameter was 12 in (0.32 m),
the wall thickness was 4 in (6.4 m) and the gap was 1/32 in
(0.75 mm). The pipe failed at a circumference rupture well away
from the WSJ. The failure loads were roughly 10% larger than the
uniaxial yield load for the pipe away from the WSJ. Hence, from
these tests, the joint efficiency was about 1.1. Note that the fillet
weld throat dimension was reported to be 0.252 in. That is, the fil-
let weld was overbuilt, roughly 40% thicker than what one would
presume for a Y4 in fillet. Again, as with the tests in Table 4.5, the
estimated failure load for the “as-provided” fillet weld without
eccentricity—including a 33% increase due to its transverse ori-
entation (i.e., Equation 4.16)—was not greatly different than the
observed failure load.

4.2.2 AXIAL COMPRESSION
4.2.2.1 ANALYTICAL MODELS

The first analytical investigation of WS) behavior was under-
taken by Tawfik and T. O’Rourke (1985). They considered a pres-
surized pipe having a WSJ with an exterior fillet weld subject to
axial compression. They investigated two limit states. The first
limit state (Mode 1) involved yielding at the weld. For that limit
state, the joint efficiency is a decreasing function of the eccentric-
ity e_. Specifically, for an eccentricity equal to the wall thickness
(e_=t, hence, gap = 0) the joint efficiency is about 0.29, while for
an eccentricity equal to 1.25t (gap = 0.25¢) the efficiency is about
0.25. Tawfik and O’Rourke assume an internal pressure such that
the hoop stress is half the material uniaxial yield stress.
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The second limit state (Mode Il) involves yielding of the curved
bell. For that limit state, the joint efficiency is an increasing func-
tion of the length of the bell section. Tawfik and T. O’Rourke
choose to use a normalized length, specifically the bell length
divided by the pipe radius, /R . For /R, = 0.25, the joint efficiency
was about 0.3, while for /R = 1.0 the joint efficiency was about
0.6. For very large bell lengths, the joint efficiency approaches
0.65, which is consistent with the expected axial compression
capacity from the Von Mises yield criterion, for a tensile hoop
stress of half the uniaxial yield stress.

Figure 4.7 shows the joint efficiency for Modes | and Il plotted
versus the normalized joint length, /R , for an eccentricity of e_=
1.06t (gap = 0.06¢). Since the lower of the two strengths controls,
Mode Il (curved bell) controls the behavior for /R, < 0.3, while
Mode I (weld) controls for larger joint lengths. Note that Tawfik and
O'Rourke investigated two strength related limit states, and the
strength limit states were yielding either at the weld or in the curved
portion of the bell. As such, they conservatively neglected any ben-
efits related to strain hardening of steel beyond yield. On the other
hand, they neglect all instability limit states such as local buckling.

In relation to a forensic investigation, Moncarz et al. (1987)
presents inelastic finite element results for a WSJ pipeline with
an interior fillet weld, subject to axial compression. The pipe di-
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B Figure 4.7 Joint Efficiency of Slip Joints with Exterior Fillet Weld
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ameter was 108 in (2.74 m), the wall thickness was 0.5 in (12.7
mm) and the material uniaxial yield stress was 42 ksi (290 MPa).
For a hoop tensile stress of about 55% of uniaxial yield, the joint
efficiency for a gap of /5 in (3 mm) was 0.40.

Finally, Eidinger (1999) presents finite element results for an
unpressurized pipe with double fillet welds subject to axial com-
pression. In this case, the analysis included large deformation
(“large geometry”) effects. The pipe material was mild steel with a
uniaxial yield stress of 40 ksi and a strain at ultimate load of 21%.
The pipe model had a D/t ratio of 66/0.375 or 176 and a total
length of 36 in. Figure 4.8 presents the load versus axial shorten-
ing curve. At low levels of axial compression, elastic shortening
was due mainly to elastic bending at the joint. When the axial
shortening reached 0.1 in, the joint was at yield and plastic de-
formation within the joint then ensued. The axial compression
load of 300 kips/radian corresponds to a strain level of 0.084% or
about 60% of uni-axial yield. For axial shortening greater than 0.1
in, the axial load in the pipe decreases, presumably an artifact of
the displacement controlled nature of the simulated test. During
this time, all additional shortening is due to wrinkling at the joint.
When the total shortening reached 1.0 in, the tensile strains at the
joint (toe of exterior fillet, curved bell region) were about 14%.
Hence, if the total axial shortening reached 2 in, one would ex-
pect tearing of the pipe wall and loss of the pressure boundary.
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After Eidinger, 1999
B Figure 4.8 Axial Load vs. Axial Shortening for WSJ Pipe Under Compression
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4.2.2.2 EXPERIMENTAL RESULTS

Mason et al. (2009) at Cornell report on a combined experi-
mental and analytical investigation of unpressurized WSJ pipe
subject to axial compression. The experimental portion involved
five tests on pipe ranging in diameter from 12 to 36 in (300 to 910
mm), with D/t ratios ranging from 48 to 244. The smaller diameter
pipe had exterior fillet welds, while the larger diameters (32 in
and 36 in) had interior fillets. The length of the curved bell (see
Figure 4.6(b)) was 3.5 to 4 in for the 12-inch-diameter specimens,
and 4 and 112 in for the 32- and 36-inch-diameter specimens,
respectively.

The load-displacement curves for these Cornell tests are quite
similar to that shown in Figure 4.8. As an example, for Test No.
5 the peak axial load occurred at an axial displacement of 0.1
in. After the peak load was obtained, the axial load decreased as
the axial displacement increased. As noted above, this behavior
is presumably a result of the displacement controlled nature of
the tests. All tests were terminated at an axial displacement of
1.0 in (25.4 mm), and there was no observed tearing of the pipe
wall. Finally, it should be noted that in all tests, the wrinkling
occurred at the curved portion of the bell. That is, in relation to
the 1985 Tawfik and T. O’Rourke model, Model Il limit states
were observed.

Table 4.6 presents the results of the compression tests wherein
the axial capacity is characterized by the joint efficiency. Note
the clear dependence on the specimen D/t ratio. As one might
expect, the joint efficiency decreases with increasing D/t. Since
both the smaller diameter specimens had exterior fillets and all
the larger diameter specimens had interior fillets, one is unable to
determine the effects of fillet weld location from the experimental
tests alone.

B Table 4.6 Axial Compression Tests on Unpressurized WSJ Pipe

No. | Diameter (in) D/t It Fillet Weld | Joint Efficiency
1 12 48 15 exterior 0.78
2 12 48 15 exterior 0.81
3 32 244 32 interior 0.43
4 36 144 46 interior 0.66
5 36 144 46 interior 0.64
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In Table 4.6, the /1 ratio is used to normalize the length of the
curved bell. Since the offset or eccentricity is the wall thickness
plus a presumably small gap, the /4 ratio quantifies the curvature
in the bell. As such, the ratio is expected to properly quantify the
influence of bell geometry. Unfortunately, since there are no test
results in which the /t ratio varied for a constant D/t ratio, one is
unable to determine the influence of bell geometry from the ex-
perimental tests alone.

As noted above, the Cornell program included an analytical
investigation of unpressurized WSJ under axial compression. A
“large geometry” analysis was conducted with the length of the
curved bell taken to be a constant, £ = 6 in, for all simulations.
As with the experimental tests, the limit state in the analytical
simulations was buckling at the curved wall. Figure 4.9 presents
the resulting joint efficiency for a WS) pipe with exterior welds
as a function of the pipe D/t ratio, for various values of the bell
geometry (/) ratio. Similar results are presented in Figure 4.10 for
WSJ pipe with interior welds.

As one might expect, the joint efficiency is a decreasing func-
tion of the pipe D/t ratio. Similarly, the joint efficiency (axial load
capacity) is an increasing function of the bell geometry ratio /1.
Recall that the curvature in the bell region is an inverse func-
tion of the /t ratio. Somewhat surprisingly, all other things being
equal, the calculated joint efficiency of a WSJ with exterior welds
is larger than the one with interior welds. It is thought that this
unexpected behavior is related to the distribution of bending mo-
ment within the curved bell. For a WSJ with an exterior fillet, a
simple statics model suggests that the bell portion is subject to
double curvature bending (one portion of the curved bell tend-
ing to deform outward, the other tending to deform inward). For
a WSJ with an interior fillet, the bell is subject to single curvature
bending, with all portions tending to deform outward.

The normalized axial load capacities in Figures 4.9 and 4.10
are reasonably consistent with the Cornell experimental test re-
sults, as well as analytical results by others. For experimental tests
No.'s 1 and 2 in Table 4.6, the joint efficiency was about 0.8 for
a pipe with exterior fillet welds, a D/t of 48 and It of 15. Similar
experimental tests No.'s 4 and 5 (interior fillets, D/t = 144, It =
46) are reasonably consistent with Figure 4.10. That is, the ex-
perimentally determined joint efficiency is larger than what one
expects for /t = 24. The same can be said for the Moncarz et al.
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analysis (interior fillet, D/t = 216, It = unknown, joint efficiency
= 0.40), as well as the Eidinger analysis (double fillets, D/t = 176,
It = unknown, joint efficiency = 0.6). The one possible excep-
tion is Test No. 3 in Table 4.6 (interior fillet, D/t = 244, It = 32,
efficiency = 0.43). Figure 4.10 suggests that the expected joint
efficiency should be something larger than 0.47. The Cornell pro-
gram also included an analysis of steel pipe with cement liners.
As one might expect, the axial load capacity increases if the liner
is assumed to behave in a composite fashion with the steel pipe.
However, field inspections of unreinforced cement liners (person-
al communication with J. Eidinger, August 2009) suggest that the
assumption of composite action is likely unwarranted.

4.2.3 RECOMMENDED LIMIT STATES

In relation to guidance documents, the 2005 ALA Guideline
is the only one that addresses WS]J pipe. For axial tension load-
ing, they opine that “girth joints in single-lap welded steel pipe
will generally not be strong enough to allow longitudinal tensile
yielding in the main pipe.” However, as demonstrated above, sin-
gle-lap welded pipe (WSJ pipe with either an exterior or interior
fillet) with over-built welds can have joint efficiencies of 1.0. That
is, they can develop longitudinal yielding in the “main pipe.” For
double-lap welded steel pipe, ALA 2005 recommends that the
allowable strain away from the WS) should be limited to 2 to 4%.
These suggested limits on the other hand, comparable to those for
tensile loading of steel pipe with butt-welded joints, seem exces-
sively unconservative. More realistic estimates of tensile capac-
ity can be developed knowing weld size, electrode strength, and
Equation 4.16.

For WSJ pipe in compression, ALA 2005 recommends limit-
ing the axial strain in the main pipe away from the welds to 40%
and 60% of yield for pipe with single and double fillets, respec-
tively. These recommended limits seem reasonable in relation to
the joint efficiencies shown in Figures 4.9 and 4.10.

4.2.4 COMPARISON WITH BUTT WELDS

In relation to the most common limit states for continuous on-
shore pipelines, the tensile capacity exceeds the compressive ca-
pacity, and the capacity of modern butt-welded pipe exceeds that
for pipe with WSJs. For butt-welded pipe subject to axial tension,
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a commonly recommended maximum strain is 3%. For the same
pipe subject to axial compression, a commonly recommended
maximum strain would be roughly 0.6% for a pipe D/t slender-
ness ratio of 100 (roughly a fifth of the tensile capacity).

For WSJ pipe in axial tension, the expected capacity is a func-
tion of the fillet weld size. However, the axial capacity typically
is less than that for longitudinal yielding in the parent material.
As such, a maximum allowable axial strain may be on the order
of 0.2% (a third of butt-welded pipe in compression, a fifteenth of
butt-welded pipe in tension). For WS) pipe in axial compression,
the expected capacity is a function the pipe D/t ratio, the bell ge-
ometry (1), as well as the location of the fillet (interior or exterior).
For a D/t ratio of 100, the axial capacity would be roughly 60%
of that for longitudinal yielding. As such, a maximum allowable
axial strain may be on the order of 0.12% (a fifth of that for butt-
welded pipe in compression, a twenty-fifth of that for butt-welded
pipe in tension).

SEGMENTED PIPELINE

For segmented pipelines, particularly those with large di-
ameters 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% of pipe breaks were associated with joints. As
shown in Figure 4.11, M. O’Rourke and Ballantyne (1992) iden-
tified six types of damage mechanisms to segmented pipelines
during the 1991 Costa Rica earthquake. For the Cl and DI trans-
mission pipelines in the Limon area, 52% repairs are due to pull-
out at joints (Figure 4.11(f)) and 42% repairs are due to breaks at
segments (Figure 4.11(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. This is due to the fact that the shear strength
of joint caulking materials, or the friction force due to compres-
sion of the rubber gasket, is much less than the tensile strength
of the pipe. That is, the segmented joint is the weak link. In areas
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of compressive ground strain, telescoping or crushing of the bell
of bell and spigot joints is a fairly common failure mechanism
in, for example, concrete pipes. For small diameter segmented
pipes, circumferential flexural failure has been observed in areas
of ground curvature. For example, as observed by T. O'Rourke et
al. (1991), more than 80% of the breaks in cast iron pipes with
small diameters (100 to 200 mm or 4 to 8 in) in the Marina Dis-
trict after the 1989 Loma Prieta event were round cracks in pipe
segments close to joints.

U, E] =
() Pipe Segment Break (d) Disconnection at Tee
> <=
(b) Break in Union Piece (e) Compressive Telescoping at Joint
<
(c) Blowout at Tee (f) Tensile Pull-out at Joint

After M. O'Rourke and Ballantyne, 1992
W Figure 411 Damage Mechanisms for Segmented Pipelines
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4.3.1 AXIAL PuULL-ouT

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 u* /d shown in
Figure 4.12. Note that u is the joint opening for [/eakage and d,
is the joint depth.

As shown in Figure 4.12, the mean value of the joint opening
corresponding to leakage at the joint is 0.52 d with a coefficient
of variation 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.
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El Hmadi and M. O'Rourke, 1989
B Figure 4.12 Cumulative Distribution Function for Leakage of Lead Caulked Joints

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 displace-
ment 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 ap-
propriate failure criterion for many types of segmented pipes.
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With this mechanism in mind, Table 4.7 lists the joint depth
for various diameters for Ductile Iron Pipe (AWWA C151), pit-
cast Cast Iron Pipe, and Concrete Cylinder Pipe (AWWA C-300
through C-302). As one might expect, the joint depth is an in-
creasing function of nominal diameter. This suggests that for a
given pipe type, damage rates due to joint pull-out would be a
decreasing function of diameter.

B Table 4.7 Joint Depth for Various Diameters of Ductile Iron, Cast Iron and Concrete Cylinder Pipe

Joint Depth (in)
Nominal Diameter Ductile Iron Cast Iron ccp
(in)
6 35 3.5
12 4.25 4.0
18 4.88 4.0
24 5.12 4.0
30 6.12 4.5 3.25
48 5.0 3.87
60 5.5 4.5
72 5.5 4.5

4.3.2 CRUSHING OF BELL AND SPIGOT JOINTS

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 crushing or telescoping at
the joints. The corresponding failure criterion, based on labora-
tory 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 in 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 its 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 would eventually result in a leakage path and/or
cause the section to burst. Hence, both Bouabid and M. O’Rourke
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(1994), as well as Krathy and Salvadori (1978), proposed that the
joint crushing failure criterion for concrete pipes can be taken as
the ultimate compression force of the concrete core at joints F_.
That is,

F =0

cr comp core

(4.17)

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

However, as described in more detail in Sections 11.1 and
11.2, determination of the ground strain leading to axial pull-
out or joint crushing is complicated. Among other things, realistic
modeling requires consideration of joint properties (strength and
stiffness) that vary from segmented joint to segmented joint. Specif-
ically, one needs a statistical description of the load-displacement
relation for the class of segmented joints under consideration. In
this regard, Figure 4.13 shows a generic load-displacement rela-
tion for a joint in tension. It has the point of initial slip (load = P,
displacement = A ) shown as an open circle and the point of fail-
ure (load = P, displacement = A ) shown as a closed circle. The
pre-slip and post-slip stiffnesses are K and K, respectively.

Load A
P, Failure
P
Slip
T T >
AS AU

Displacement

W Figure 413 Generic Load-Displacement Curve for a Joint in Tension
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In a series of papers in the early 1980s, Singhal and Bena-
vides (1983) and Singhal (1984) present the results of axial pull-
out tests on ductile iron (DI) pipe with rubber gasketed joints.
These joints exhibited an elastic-plastic (yield plateau) type load-
displacement curve. That is, the post-slip joint stiffness K was
nominally zero. Table 4.8 presents the mean and standard devia-
tion for the slippage force and the pre-slip stiffness. The individual
force-displacement curves suggest that for a given diameter, large
values of P were generally associated with larger values of K .
Also, Singhal (1984) presents an analytical relation for the pre-
slip stiffness, which involves gasket compression and friction. Fi-
nally, in relation to the failure displacement A , Singhal observed
that DI joints “get completely disassembled” for A, = 1.2 in, but
that severe fluid leakage occurs at roughly a half inch of relative
joint displacement. That is, for DI pipe, leakage occurs when the
joint displacement is about 40% of the spigot embedment dis-
tance into the bell. More recently, Meis et al. (2003) conducted a
series of laboratory tests on various types and diameters of pipe.
The pipe joints were subject to axial tension or axial compres-
sion. Unfortunately, since duplicate tests were not performed, the
variation in joint parameters is unknown. Table 4.9 presents the
results for the more common joint types. Excepting polyethylene
(PE) pipe, the joints in Table 4.9 are bell and spigot type. Ductile
Iron and PVC pipe had push-on rubber gaskets. The Cast Iron
pipe had lead-caulked joints, while the PE joint was butt fused.
Since the fused joints in PE pipe are as strong or stronger than the
material away from the joint, they should properly be considered
continuous. Nevertheless, herein the Meis et al. test results for
PE pipe are presented with the Meis et al. results for other pipe
materials. For all the compression tests, again excluding PE pipe,
the failure was due to the spigot telescoping or extruding into the
bell, occasionally with fracture of the spigot end inside the bell.
For PE pipe, the failure in compression was severe buckling of the
pipe, while in tension (again for PE pipe) the failure occurred at
one of the end flanges.

Finally, M. O’Rourke (2009) utilized a load-displacement
relation for Cast Iron joints in developing an analytical fragility
relation for segmented pipe. The simplified model was for 6-inch-
diameter Cast Iron pipe with lead-caulked joints, arguably the
most common joint type and diameter. In the simplified model,
the displacement at slip, A_ was taken to be zero.
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H Table 4.8 Load-Displacement Properties for Ductile Iron Pipe Joints Subject to Axial Tension Load

Diameter Force at Slip Pre-Slip Stiffness
(in) P_ (Ibs) K. (Ibs/in)
mean st. dev mean st. dev
46 21 588 196
69 15 685 184
333 65 1,558 252
10 386 95 1,891 236

B Table 4.9 Load-Displacement Properties for Various Pipe Types

Joint Type | Diameter | Loading Force at | Displace- | Ultimate | Ultimate
(mm) slip ment at Force Displace-
P (kN) slip (kN) ment
° (cm) (cm)
Cast Iron 200 Comp. 1108 1.27 2046 2.46
Ductile 100 Comp. 792 0.27 734 0.41
Iron
" 150 Comp. 1054 0.31 934 0.46
" 200 Comp. 1112 0.37 890 0.83
" 250 Comp. 1557 0.31 1179 0.48
PVC 150 Comp. 15 0.30
! 200 Comp. 13 0.37
! 300 Comp. 6 0.16
PE 150 Comp. 186 3.90 125 5.50
! 200 Comp. 307 3.90 250 6.00
PE 150 Tension 133 1.50 157 6.20
" 200 Tension 125 0.87 232 4.30

The axial force at slippage, P, is based upon a model pro-
posed by T. O’Rourke and Trautmann (1980):

P = CmDd, (4.18)

where C  is the adhesive strength at the pipe/lead interface and d,
is the depth of lead caulking. C, has a mean value of 252 psi and
a coefficient of variation of 32%, while d, for a 6-inch-diameter
pipe is 2.25 in. Hence, for the 6-inch-diameter pipe, the mean
axial force at slippage is P, = 10.7 kips and the standard deviation
of P_is 3.42 kips.
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Based upon an analysis by El Hmadi and M. O’Rourke (1989)
the joint force at leakage, P, is twice the slippage force. Finally,
based upon Figure 4.12, the joint displacement at leakage A is
taken to be a function of the joints embedment distance d . Spe-
cifically, the mean value of the ratio u*/d_was 0.45 and the stan-
dard deviation of the ratio was 0.13.

4.3.3 CIRCUMFERENTIAL FLEXURAL FAILURE AND
JOINT ROTATION

When a segmented pipeline is subject to bending induced by
permanent ground movement or seismic shaking, the ground cur-
vature is accommodated by some combination of rotation at the
joints and flexure in the pipe segments. The relative contribution 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 segments starts
to increase greatly only after the joint rotation capacity, typically
about 4° and 15°, 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 accommodated from
the start by some combination of joint rotation and flexure in the
segments (as will be discussed in more detail in Chapter 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 an-
gular offset for pipe laying purposes contained in manufacturer’s
literature. Table 4.10 contains a listing of such manufacturer’s rec-
ommended allowable angular offsets.

For cast iron or asbestos cement pipes subject to ground curva-
ture, round flexural cracks in segments are a major failure mecha-
nism. On the other hand, for concrete pipes subject to ground
curvature, 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
failure 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 Cl and DI pipe materials. Table
4.11 summarizes this information, as well as the properties for
other common pipe materials.
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H Table 4.10 Typical Manufacturer's Recommended Allowable Angular Offset (Deg. and Min.) for
Various Pipe Joints

D Cast Iron Ductile Iron Prestressed Concrete
(in) Push-on Mechanical Concrete

4 4-00 5 8-18

6 3-30 5 7-07

8 3-14 4 5-21

10 4 5-21

12 3-00 4 5-21

14 3 3-35

16 2-41 3 3-35 2-19
18 3 3-00 2-04
20 2-09 3 3-00 1-52
24 1-47 2 223 134
27 2 2-23 1-24
30 1-26 2 2-23 1-44 1-15
33 1-30 1-35 1-09
36 1-30 2-05 1-28 1-03
42 1-30 2-00 1-16 1-03
48 1-30 2-00 1-06 1-03
60 1-30 0-56

72 1-30 0-56
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B Table 4.11 Mechanical Properties for Common Pipe Materials

Item Cast Iron Ductile Concrete PVC HDPE
Iron
Yield 1.0to 1.75 to 0.1to 17 to 22 to
Strain x107 3.0 2.17 1.3 22 25
Ultimate 5.0to 100 0.25 to 50 to 50 to
Strain x107° 40 3.0 >100 >100
Yield Stress 14 to 42 to 0.32 to 5.0 to 2.2 to
(ksi) 42 52 4.0 6.5 2.5
Initial 14,000 24,000 3,000 290-560 100-120
Modulus
(ksi)

PIPE LIMIT STATES AND FAILURE CRITERION
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SOIL-PIPE INTERACTION

Earthquake-induced axial forces and bending moments in
buried pipelines and the resulting pipe strain are due to forces at
the soil-pipe interface. That is, as the ground moves due to wave
propagation or PGD, normal and friction forces at the soil-pipe
interface load the pipeline. Hence, the overall seismic behavior
of buried pipeline is directly related to, and strongly a function
of, the force-deformation relation at the soil-pipe interface. Struc-
tural engineers tend to use the term “soil spring” when referring
to these force-deformation relations, while geotechnical engi-
neers tend to use the term “p-y curves.” For purposes of analy-
sis, ground deformation can be decomposed into a longitudinal
component (soil movement parallel to the pipe axis) and a trans-
verse component (soil movement perpendicular to the pipe axis).
Furthermore, the transverse component is typically decomposed
into separate transverse-horizontal and transverse-vertical com-
ponents. In relation to the transverse-vertical component, one
must distinguish between upward and downward pipe move-
ment since the interaction forces are quite different for these two
cases. It is common practice to represent the load-deformation in
each of these directions with separate, independent soil spring.
Finally, for onshore pipeline, one must distinguish between pipe
surrounded by competent, non-liquefied soil, and pipelines lo-
cated in a liquefied layer.

Often offshore pipelines are simply laid on the seafloor.
The resultant force-deformation relations are also discussed in
this chapter.
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ONSHORE PIPELINES IN COMPETENT
NON-LIQUEFIED SOIL

Interaction forces for a pipeline surrounded by competent,
non-liquefied soil are reasonably well established. They are based
upon a combination of laboratory tests and analytical studies. The
1984 ASCE Guidelines were arguably the first to present relations
in a complete and user friendly fashion. They suggest, for the
purpose of analysis, idealized elasto-plastic models as shown in
Figure 5.1. Note that the elasto-plastic model is fully character-
ized by two parameters: 1) the maximum resistance t , p, or g, in
the axial, transverse-horizontal and transverse-vertical directions,
respectively, and 2) the maximum elastic deformation x , y _or z,.
The resistance has units of force per unit length while, as expected,
the deformation has units of length. As shown in Figure 5.1, the
elasto-plastic force deformation relation is an idealization of the
actual “roundhouse” type curve. As such, a ratio of the ultimate
resistance to the maximum “elastic” deformation underestimates
the actual effective stiffness. The 1984 ASCE Guidelines suggest
using as the effective stiffness (units of force per unit area) twice
the ratio of ultimate resistance to the maximum “elastic” defor-
mation, for example, 2t /x for the axial spring. Note that for the
elasto-plastic idealization, this spring coefficient is effective only
for relative displacements less than half the maximum values of
x, y,and z , beyond which the resistance is assumed constant.

force force
A
tuPu
K
“Xu,~Yu 1 & - u
Xu/Yu o
(a) Horizontal Spring (b) Vertical Spring (Transverse)

(Axial/Transverse)

After ASCE, 1984
B Figure 5.1 Idealized Load-Deformation Relations at Pipe-soil Interface
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5.1.1 LONGITUDINAL MOVEMENT

Relative movement parallel to the pipe axis results in longitu-
dinal (axial) forces at the pipe-soil interface. The1984 ASCE Guide-
lines provide relations, in terms of the idealized elasto-plastic
model, for sand (cohesionless) and clay (frictionless) materials.

For sand and other cohesionless materials, the longitudinal
resistance is due to friction in the axial direction at the soil-pipe
interface. The “normal” pressure which leads to the axial fric-
tion is over burden and lateral soil pressures. Specifically, in
the 1984 ASCE Guidelines, the normal pressure is taken as the
average of the vertical and at rest lateral soil pressures acting on
the pipeline.

1+ k
t, = TtDYyH (2—0> tan k¢ (5.1)

x,=0.1~0.2in=2.5~5mm (5.2)

where D is the pipe diameter, y is the effective unit weight of the
soil, H is the depth to center-line of the pipeline, ¢ is the angle
of shear resistance of the sand, k_is the coefficient of lateral soil
pressure at rest, and k is a friction factor. The magnitude of k_
for normally consolidated cohesionless soil has been reported to
range from 0.35 to 0.47. However, one expects k_to be somewhat
larger because of compaction associated with the backfilling of
soil around pipelines. T. O'Rourke et al. (1985) recommend k =
1.0 as a conservative estimate under most conditions of pipeline
burial. Finally, the friction factor k depends on the surface charac-
teristics. For example, if the pipe’s outer surface is rough, slippage
occurs at a soil-soil interface a bit beyond the soil-pipe interface.
In that case, the friction factor k is 1.0 and slippage is related
solely to the soils” angle of shearing resistance. That is, irrespec-
tive of the roughness of the soil-pipe interface, the effective fric-
tion for the buried pipe cannot exceed that for soil-soil slippage.
Alternatively, if the pipe outer surface is smooth (slippery), then
the slippage occurs at the soil-pipe interface, with an effective
friction less than that associated with the soils’ friction angle. The
functional form tan (k¢) with k < 1 mathematically characterizes
this behavior. Table 5.1 presents friction factors, as suggested in
the 1984 ASCE Guidelines and the 2001 ALA Guidelines.
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M Table 5.1 Friction Factor k for Peak Cohesionless Soil Resistance in the Axial Direction

Pipe Material/ Coating k

Concrete 1.0
Cement Coated Steel
Cement Coated Cast Iron

Coal Tar Coating 0.9
Rough Steel 0.8
Cast Iron
Smooth Steel 0.7
Epoxy Coated Polyethylene 0.6

As will be shown subsequently, with the exception of the
transverse vertical downward soil spring, the peak longitudinal
resistance in Equation 5.1 has the same functional form as the
other soil springs for cohesionless materials. Specifically, the peak
resistance is proportional to a “depth times density” term (yH in
Equation 5.1), a geometry term (1D in Equation 5.1) and a dimen-
sionless term related to the soils friction angle. The yH term is the
force per unit area at depth, and tD term is the length over which
it acts resulting in a resistance with units of force per unit length.

For clay and other frictionless materials (¢ = 0), the longitu-
dinal resistance (force per unit length) is proportional to the pipe
diameter, the soils undrained shear strength, S and an adhesion
factor, a, which itself is a decreasing function of S :

t,=mt-D-a-S, (5.3)
x,= 0.2 ~0.4in=5t 10 mm (5.4)

Figure 5.2 presents measured adhesion factors plotted as
functions of the undrained shear strength S . An effective adhe-
sion factor larger than one at the soil-pipe interface is unrealistic,
since the slip can occur at an adjacent soil-soil interface. Also
shown in Figure 5.2 are the adhesion factor curves recommend-
ed in the 1984 ASCE Guidelines and the 2001 ALA Guidelines.
Note that both curves overestimate the measured adhesion data
and that the 2001 ALA curve is nominally an upper bound for the
measured data.

In general, using an upper bound value for the maximum soil
resistance is conservative. That is, for a given amount of ground
movement, the forces on the pipeline and the pipe strains are
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larger using “upper bound” soil springs. An exception to this gen-
eral rule arises when the pipe mechanical properties change sub-
stantially in the area of interest. For example, consider a new fault
crossing where high quality (expensive) butt welds are envisioned
close to the fault, with less expensive WSJ’s envisioned only at
some “safe distance” from the fault. In this case, it turns out that
a lower bound estimate for the soil spring axial resistance should
be used to establish the “safe distance.”

The peak resistance in Equation 5.3 is similar to those for the
other soil springs for frictionless materials. Specifically, the resis-
tance is proportional to S , a geometry factor (D in Equation 5.3)
and a non-dimensional factor (a in Equation 5.3).

If a soil has both frictional (non-zero ¢) and cohesion (non-
zero S ) characteristics, then the peak axial resistance is the sum
of Equations 5.1 and 5.3.

S e \ 2001 ALA
@] 1-\\ 7
= ‘\.?< N
g o8 N
% 1984 ASCE
2 06 \\\/
e
R B N
[ ] ) [ ]
0.2 + Ld E—
o ©Op o o
. ‘ S »
0 25 50 75 100 125 150

Undrained Shear Strength, kPa

After Honegger and Nyman, 2004
B Figure 5.2 Measured Adhesion Factors for Longitudinal Soil Spring in Frictionless Soil

5.1.2 TRANSVERSE-HORIZONTAL MOVEMENT

Relative movement perpendicular to the pipe axis in the hori-
zontal plane results in transverse-horizontal forces at the pipe-soil
interface. The transverse-horizontal soil spring seems to have re-
ceived more attention than the others. In this regard, Guo and Stolle
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(2005) present a review of laboratory tests from four separate groups
of researchers, as well as analytical results from a few others. To date,
the lab tests and numerical models have been 2-D plane strain in
nature. For example, in the Trautmann and O’Rourke (1985) tests,
a rigid pipe was dragged horizontally through a specially built soil
box. However, even for the 2-D case the behavior is fairly complex.
As observed by Audibert and Nyman (1977), the failure mechanism
is a function of the H/D ratio. For shallow burial depths (H/D < 3,
according to Audibert and Nyman), lateral pipe movement eventu-
ally results in a log-spiral passive soil wedge above and in front of
the pipe and a narrow active zone directly above the pipe. Both
zones extend to the ground surface, as sketched in the simplified
model for a cohesionless material in Figure 5.3. Applying equilibri-
um in the vertical direction, one can solve for the normal soil stress
o.. Using u = tan¢ and solving for equilibrium in the horizontal
direction, one can determine the peak lateral force on a pipe with
shallow burial in a cohesionless material:

Y . (.D) o
5 (H+2) tan (45 + %)

cos B - psin B [sin  + pcos Bl (5.5)

where B is the wedge angle (45°- ¢/2). Note that the peak resis-
tance in Equation 5.5 has the expected form, of a depth times
density term ((y)(H + D/2)), a geometry term (H + D/2) and a com-
plex non-dimensional term related to the soils friction angle. For
H/D = 2, the simplified relation in Equation 5.5 yields peak lateral

FAftF O rtECN A EEA f EE T FEE T g o T T e
\\\ I Y Y Y A Y T I 2l
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. LLLLLLLLLWedge [ A B =45°-0/2
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7

W Figure 5.3 Simplified Model for Transverse Soil Spring in Cohesionless Material at Shallow
Burial Depths
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resistance of 5.74 yHD and 9.03 yHD for soil friction angles of
35° and 45°, respectively.

For moderate burial depths (3 < H/D < 12, according to Audi-
bert and Nyman), they describe a three-wedge failure mechanism
consisting of a front passive wedge, a central soil wall wedge atop
and a bit in front of the pipe, and an active caving wedge behind
the pipe. As with the shallow burial mechanism, all three zones
extend to the ground surface.

Finally, for deep burial (H/D > 12, according to Audibert and
Nyman), they describe a completely below ground zone of soil
flow. A simplified model for deep burial in a cohesionless mate-
rial is sketched in Figure 5.4. A four-sided rigid block of soil (la-
beled abcde in Figure 5.4) moves to the right. The void left by the
rigid block movement is filled by soil following around the rigid
block. That is, soil above Side cd moves to the left, soil beyond
Side bc moves downward to the left, etc. As such, the soil beyond
Side bc is in a passive state, while the soil beyond Side de is in
an active state.

77\

H
% C —

Active Soil

€ /2D

K— F—) Passive Soil
max /

L

a b - K

—

2D

B Figure 5.4 Simplified Model for Transverse Soil Spring in Cohesionless Material at Deep
Burial Depths

For both horizontal surfaces (i.e., Sides cd and ab), the nominal
soil pressure is simply the overburden pressure YH. Hence, the
force per unit area resisting movement is the friction coefficient
times the normal pressure. In the simple model, the normal pres-
sure at the inclined sides (i.e., Sides bc and de) is taken as the aver-
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age of the vertical and lateral soil pressures (i.e., YH (1 + k )2 along
side bc, YH (1+ k)2 along side de). For the inclined surfaces, the
force per unit area resisting horizontal movement is the sum of the
horizontal components of the normal and friction pressures.

Summing the horizontal components on all four sides results
in the following relation for the peak lateral force for a pipe with
deep burial in a cohesionless material:

F oo = AUVHD + YHD (1+k )(1+12)-1.12YHD(1+k )(0.44-.89y)  (5.6)

where k and k, are the lateral pressure coefficients for passive
and active conditions, respectively. Again, the peak resistance in
Equation 5.6 has the expected form: a depth time density term
(YH), a geometry term (D), and a non-dimensional term related
to the soil friction angle. The simplified relation in Equation 5.6
yields peak lateral resistances of 11yHD and 18.2yHD for soil
friction angles of 35° and 45°, respectively.

The simple model results in Equation 5.5 and 5.6 are not nec-
essarily recommended for use in practice. Rather, they are pre-
sented to explain laboratory results and illustrate the influence of
burial depth.

The 1984 ASCE guideline provides the following relation for
sand (cohesionless material with S = 0):

p,=YHN,, D (5.7)

(0.07 ~0.10)(H + D/ 2) for loose sand
y,=14(0.03 ~0.05)(H + D/2) for mediumsand  (5.8)
(0.02 ~ 0.03)(H + D/ 2) for dense sand
where N, shown in Figure 5.5 is the horizontal bearing capacity
factor for sand from Trautmann and T. O’'Rourke. Note first that the
relation has the expected functional form. Secondly, although the
bearing capacity factor is dimensionless and it is plotted versus a nor-
malized depth, the relation for a given friction angle is not a straight
line. This is due to the fact that different mechanisms control the be-
havior for different H/D ratios. That is, from the simplified relation for
shallow burial depths in Equation 5.5, the peak resistance for a given
soil friction angle is proportional to (H + ©/2)>. While for deep burial,
the peak resistance is proportional to H - D from Equation 5.6.
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In both the 2001 ALA and the 2004 PRCI Guidelines, the
peak transverse-horizontal resistance is given by Equation 5.7.
However, in these later guidelines the Hansen (1961) horizontal
bearing capacity factor, as shown in Figure 5.6, is recommended.
The variation of the Hansen N , factor with H/D in Figure 5.6 is
similar to that for the Trautmann and T. O’Rourke N, factor in Fig-
ure 5.5 for sands with ¢ = 30°. However, for sands. wnth b = 45°,
the Hansen factors are more than twice as large as the Trautmann
and T. O'Rourke factors for the same H/D ratio.

Complicating matters are test results for moist sand by T.
O'Rourke and Turner (2006). There tests suggest that the N, factors
for moist sand are roughly twice the Trautmann and T. F'Rourke
N, factors for dry sand with the same ¢ angle and H/D ratio.

Fortunately, as part of a NSF-NEESR project at Cornell and
Rensselaer, both full-scale and centrifuge tests on buried HDPE
pipe subject to the fault offset hazard were undertaken. In both
the centrifuge and full-scale tests, flexible pressure sensor sheets
were used to measure the distribution of normal pressure both
along the length and around the circumference of the pipe. Inte-
grating the horizontal components of the measured normal and

SOIL-PIPE INTERACTION 115



gh
2 5 10 20 50

%]
it
o

<
I

IN]
=

—
—

14

Depth to Diameter Ratio H/D

16

18

—
o
T r 1 r 1 rJ1rrrrrrrrrrr?
1T r 1 r 1T rJ1 rrTrrrTrrrrr
<
1}
o
PO [N T N T [N T N T T S IO Y S Y

20

(A) Sand (B) Clay

After Hansen, 1961
W Figure 5.6 Transverse Bearing Capacity Factors for Sand and Clay

assumed tangential pressure, one can calculate the peak lateral
resistance. As reported by Ha et al. (2008), the calculated N, fac-
tor from the centrifuge tests (4% moisture content, ¢ = 40° H/D
= 2.8, and assumed coefficient of friction = 0.4) was roughly 8.5.
This matches closely the value from Figure 5.5. This peak lateral
resistance from the centrifuge tests (N, = 8.5) was about half the
Hansen, 2001 ALA, and 2004 PRCI N, value of 16.3 and about
half the T. O’Rourke and Turner value for moist sand.

As noted above, the use of larger values for the peak resis-
tance is generally conservative. In that sense, the apparent overes-
timation of N, by the Hansen or T. O’Rourke and Turner relations
is “acceptable.” However, the N value measured by Ha et al.
(2008) suggest that the N, values from T. O'Rourke and Traut-
mann may well be the most accurate.

Although the Cornell/Rensselaer tests provide benchmark in-
formation in relation to appropriate N, values, they also show
that the actual soil-pipe behavior is not as simple as current mod-
els suggest. As noted above, current understanding of the peak
lateral resistance in sand is based upon nominally plane strain
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(i.e., 2-D) laboratory tests and nominally plane strain analytical
models. As such, they envision, for example, a straight north-south
pipeline subject, over a substantial length, to the same east-west
ground movement. Since each east-west slice is nominally the
same, one expects plane strain behavior. However, for a pipeline
subject to the generalized fault offset hazard, discussed in more
detail in Chapters 8 and 9, plane strain conditions do not exist.
First of all, the pipe closest to the fault is subject to larger relative
soil movements than the pipe further from the fault. Secondly,
due to curvature in the pipe, a vertical slice (perpendicular to the
pipe longitudinal axis) near the fault is not parallel to a vertical
slice away from the generalized fault. Hence, for the fault offset
hazard, the behavior is inherently 3-D in nature.

This 3-D nature was evident in the Cornell/Rensselaer tests.
As the fault offset increased, a passive soil failure zone devel-
oped on each side of the fault (south of the pipe on the west side,
north of the pipe on the east side for an east-west pipe and right
lateral offset). However, the horizontal (along pipeline) extent of
the zones was limited. Apparently, as a result of this behavior, the
soil springs away from the fault were weaker and more flexible
than those close to the fault. For example, Figure 5.7 shows the
load deformation data for one of the centrifuge tests. Note that for
locations within roughly 3.5 pipe diameters (1.5 m) of the fault,
the equivalent stiffness and peak resistance are larger than for
locations more than 3.5 pipe diameters from the fault. The peak
resistance for locations close to the fault matched reasonably well
with the resistance expected from the Trautmann and T. O’Rourke
relation in Figure 5.5, as discussed previously. In relation to the
equivalent soil springs away from the fault, the expected reduc-
tion in strength and stiffness is not well established. Also note that
it would be conservative to neglect the reduction.

Finally, although the peak resistance (i.e., P) for locations
close to the fault are consistent with Equation 5.7 and the Traut-
man and T. O'Rourke N, values, the “yield” displacement be-
tween soil and pipelines (i.e., y ) are much larger than those in
Equation 5.8. It is believed that these differences are due in part
to the behavior of the ground near the fault. The standard assump-
tion is that each side of the fault acts as a rigid body that slides
with respect to the opposite side. That is, all the offset occurs at
the fault and a straight line crossing the fault before the offset
becomes two offset straight lines with a gap after the fault move-
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ment. However, observation from the centrifuge tests suggest, as
sketched in Figure 5.8, that the total offset is a combination of an
abrupt contribution at the fault itself, plus shear type deformation
within each block. This would result in smaller soil displacement
at and near the fault than for the standard assumption. This in turn
would explain why the apparent y values (based upon the stan-
dard assumption) seem to be high. However, as one might expect,
the standard assumption is conservative.

There seems to be much less controversy for clay and other
frictionless materials (i.e., & = 0°). The 1984 ASCE, 2001 ALA and
2004 PRCI guidelines all provide the same relations.

p,=3S5,N,D (5.9)
y,=(0.03 ~ 0.05) (H + D/2) (5.10)

where N, is the horizontal bearing capacity factor for clay as pre-
sented in Figure 5.6(b). Note that the peak resistance in Equation
5.9 has the expected functional form for a cohesionless material:
the undrained shear strength, a geometry term (D) and a non-
dimensional term (N_,).

Fault
Standard Assumption

Pipeline

Observed Soil Movement

Soil Movement
\Q (Standard Assumption

B Figure 5.8 Observed Soil Movement at a Fault
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5.1.3 TRANSVERSE VERTICAL MOVEMENT, UPWARD
DIRECTION

Relative upward movement perpendicular to the pipe axis re-
sults in vertical forces at the pipe-soil interface. The 1984 ASCE
Guidelines provide the following relations for clay and sand.

For sand,
q,=YHN D (5.11)
= (0.01 ~ 0.015)H (5.12)

where N is the vertical uplift factor for sand as given in Figure 5.9.

In the 2001 ALA and 2004 PRCI guidelines, the peak resis-
tance is given as:

q,=Y-H-tand (5.13)

which has the expected functional form and provides the same

results as Equation 5.11 and Figure 5.9 for ¢ = 44° and 36°. Note

o]
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B Figure 5.9 Vertical Uplift Factor for Sand vs. Depth to Diameter Ratio
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that the relation in Equation 5.13 nominally corresponds to the
weight of an inverted triangle of soil with its apex at the cen-
terline, a height equal to the burial depth, and a “base” at the
ground surface corresponds to 2H - tan ¢, as sketched in Figure
5.10. Furthermore, the maximum elastic deformation for sand, z,
is limited to no more than D/10.

2H tan @

T LT T TT LI
CIOTC T O T LT

W N

Crrr

W Figure 5.10 Simplified Model for Vertical Uplift Factor for Sand

For clay and other frictionless materials, the 1984 ASCE
Guidelines provide the following relation:

q,=5N, D (5.14)
=(0.1 ~0.2)H (5.15)

where N_ is the vertical uplift factor for clay given in Figure 5.11.
In the 2001 ALA and 2004 PRCI guidelines, the peak resistance
is given as:

q,=25,H (5.16)

with a limit of 10 S D. Note that the peak resistance in both rela-
tions has the expected form. Furthermore, the relation in Equa-
tion 5.16 corresponds to the failure load for a vertical plug of soil
with two vertical shear failure planes extending from the spring-
line on each side of the pipe, vertically up to the ground surface,
as sketched in Figure 5.12. This failure mode would control for
lower buried depths. For larger burial depths, specifically H/D >
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5 for the 2001 ALA/2004 PRCI Guidelines, the failure mechanism
would be a bearing capacity failure immediately above the pipe.
The 10 S, - D limit is presumably intended to cover that failure
mechanism. Furthermore, in the 2001 ALA/2004 PRCI Guide-
lines, the maximum elastic deformation for clay, z,, is limited to
no more than D/5.

Finally, like all the other soil springs, one should add resis-
tance for sand and clay for a soil with ¢ # 0 and S, # 0.
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5.1.4 TRANSVERSE-VERTICAL MOVEMENT, DOWNWARD
DIRECTION

Relative downward movement perpendicular to the pipe axis
results in vertical forces at the pipe-soil interface. This corresponds
to the vertical bearing capacity of a footing, a well-studied problem
in soil mechanics. All three guidelines present the same relation.

For sand and other cohesionless materials:
q,=YHN, D+1/2YD* N, (5.17)
z,=(0.10~0.15)D (5.18)
For clay and other frictionless materials:
q,=SN.D (5.19)
z,=(0.10~0.15)D (5.20)
where vy is the total unit weight of sand, N_and N are the bearing
capacity factors for horizontal strip footings on sand loaded in the
vertically downward direction, while N_is the bearing capacity

factor for horizontal strip footings on clay. The three bearing ca-
pacity factors are presented in Figure 5.13.
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ONSHORE PIPELINES IN LIQUEFIED
SoiL

Suzuki et al. (1988) and Miyajima and Kitaura (1989) have
shown that pipe response is very sensitive to the stiffness of the
equivalent soil springs for a pipeline located in a liquefied layer.
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 1/1,000
to 1/3,000 of that for non-liquefied soil. On the other hand,
Yoshida and Uematsu (1978), Matsumoto et al. (1987), Yasuda
et al. (1987), and Tanabe (1988) suggest that the stiffness ranges
from 1/100 to 3/100 of that for non-liquefied soil based on their
model experiments.

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

N 1

gh
R= —+——— (5.21)
K. 0.0055(N,),,

where K_is the bearing capacity factor for undrained soil and (N),
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 stiff-
ness ranges from 1/100 to 5/100 of that for non-liquefied soil. As al-
luded to above, it is generally conservative to use a larger soil spring
stiffness in calculations. Hence, if the actual depth and thickness
of the liquefied layer is open to question, it may well be advisable
to assume the pipe is in a competent soil layer (a.k.a. “cap layer”),
which overrides the liquefied layer. However, if it is clear that the
pipe will in fact be in the liquefied layer, it seems reasonable to
use 3% of the “competent soil” spring stiffness in calculations.
For the approach described above, the liquefied soil is treated,
more or less, as a very soft solid. A liquefied soil can alternately
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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
transverse force imposing on the pipe per unit length is:

4V
f= ——m (5.22)
(2.0-logR)

where 1 is the coefficient of viscosity for the liquefied soil, V is the
velocity of the pipe with respect to the liquefied soil, R, = yVD/m
is the Reynolds number and vy 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, F,. This relation is shown in Figure 5.14.

.
o

® : Velocity of Pipe : 1.0 cm/s
A : Velocity of Pipe : 4.5 - 5.4 cm/s

=)
T

Coefficient of Viscosity 1 (1 0’Pys)

After Sato et al., 1994
B Figure 5.14 Coefficient of Viscosity vs. F -Value

Japanese Road Association (1990) defined the factor of lique-
faction intensity, F,, as:

0.0042D.

F, = (5.23)
@, /8 ( /c")

where D is the relative density of the soil, a__ is the maximum

acceleration of the ground, o is the total overburden pressure
and o' is the effective overburden pressure.
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Note that there are problems with modeling liquefied soil as
a fluid. The biggest of these is the fact that the velocity of the soil,
which is an upper bound for the velocity of the soil with respect
to the pipeline, typically is unknown. Again, even if the pipe is
likely to be in a liquefied layer, it is conservative to assume the
pipe is located in the “cap layer.”

OFFSHORE PIPELINES

For buried offshore pipelines, the formulae introduced in Sec-
tion 5.1 can be used to determine the pipe-soil interaction forces.
Specifically, for pipelines surrounded by sand, the effective soil
density (i.e., submerged density = density of wet sand — density
of water) should be used. For pipelines surrounded by clay, the
undrained or in-situ shear strength should be used.

The more common situation in a deep water environment is
a pipeline simply laid on the seabed. In that case, the soils at the
top of the seabed are of interest. Due to erosion by ocean cur-
rents/waves, softer top soils are typically classified as sand, silt or
clay. Sand tends to occur near coastlines where currents/waves
are strong. Clay tends to occur in deep water and other locations
where currents are weak. Silt occurs somewhere in between. Hard
seabed soils can also be encountered at locations where loose
softer top materials have been eroded away. Those hard soils are
either corals, cemented sand, outcrops of hard clay or rock. These
hard soils can be treated as non-cohesive materials.

In the following subsections, the equivalent soil springs for
pipelines laid directly on the seabed are discussed. Due to the
variety of soil properties, upper bound and low bound values are
presented for the pipe-soil interaction forces. As with onshore
buried pipelines, the use of upper bound values for pipe-soil
interaction forces result in higher pipe forces and stresses and,
hence, is conservative.

5.3.1 PIPE EMBEDMENT

Earthquakes are more likely to occur well after the pipeline
has been installed. As such, one expects the pipeline to have em-
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bedded itself into the seabed and that the supporting soil has con-
solidated under the pipe weight.

Pipe embedment depends upon a number of factors. Intui-
tively, one would think that the embedment is due simply to the
pipe submerged weight and soil strength. However, embedment
values calculated from such simple static models underestimate
observed values. As a pipeline is laid during installation, the max-
imum vertical loads in the seabed touchdown area are typically
two to three times larger than the submerged weight of the pipe.
In addition, dynamic motions of the pipeline, including lateral
oscillation, cause cyclic loading/unloading in the touchdown
area and, as a result, increase the pipe embedment (Randolph
and White, 2008). Right after the pipeline is laid, a hydrotest is
typically carried out. This results in further pipe embedment at
support areas for free spans. Other factors affecting the embed-
ment include movement due to hydrodynamic forces, erosion,
and loose soil deposition during the service life of the pipeline.

Due to many uncertainties in soil properties, as well as instal-
lation and wave conditions, it is difficult to theoretically calculate
the pipe embedment. However, empirical relations for pipe em-
bedment have been developed. For example, Verley and Lund
(1995) developed an empirical relation for pipe penetration in
clay, as a function of the undrained shear strength S . Unfortu-
nately, the relation is also a function of the amplitude of horizon-
tal oscillations, which may be difficult to estimate. Fortunately,
there are general rules of thumb for pipe penetration: 0.3D for
sand, and 0.5D or more for very soft clay in deep water.

Similar to buried pipelines, the soils resistance to lateral move-
ment of seabed-laid pipelines is an increasing function of the pipe
movement. However, seabed-laid pipe eventually break out of
the pseudo-trench (resulting from pipe embedment) in which they
have been located. This breakout results in a significant reduction
in the soil resistance (to possibly a half of the peak value), which
remains relatively constant thereafter, as sketched in Figure 5.15.

As noted above, it is generally conservative to use upper
bound values for the soil spring. Hence, for hand calculations,
one may choose to neglect the “trench-breakout” all together. For
more sophisticated analysis using the finite element method, a
more realistic soil spring, including the trench breakout reduc-
tion, can be used. However, with such sophisticated analysis, one
needs to ensure that local buckling of the pipe wall does not oc-
cur prior to breakout.
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B Figure 5.15 Variation in Lateral Resistance Due to Breakout from Pseudo-Trench

5.3.2 LONGITUDINAL MOVEMENT

For pipelines laid on sandy soil or a hard seabed (stiff clay,
cemented sand, coral, rock outcrops) where pipe embedment is
negligible, the axial soil resistance is:

t,=w,_tan k¢ (5.24)

x = 10.002 m for a hard seabed

“ 1 0.005 m for a sandy seabed (5.25)

where w_is the submerged weight of the pipe per unit length
(with contents), tan k¢ is the friction coefficient between the sea-
bed and pipe, and k is the friction reduction factor as presented in
Table 5.1. For a hard seabed, the friction angle ¢ typically ranges
from 40° to 45°.

Since longitudinal pipe movement is parallel to the pseudo-
trench, there is no “breakout” and the peak soil resistance remains
relatively constant for relative displacement larger than x .

For sandy soil, pipe embedment leads to a larger percentage
of the pipe circumference being in contact with the soil. The ac-
companying lateral pressures result in higher longitudinal resis-
tance. However, for typical embedment depths (about 0.3D), the
increase in longitudinal resistance is not substantial. For example,
White and Randolph (2007) developed a relation which accounts
for the increased contact area. The White and Randolph relation
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suggests there is a 10% increase in peak longitudinal resistance
for an embedment depth of 0.3D.

For both sandy soil and hard seabed, the initial resistance for
relative displacements less than x  is due to static friction. For larg-
er relative displacements, the resistance is due to dynamic friction
with an effective friction coefficient (i.e., tan k¢) of roughly 80%
of the static value. Again, it generally would be conservative to
neglect this small difference.

For a pipeline laid on a clay seabed, the initial axial resistance
is theoretically the product of the in-site shear strength, an adhe-
sion factor and the contact area, which in turn is a function of the
pipe embedment. Alternatively, as an outgrowth of “on-bottom
stability” procedures (resistance to pipeline movement caused by
wave and/or current action) offshore practioners often character-
ize resistance for all types of soils (clay included) by an effective
friction coefficient. Using that approach, the peak resistance has
an equivalent friction coefficient of 0.75 to 1.5. After initial slip-
page (typically at x, of 0.01 m), “true” dynamic friction controls
with a friction coefficient of 0.2 to 0.5.

5.3.3 HORIZONTAL TRANSVERSE MOVEMENT

The initial lateral or transverse resistance for a pipeline laid
on a sandy seabed consists of a friction component and passive
soil resistance component. As one might expect, the passive soil/
pseudo-trench term is an increasing function of the pipe’s normal-
ized embedment z/D. Utilizing the empirical relation developed
by Verley and Sotberg (1992), the initial total resistance is:

1752)(y02)(%)]'25 (5.26)

S

p, = tan(kd) - w, + (4.5 -0.1

y,=0.2Dt0 0.5D (5.27)

where the second term is the passive soil resistance due to pipe-
line embedded in the pseudo-trench. Once breakout occurs, the
lateral resistance decreases as sketched in Figure 5.15. There are
two effects at work. First, the friction component reduces some-
what. This is due to the fact that the pipeline is now in contact
with unconsolidated sandy soil as opposed to the consolidated
soil below the pipe in the pseudo-trench. In addition, the pas-
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sive soil resistance term also changes after breakout. However, as
opposed to dropping to zero, there is resistance associated with
the small soil beam expected to form in front of the laterally dis-
placing pipe. As a first approximation, the post-breakout lateral
resistance can be estimated by considering only the first term in
Equation 5.26 with an equivalent friction coefficient of 0.4 to 0.8
(smaller value for smooth pipe, larger value for rough pipe).

Like the relation for a sandy seabed, the lateral or transverse
resistance for a pipe laid on a clay seabed is composed of both
frictional and passive soil resistance components. A recent rela-
tion by Bruton et al. (2006) seems to work well for a range of
embedment depths, z:

p,=02-w+3z\[D-5S -y (5.28)
y,=0.1D (5.29)

where ¥ is the effective unit weight of the soil (density of saturat-
ed soil minus density of seawater) and the soil shear strength at
1.0D below the surface is takes as representative. The estimated
lateral displacement for breakout (0.1D in Equation 5.28) is from
Dingle et al. (2008).

2.5
o
c
L
@) 2
=
3
O 15
c
2 :
2 ke .
i \: )
S 05— L T . 2
< ° . -
-— .
8

0

0 1 2 3 4 5 6 7 3 9

Su’Y-D

After Bruton et al., 2008
B Figure 5.16 Equivalent Lateral Friction Coefficient

Once the pipeline breaks out of the pseudo-trench, the re-
maining lateral soil resistance depends upon the dynamic friction
(as shown in Figure 5.16 for clay) and the remaining berm ahead
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of the pipe. An equivalent friction coefficient may be used to cal-
culate the remaining soil resistance (Bruton et al., 2008). Notice
that the variation of the lateral force in Figure 5.16 is similar to the
adhesion factor in Figure 5.2. Both are decreasing functions of the
clay shear strength.

5.3.4 VERTICAL TRANSVERSE MOVEMENT, UPWARD
DIRECTION

For an offshore pipeline laid directly on a sandy or hard
seabed, there is no soil directly above the pipe to resist vertical
movement. That is, a force equal to the submerged unit weight
will cause the pipe to move upward. For consistency with the
characterization of soil springs, a small relative displacement of
perhaps 0.001 m may be used for the maximum elastic deforma-
tion, beyond which the upward resistance remains constant.

For a pipeline laid on a clay seabed, the initial break-out re-
sistance needs to consider adhesion at the pipe-soil interface. For
quick vertical motions, suction (negative pore water pressure)
tends to increase this resistance. For simplicity, one may assume
the vertical resistance equal to the submerged weight plus the
adhesion coefficient times S _times the contact width.

q,=w. +a-5 -D-sinB (5.30)

where 8 = cos™ (1 - 2z/D) < 90°. Once the breakout takes place
at a displacement of about 0.002 m, the submerged weight of the
pipe is the only resistance for further upward movements.

5.3.5 VERTICAL TRANSVERSE MOVEMENT, DOwN-
WARD DIRECTION

For a pipeline laid on hard seabed, the downward resistance
is large and the downward movement is small (e.g., several mil-
limeters). For simplicity, a high downward stiffness (e.g., 107
N/m? level) may be assumed.

Sand
For a pipeline laid on a sandy seabed, the downward soil

resistance is similar to that in Equation 5.17 except that H = 0.
That is,
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q,='L YN, B (5.31)

where B is the contact width of the pipe, which depending on the
embedment of the pipe (Brown, 1995). As indicated in relation to
Equation 5.30, contact width B can be calculated as D - sin 6.

Clay

For pipelines laid on a soft clay seabed, there are a number
of expressions for the resistance to downward movement. For ex-
ample, Murff et al. (1989), Merifield et al. (2008), and Randolph
and White (2008) have addressed this problem.

However, the results are not greatly different than those from
the relation for onshore pipeline given in Equation 5.19. For ex-
ample, using Murff et al. (1989), one calculates upper and lower
bounds of 5.9 DS, and 5.4 DS for rough pipe with z/D = 0.5.
For smooth pipe with the same embedment ratio, the bounds are
5.6 DS and 4 DS . Using Equation 5.19, one calculates a resis-
tance of 5.1 DS .

Furthermore, since that there is no “breakout” for downward
movement of the pipe, results for onshore buried pipe are applica-
ble, in this instance, to the case of surface laid offshore pipeline.

5.3.6 VARIABLE PROPERTIES FOR NORMAL/REVERSE
FAULT

As shown above, due to common practice in the offshore
industry, soil resistance is often characterized using an effective
friction coefficient in combination with the submerged weight
of the pipeline. For many seismic hazards, this approach does
not present a problem. However, the effective friction approach
results in complications for offshore, seabed-laid pipeline sub-
ject to normal or reverse faults. In that case, the normal force
for the pipe on the upthrown side is much larger than the pipes
submerged unit weight. This increase in normal force would then
affect axial and lateral soil springs based upon the effective fric-
tion approach.
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RESPONSE OF BURIED
CONTINUOUS PIPELINES
TO LONGITUDINAL PGD

For purposes of analysis, 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
movement perpendicular to the pipe axis) and to abrupt offsets,
such as at a fault crossing, as well as the response of segmented
pipe to various types of 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, a pipeline in a ground compres-
sive zone may buckle out of the ground like a column, as dis-
cussed 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 bur-
ied pipe with slip joints since, as shown in Chapter 4, slip joints
typically 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
for these more rugged pipes typically occur when the pipe is be-
yond 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 and the effects of bends or
elbows are discussed. For each of these situations, case history
comparisons are presented when available.
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ELASTIC PIPE MODEL

The pattern of ground deformation has a mild effect upon the
response of continuous pipelines to longitudinal PGD. Examples
of observed longitudinal patterns were presented in Figure 2.16.
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 2.16(a) (Section Line N-
2),while the Ramp, Ramp-Block, Symmetric Ridge and Asymmet-
ric Ridge patterns are idealizations of the observed patterns in Fig-
ures 2-16(b), (c), (d) and (e), respectively. In all cases, the length of
the longitudinal PGD zone (i.e., the plan dimension of a landslide
or lateral spread in the direction of ground movement) is L and the
maximum amount of ground movement is 8. For a Block pattern,
all the soil within the PGD zone experiences the same ground
movement. This results in tensile ground cracks of the head of the
zone, and a compression mound at the toe. For a Ridge pattern,
the maximum ground movement occurs at the center of the zone,
with uniform tensile ground strain a on one side and uniform
compressive ground strain a on the other.

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). 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.

For a rigid plastic soil model, the axial force per unit length at
the soil-pipe interface is taken to be constant irrespective of the
amount of relative displacement between the pipe and the sur-
rounding soil. This is considered reasonable since the amount of
PGD movement, § in Figure 6.1, is typically a meter or so, while
the amount of relative displacement at the soil-pipe interface
needed for plastic behavior of the soil spring is typically millime-
ters. The maximum pipe strain, ¢, for all three patterns, normal-
ized by the equivalent ground strain, a, is plotted as a function of
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the normalized length of the PGD zone in Figure 6.2. The length
of the PGD zone is normalized by the embedment length, L
which is defined as the length over which the constant slippage
force t, 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.
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W Figure 6.2 Normalized Pipe Strain as Function of Normalized Length of the Lateral Spread
Zone for Three Idealized Patterns of PGD

For the Block pattern of PGD, the strain in an elastic pipe (ten-
sion at the head zone, compression at the toe) is then given by:

al tL

—=— L<4l,,
2, 2AE
c = , = (6.1)
YT
JiL,  VAE
where
_ aFA 6.2)

em t
u

ForL<4 L, the pipe strain is controlled by the length of PGD
zone, L, while for L > 4 [ the pipe strain is controlled by the
amount of ground movement, 8.
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Flores-Berrones and M. O’Rourke (1992) extended the mod-
el for a linear elastic pipe with a rigid-plastic “soil spring” (i.e.,
maximum resistance t, for any non-zero relative displacement at
the soil-pipe interface) to the Ramp-Block and Asymmetric Ridge
patterns. 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, Equa-
tion 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
calculated maximum strain in two elastic pipes (¢ =27°, H=0.9
m (3 ft), t=1.9 cm (3/4 in) for Pipe 1 and ¢ = 35°, 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).
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After Flores-Berrones and M. O'Rourke, 1992
B Figure 6.3 Maximum Strain in Two Elastic Pipes

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
damaged due to longitudinal PGD. Figure 6.4 shows a map of the
PGD zone and the locations of the pipe breaks on Balboa Blvd.,
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
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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 unshield-
ed arc-welded joints, the linear elastic pipeline model discussed
above can be used to analyze the behavior of these pipelines.

H Table 6.1 Properties of Three Damaged Pipelines

Pipeline | Diameter | Thickness g, Burial Coating Joints
(mm) (mm) (MPa) Depth (m)
Granada 1260 6.4 249 1.8 Cement | slip joints
Trunk Line Mortar
Rina[qli 1730 9.5 249 2.7 Cement | glip joints
Trunk Line Mortar
Old Line 560 71 242 1.5 Coal Tar | Unshielded
120 Epoxy |Arc Welded

The interaction force at the pipe-soil interface is evaluated
using Equation 5.1, and assuming ¢ = 37° for dense sand, k =
0.87 for coal tar epoxy, k = 1.0 for cement mortar coating and y =
1.88 x 10*N/m3 (115 pcf). For the two water trunk lines, the joint
efficiency of 0.40 is assumed, which is reasonable based upon
results in Figures 4.9 and 4.10 for a D/t ratio of about 190. For
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unshielded arc-welded Line-120, the yield strain of the pipe steel
is conservatively used as the critical strain since the compres-
sive and tensile strength of these 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 calculated seismic strain is larger than the critical strain,
failure is predicted for each of these pipes, which, as mentioned
previously, was the observed behavior.

H Table 6.2 Computation for Three Damaged Pipelines Along Balboa Blvd.

Pipeline k Frictional Joint Critical | L, | Seismic [ Predicted
Coefficient | Efficiency| Strain (m) Strain Behavior
Granada 1.0 0.75 0.40 0.48%x10%| 50.0 | 2.1X10?*| Failure
Trunk Line
Rinaldi 1.0 0.75 0.40 0.48%x103| 51.0 | 2.1X103 Failure
Trunk Line
Old Line | 0.87 0.63 1.0 1.2x10% | 78.7 | 1.59%103| Failure
120

INELASTIC PIPE MODEL

As mentioned above, failure of arc-welded pipelines with typi-
cal burial depths and diameter-to-wall thickness ratios requires a
model in which the pipe material is inelastic. Since the Block pat-
tern appears to be the most appropriate model for elastic pipes, M.
O’Rourke et al. (1995) assumed a Block pattern for determination
of the circumstances leading to a longitudinal PGD failure in a
pipe with a more realistic Ramberg-Osgood material model. The
idealized Block pattern, shown in Figure 6.1(a), corresponds 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 3. As shown
for example in Figure 6.5, a block of soil between Points B and D
moves to the right, tending to drag the pipe along with it. That is,

RESPONSE OF BURIED CONTINUOUS PIPELINES TO LONGITUDINAL PGD 139



the soil forces acting on the pipe within the PGD zone are to the
right. However, the soil between Points A and B near the head, and
between Points D and E near the toe, resist the pipe movement and
these soil restraint forces are directed to the left. The combined
soil-pipe interaction forces result in a region of pipe axial tension
near the head and a region of axial compression near the toe. Since
the longitudinal force per unit length at the soil-pipe interface is
assumed constant, the pipe axial force varies linearly with maxi-
mum tension of the head (Point B) and maximum compression at
the toe (Point D). The resulting pipe strains are related to pipe stress
through the aforementioned Ramberg-Osgood relation.

The situation sketched in Figure 6.5 (Case |) corresponds to
the case where the ground displacement, §, is comparatively large
and the length of the PGD zone, L, is comparatively short. In that
case, the maximum pipe displacement is less than the ground
displacement and the pipe strain is controlled by L.

Ground
and
Pipe
Displacement

Axial tul
Force 2
in Pipe
(Tension)
>
(Comp.)
tyl
2
Ppl n [ Bpl )r

Axial 2F 1+r\20,

Strain
in Pipe \
>

After M. O'Rourke et al., 1995
B Figure 6.5 Distribution of Pipe Axial Displacement, Force and Strain for Case |
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The other possibility (Case Il) is sketched in Figure 6.6. There,
the length of the PGD zone is comparatively large while the
amount of ground displacement is comparatively short. There is
still axial pipe tension at the head and compression at the toe,
however, the zone is long enough that the pipe displacement
matches that of the ground between Points C and D where the
axial force and strain in the pipe are zero.

Ground
and
Pipe
Displacement

Axial tyle
Force
in Pipe

BpLe[H n ( Bple )']
Axial E T+rl oy

Strain
in Pipe

After M. O'Rourke et al., 1995
B Figure 6.6 Distribution of Pipe Axial Displacement, Force and Strain for Case Il

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. Using a Ramberg-Osgood model, the pipe strain and displace-
ment can be expressed as follows:

B x B xY
g(x) = %{1 + &((%)} (6.3)
Y
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B X 2 n Bpx '
6(x) = Z {1 + T+r Ter <0—y> } (6.4)

where n and r are Ramberg-Osgood parameters discussed in
Chapter 4, £ is the modulus of elasticity of steel, o is the effec-
tive yield stress and B_is the pipe burial parameter, having units
of pounds per cubic inch, defined as the friction force per unit
length t, divided by the pipe cross-sectional area A.

For sandy soil (S, = 0), with k, in Equation 5.1 taken as 1.0 the
pipe burial parameter B is defined as:

H
B,= % (6.5)

where the frictional coefficient w is given by:
W = tankd (6.6)

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

as,

B, =~ 6.7)

where « is the adhesion factor for clay (see Figure 5.2).

As one would expect, the relations for a Ramberg-Osgood
(R.O.) pipe in Equations 6.3 and 6.4 are consistent with those for
an elastic pipe (i.e., R.O. parameter n = 0 ) in Equation 6.1. For
example, the peak pipe strain in Equation 6.3 (i.e., for x = L/2)
matches that in Equation 6.1 for L <4 L.

In the following subsections, Equations 6.3 and 6.4 will be
used to identify the specific combinations of longitudinal PGD
length L and ground displacement &, which lead to either a local
buckling or tensile rupture failure in the pipe.

6.2.1 WRINKLING

Substituting a critical local buckling strain into Equation 6.3,
one can obtain the critical length of PGD zone L. This can then
be used to calculate the critical ground movement §_, from Equa-
tion 6.4. Using the Ramberg-Osgood pipe material model, M.
O’Rourke et al. (1995) develop critical values for & and L, which
result in wrinkling of the pipe wall in compression (critical strain
in compression taken to be 0.175 t/R). Table 6.3 shows these crit-
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ical 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.

H 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

B,=1.0pci| B, =2.5pci B,=5pci [B,=15 pci | B, =25 pci

R/t | Lm) | 8(m) | L(m) | 8(m) | L(m) | 8(m) | L(m) | 8(m) | L(m) | 3(m)

10 | 1762 1.32 | 704 | 0.53 | 352 |1 0.26 | 117 ] 0.09 70 1 0.05

GR| 25 17441 112 | 698 | 0.45 | 349 | 0.23 | 116 | 0.08 70 10.045

50 | 1728 1.05 | 691 | 0.42 | 346 | 0.21 | 115 | 0.07 69 10.042

100 | 1704 | 1.00 | 682 0.4 341 1 0.20 | 114 [0.066 | 68 | 0.04

150 | 1660 | 0.94 | 664 | 0.38 | 332 | 0.19 | 111 ]0.063 | 66 |0.037

10 | 4488 10.3 [ 1795 | 4.1 898 | 2.10 | 299 | 0.69 | 180 | 0.41

X- | 25 | 4182| 6.87 | 1673 | 2.75 | 836 | 1.37 | 279 | 0.46 | 167 | 0.28

50 |3833] 5.18 | 1533 | 2.1 768 | 1.04 | 256 | 0.35 | 153 | 0.21

100 | 2577 2.25 1 1031 | 0.90 | 515 | 0.45 | 172 | 0.15 | 103 | 0.09

150 | 1718 1.0 | 687 0.4 344 | 0.2 115 10.067 | 69 | 0.04

As a case history, two X-52 grade steel pipelines (Line 3000
and Mobil Oil) with arc-welded joints subject to the longitudinal
PGD at Balboa Blvd. during the 1994 Northridge earthquake are
considered. 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/cm?)
for the gas line and 4 pci (0.11 kgf/cm?) for the Mobil line. The
critical displacement §_ and the critical length L 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
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PGD zone, the M. O'Rourke et al. (1995) model predicted suc-
cessful behavior of those two X-52 grade steel pipelines along
Balboa Blvd. Note, however, that the procedure suggests that one
of the lines (Line 3000) is close to incipient wrinkling.

H Table 6.4 Computation for Three Undamaged Pipelines Along Balboa Blvd.

L t . Compression Tension
Pipeline D (m) Bp (pci)
(mm) L, [ 5, @[, mm]5s, m
Line 3000 0.76 9.5 10 281 0.31 362 1.57
Mobil Oil 0.41 9.5 4 815 1.25 960 4.2

6.2.2 TENSILE FAILURE

For typical pipe diameter to wall thickness ratios, D/t, the
axial strain for initiation of local buckling of the pipe wall (i.e.,
wrinkling) is less than that for tensile rupture. Since the peak ten-
sile and compressive strains for longitudinal PGD are equal, as
shown in Figures 6.5 (Case I) and 6.6 (Case Il), one expects wrin-
kling to occur first. However, depending upon the performance
objectives for the pipe system, wrinkling of the pipe wall without
subsequent rupture of the pressure boundary may be acceptable
performance. For such conditions tensile rupture may be the limit
state of interest. One can determine the conditions for an initial
tensile rupture by substituting a tensile rupture strain into Equa-
tion 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 [ and §_
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 Il shown in Figure 6.6, the tension 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 | shown in Figure 6.5, the critical parameters for tensile
failure need to be modified to evaluate the potential for subse-
quent tensile failure. In reference to Figure 6.5, a compressive

r

144 CHAPTER 6



failure which limits the pipe force at Point D increases the tension
force at Point B. That is, from equilibrium, the point of zero pipe
force (Point C) would no longer be midway between B and D, but
would shift towards D.

If the tensile rupture strain is only slightly larger than the com-
pressive wrinkling strain, the peak tensile force at B would then
be due to friction forces acting over a distance slightly larger than
L/2. Subsequent tensile rupture would occur if the actual length
of the PGD zone is slightly less than initial tension L_ described
above. Alternately, if the compressive wrinkling strain is much
smaller than the tensile rupture strain, the point of zero pipe force
would be very close to the toe of the slide (Point D) and the ten-
sile force at B would be due to t, acting over a distance slightly
less than L. For that case, subsequent tensile rupture occurs if the
actual length of the PGD zone slightly larger than half the initial
tension L_ described above.

INFLUENCE OF EXPANSION JOINTS

M. O’Rourke and Liu (1994) studied the influence of flexible
expansion joints in a continuous pipeline subject to longitudinal
PGD. As used herein, an expansion joint allows differential axial
movement across the joint but doesn’t transmit axial force across
the joint. Depending upon the location of the expansion joints,
they may have no effect, have a beneficial effect or have a detri-
mental effect. For example, referring to Figure 6.5 (Case |) if the
expansion 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. That is, the joint would be beyond the zone of influence
since the axial force in the pipe would be zero there even with
no expansion joints. Similarly for Case Il 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.

Figures 6.7 through 6.9 illustrate the beneficial effects of two
expansion joints close to the head and toe areas of a longitudinal
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PGD zone. In one case (Figure 6.7), both expansion joints are
located beyond (outside) the slide, in another (Figure 6.8) both
are inside the slide, while in the last (Figure 6.9) one is inside and
the other outside. In all three cases, an expansion joint is located
within a distance L (L, < L/2) of the head of the PGD zone (Point
B) and another within L (L, < L/2) of the toe (Point E). This place-
ment is beneficial since the peak tension and compression forces
are limited to t L, and t L,, respectively.

Figure 6.10 illustrates the potential detrimental effects of a
single expansion joint close to the head of a PGD zone. For Case |
shown in Figure 6.10(a), the tensile stress is reduced to t L, but the
compression stress is increased to t L. That is, a single expansion
joint made the situation worse since the total soil drag load t [
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 | the compression stress is reduced but
the tensile stress increases. For Case Il shown in Figure 6.10(b),
the tensile stress is still reduced to t L, 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 L, and L, 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 be es-
sentially the same as the ground displacement 3. For an expan-
sion joint at distance L (L, < L/2) away from the head or toe, the
required expansion or contraction capacity is & - t L */(AE), as
shown in Figure 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 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
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close to the toe. In addition, the expansion and contraction capabil-
ity of the joints themselves needs to be comparable to the amount
of ground deformation 8. Finally, one needs a reasonably accurate
estimate of both the location and extent of the PGD zone.

\

O Ly

(a) One Expansion Joint Near Head, Case |

N N
I

(b) One Expansion Joint Near Head, Case Il

W Figure 6.10 Pipe and Soil Displacement with a Single Expansion Joint

INFLUENGE OF AN ELBOW OR BEND

An elbow or bend located close to, but beyond the margins of
a longitudinal PGD zone, will influence pipe response. In addition
to the PGD-induced axial stresses generated in the straight sec-
tion of pipe, bending stresses are generated at the elbow. Further-
more, because of the presence of the elbow, the soil drag force is
no longer equally distributed between the tension at the head and
compression at the toe. The case of a 90° bend in the horizontal
plane is considered here. The longitudinal PGD causes the elbow
to move in the direction of ground movement. This elbow move-
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ment is resisted by transverse soil springs along the transverse leg
(i.e., the leg perpendicular to the direction of ground motion). The
soil loading on the transverse leg results in bending moments, M,
at the elbow as well as a concentrated force, F (an axial force in
the longitudinal leg equal to the 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 L, from the
compression area (i.e., the ground movement is in a direction
towards 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 Il, the length of
the PGD zone is large and pipe response is controlled by the dis-
placement of the PGD zone, 8, 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 lon-
gitudinal leg is taken as t . Assuming that the lateral soil spring along
both the longitudinal and transverse legs are elastic, a beam on elas-
tic foundation model of the elbow results in the following relation
between the imposed displacement 8" and the resulting force F:

8 =1 (F-tMm 6.8
A (6.8)

K
£ = JE (6.9)

and M is the resulting moment at the elbow, given by:

where,

_
M = T (6.10)
For a given force F at the elbow, equilibrium of the longitudi-
nal leg near the compression margin requires:

F=(L -L)t, (6.11)

where L 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 | in Figure 6.11(a)), the pipe response
is controlled by the length of PGD zone. The maximum pipe dis-
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placement 3 is less than the ground displacement 3. Consider-
ing pipe deformation near the compression margin,

8, =8+, (6.12)

m.

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

2 2
5 Flo, U, 4

1 (6.13)
AE  2AF  2AE

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,

§ =L (6.14)
max AE
hence,
t(L-1)° F FLootl2 ot
CAN L L o 4 vl (6.15)
AE 3EIE>  AE  2AF  2AE

For a large length case (Case Il in Figure 6.11(b)), the pipe re-
sponse is controlled by the maximum ground displacement. That is,

3 =3=9+3, (6.16)

m.

or
F FL, tle  tl;
+

0=+ — +
3EIE? ~ AE  2AFE  2AE

(6.17)

The force F at the elbow and the effective length L, can be ob-
tained by simultaneously solving Equations 6.11 and 6.15 (Case
) or Equations 6.11 and 6.17 (Case Il). 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:
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_ F  MD
o= L. MD (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.

McLaughlin (2003) investigated the effects of an elbow on
the response of a pipe subject to longitudinal PGD. Specifically,
he considered the case where the transverse soil springs were
elastic-plastic, as opposed to the assumption of elastic behavior
used above. This was accomplished through the introduction of
an analytically derived flexibility factor. Table 6.5 presents a com-
parison of results, elastic-plastic transverse spring versus elastic
transverse spring, for a model corresponding to the New Line 120
case history. As shown in Figure 6.12, 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 displacement 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 (i = 0.38), the axial friction force
per unit length is estimated to be 1.8 x 10* N/m (103 Ibs/in) from
Equation 5.1 while the lateral (transverse) spring coefficient is es-
timated to be 3.3 x 10° N/m? (482 Ibs/in?).

B Table 6.5 Pipe Strains for New Line 120 with Elasto-Plastic and Elastic Transverse Soil Springs
for Two Values of L

Elastic Spring Elasto-Plastic Spring
L =10m L =40m L =10m L =40 m
Elbow Axial 6.3 x 10* 4.8 x 10* 2.9 x10* 2.6 x 10*
Strain
Elbow Bending 4.8 x 107 3.7 x 107 4.8 x 107 3.6 x 107
Strain
Elbow Total 5.5x%x 103 4.2 x10° 5.1 x 103 4.1 x10°
Strain
Tensile Strain 1.25 x 107 1.21 x 103 1.7 x 103 1.49 x 103
at Head
Compressive 7.0 x 10 7.5 x 10 3.5 x 10 5.2 x 10
Strain of Toe
Maximum Pipe 24 m 21m 39m 31m
Displacement
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As one might expect, the presence of an elbow near the toe
results in tensile strain at the head being larger than compressive
strain at the toe. Also, as the distance from the compression mar-
gin to the elbow, L, increases the tensile pipe strain at the head
decreases while the compressive strain at the toe increases. At the
elbow, the flexural strains dominate and decrease with increasing
L,. For the case considered, the largest strain is at the elbow.

The comparison between elastic and elasto-plastic results is
also as one might expect. Since the more realistic elasto-plastic
springs are softer, the tensile pipe strains at the head increase
while the compressive pipe strains at the toe decrease. Similarly,
the axial strains at the elbow decrease. However, for the case
considered, the flexural strains at the elbow are nominally un-
changed. For the specifics of the New Line 120 case history (L,
= 40 m), the peak tensile strain at the head is 1.49 x 107, the
peak compressive strain at the toe is 5.2 x 10, while the peak
compressive strain at the elbow is 4.1 x 10~. For this X-60 grade
steel pipe, the tensile rupture strain is frequently taken to be 0.04.
Hence, tension rupture at the head is not expected. For a D/t
ratio of 96, the local buckling strain is about 1.8 x 10 and the
reduction in elbow strain resulting from the assumption of elasto-
plastic transverse soil spring behavior is less than 10%.
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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.

Although all possible combinations of pipe and soil param-
eters were not considered, it is clear at least for the New Line
120 case that an elbow located fairly close to the compression
margin acts as a net stress riser. Hence, it seems prudent to layout
the pipe route such that elbows and bends are located well away
from potential longitudinal PGD zones.
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RESPONSE OF BURIED
CONTINUOUS PIPELINES
TO TRANSVERSE PGD

Transverse PGD refers to permanent ground movement per-
pendicular to the pipe axis. When subject to transverse PGD, a
continuous pipeline will stretch and bend as it attempts to ac-
commodate the transverse ground movement. The failure mode
for the pipe depends then upon the relative amount of axial ten-
sion (stretching due to arc-length effects) and flexural (bending)
strain. That is, if the axial tension strain is small, the pipe wall may
buckle in compression due to excessive bending. On the other
hand, if axial tension is large, the pipe may rupture in tension due
to the combined effects of axial tension and flexure. T. O’'Rourke
and Tawfik (1983) present a case history from the 1971 San Fer-
nando event of continuous pipe failure due to PGD. The trans-
verse component of PGD was approximately 1.7 m. Line 1001
(Pipeline 5 in Figure 2.17) was abandoned because of multiple
breaks. Line 85 (Pipeline 4 in Figure 2.17) 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 large lat-
eral movement, there was a small longitudinal component toward
the west and that tension failure near the eastern margin, coupled
with compression failures near the western margin, are consis-
tent with pipe response to longitudinal PGD to the west. Hence,
although the larger ground movements were transverse, the pipe
failure modes may well have been controlled by the smaller in
magnitude longitudinal movements. As will be seen, transverse
PGD without abrupt transverse offsets at the margin typically do
not result in pipe failure.

Similar to longitudinal PGD, pipeline response to transverse
PGD is in general a function of the amount of PGD 3§, the width
of the PGD zone as well as the pattern of ground deformation.
Figure 7.1 presents sketches of two types of transverse patterns
considered herein.
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Observed examples of spatially distributed transverse PGD
(sketched in Figure 7.1(a)) have previously been presented in Fig-
ure 2.17 near Pipeline 2. In these cases, the pipe strain is a func-
tion of both the amount and width of the PGD zone. Observed ex-
amples of abrupt transverse PGD (sketched in Figure 7.1(b)) have
previously been presented in Figure 2.17 near Pipelines 4 and 5.
In these cases, the pipe strain is a function of 3 and, in some cases,
the width of 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 90°.

Another type of onshore transverse PGD occurs due to bouy-
ancey when a pipe is surrounded by liquefied soil. In addition
to the potential 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) mentioned that some pipes,
with or without manholes, were uplifted out of the ground due to
buoyancy effects during the 1964 Niigata earthquake. This in all
likelihood would require replacement of the lines even if the pipe
were still able to transmit fluids.

In this chapter, we discuss in detail continuous onshore and
continuous offshore pipeline response to transverse PGD. This
distinction is necessary due to the differences in onshore and off-
shore pipe response. These differences in response are due to dif-
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ferences in the soil strengths. For example, according to Nodine et
al. (2006), the shear strength of under-consolidated clay at the sea
floor in the Mississippi River Delta is about 50 psf with an increase
of 8 psf per ft depth. These offshore soil strengths are an order
of magnitude less than S for onshore frictionless materials. The
stronger soils result in beam-like behavior for onshore pipelines.
That is, axial tension and flexure are both important. However,
the weaker soils in the offshore environment result in pipes that
behave like a cable. That is, axial tension controls the behavior.

IDEALIZATION OF PGD PATTERNS

In this section, the various analytical idealizations of trans-
verse PGD that have been used are reviewed. Analytical and nu-
merical 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 buoyancy force are discussed. Finally, the condi-
tions whereby abrupt transverse PGD may be modeled as a spe-
cial case of fault offset are presented. The topic of pipe response
to fault offset is discussed in Chapter 8.

One of the first items needed to evaluate pipeline response to
spatially distributed transverse PGD is the pattern of ground de-
formation, 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:

yx) =8ls/s 1" "[(1-s)/(1-s )" "0<s<1 (7.1)

where s is the distance between the two margins of the PGD zone
normalized by the width W, s_'is the normalized distance from
the margin of the PGD zone to the location of the peak transverse
ground displacement, §, while r’ and T are parameters of the dis-
tribution. In his analysis, the following values were used: s =
0.5, r’=2.5 and 7 = 5.0. Figure 7.2 shows the resulting idealized
soil deformation.
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B Figure 7.2 Assumed Patterns for Spatially Distributed Transverse PGD

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

yx) =8 (cos %) (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 Ko-
bayashi 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) = 9(1 - CoS 2—V1\T/X) (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. Note that the Suzuki and Kobayashi models
with n = 0.2 result in something like the abrupt offset case in
Figure 7.1(b).
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ONSHORE PIPE SUBJECGCTED TO
SPATIALLY DISTRIBUTED PGD

Onshore pipelines are typically buried about 1.0 m (3 ft) be-
low 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 interface correspond to a pipe in competent non-
liquefied soil which overrides a liquefied soil layer. Some authors
refer to this as the pipe being in the “cap 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 pre-
sented in Section 7.3.

7.2.1 FINITE ELEMENT METHODS

The finite element method allows explicit consideration of
the nonlinear characteristics of pipe-soil interaction in both the
transverse and longitudinal directions as well as nonlinear 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 onshore 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, L 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
1 x 10°. This modeling assumption will be discussed later.
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Pipe Displacement Ground Displacement

After T. O'Rourke, 1988
M Figure 7.3 Parameters for T. 0'Rourke's Model

Figure 7.4 presents the maximum tensile strain versus the
maximum 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 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) results in the largest tensile strain in the pipe for any
given value of §.
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After T. O'Rourke, 1988

B Figure 7.4 Maximum Tensile Strain vs. Maximum Ground Displacement for Various Width of
PGD Zone
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Figure 7.5 presents the maximum compressive strain as a func-
tion of 6 for a width of 30 m. In this plot, the soil density ranged
from 18.8 to 20.4 kN/m? (115 to 122 pcf) and the soil friction
angle ranged from 35° to 45°. Note there is no difference in pipe
response for § < 0.5 m (1.6 ft), and only a 30% difference for § =
1.5 m (5 ft). Based on these observations, T. O’Rourke (1988) cor-
rectly concludes that the width of the PGD zone has a greater in-
fluence 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 § = 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
significant.
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After T. O'Rourke, 1988

W Figure 7.5 Maximum Compressive Strains vs. Maximum Ground Displacement for Different
Soil Friction Angles

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 ap-
proximate 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
L. Suzuki et al. correctly note that L needs be long enough such
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that the axial friction at the pipe-soil interface can fully accom-
modate the axial movement of the pipe due to the PGD. That is,
there should be no flexural nor axial strain in the pipe at the an-
chor 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 §, 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 largest pipe strain. Note that although the pipes are
somewhat different, the tensile pipe strains in Figures 7.4 and 7.6
are somewhat similar for W = 30 and 50 m, but vastly different
for W=10m.

Peak Pipe Strain (%)

_1 1 1 1
0 0.5 1 1.5 2.0

Ground Displacement, (m)

After Suzuki et al., 1988
B Figure 7.6 Maximum Strain vs. PGD for Different Width of PGD Zone; X-52 Grade Steel

Kobayashi et al.

Kobayashi et al. (1989) used the same shape function and
followed the same procedure as Suzuki et al. They consider an
X-42 grade steel onshore 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 widths of
the PGD zone. Note that the largest pipe strain occurs for a width
of about 19 m (62 ft) in their model.
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W Figure 7.7 Peak Tensile Strain vs. Maximum Ground Displacement; X-42 Grade Steel

Liu and M. O’Rourke

Liu and M. O’Rourke (1997b) developed a finite element
model, utilizing large deformation theory, nonlinear pipe-soil in-
teraction forces (soil springs) and Ramberg-Osgood stress-strain
relations for the onshore pipe material. The onshore pipe is mod-
eled as a beam coupled by both axial and lateral soil springs. The
anchor length of the pipe is long enough (up to 400 m (1,312 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 moderately dense sand (friction angle ¢ = 35° and soil density
v = 1.87 x 10* N/m* (115 pcf)) with a burial depth H_= 1.2 m
(4 ft) from ground surface to the top of the pipe. The resulting elas-
to-plastic soil springs are based on the TCLEE Guideline (ASCE,
1984) and have peak transverse, p , and longitudinal, t , resistance
of 1.0 x 10° and 2.4 x 10* N/m (571 and 137 Ibs/in), respectively.
The relative displacements between pipe and soil at which the
peak transverse and longitudinal soil resistances are mobilizing
are 0.06 and 3.8 x 10° m (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 versus
the maximum ground displacement. Both these figures are for an
X-52 grade steel pipe with D =0.61 m (24 in), t = 0.0095 m (3/8 in)
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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, particularly
for larger values of &. 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 rea-
sonably 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. Finally, as shown by all the other numerical analyses, the
peak pipe strain remains relatively constant beyond some value of
the ground displacement. For example, as shown in Figure 7.8 for
W = 30 m, neither the peak tensile nor peak compressive strains
increase for ground displacement greater than about 1.3 m.
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After Liu and M. O'Rourke, 1997b
B Figure 7.8 Maximum Pipe Strain vs. Ground Deformation; X-52 Grade Steel

As shown in Figure 7.9, the maximum pipe displacement
more or less matches the ground deformation up to a certain criti-
cal displacement §_. Thereafter, the pipe strain remains relatively
constant while the pipe displacement increases more slowly with
ground deformation. For ground deformation greater than §_, the
onshore 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 constant.
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B Figure 7.9 Maximum Pipe Displacement vs. Ground Displacement; X-52 Grade Steel

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 dis-
placement for § = 0.5 _, §_, and 2§ ..

Note that the pipe deformation matches fairly well with the
ground deformation over the whole width of the PGD zone for §
< §_. However, for § > §_, the maximum pipe displacement is less
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After Liu and M. O'Rourke, 1997b
B Figure 7.10 Pipe and Ground Deformation for W = 30 m; X-52 Grade Steel
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than the maximum ground displacement (from Figure 7.10, 40%
less for 8 = 28_), 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
8 >3§_. As shown in Figure 7.10 for W = 30 m, the pipe curvature
até = 28 is comparable to the pipe curvature at § = §__.

Flgures 7.11 and 7.12 show the distribution of bending
moments and axial forces in the pipe at 6 = §_ for W = 10, 30
and 50 m. As one might expect, the bending moments in Fig-
ure 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) supports near the margins of the PGD zone. That is,
there are positive moments near the center of the PGD zone and
negative moments 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.

Pipe Moment (N . m, x 10°)

40 30 20 -10 0 10 20 30 40
Distance from Center of PGD Zone (m)

After Liu and M. O'Rourke, 1997b
B Figure 7.11 Distribution of Bending Moment for Three Widths (5 = &)

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
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(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).
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After Liu and M. O'Rourke, 1997b
B Figure 7.12 Distribution of Axial Force for Three Widths (6 = §.,)

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 generally an increasing
function of the ground movement §, as shown in Figure 7.13. For
8 =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.
That is, both the inward movement at the margin (Figure 7.13)
and the axial force in the pipe (Figure 7.12) are increasing func-
tions of the width of the zone.

The influence of other parameters upon the pipe behavior
was also determined and is shown in Figures 7.14 through 7.20.
Unless 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), p, = 1.0
x 10° N/m, (571 Ibs/in), t, = 2.4 x 10* N/m (137 Ibs/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
compressive strains. Note that both the peak tensile and compres-
sive strains are increasing functions of diameter.
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B Figure 7.14 Influence of Pipe Diameter, D

For the onshore pipe model considered, the peak tensile
strain is to a greater or lesser extent a function of all the param-
eters shown in Figures 7.14 through 7.20. However, the peak
compressive strain is essentially independent of the wall thick-
ness, as shown in Figure 7.15, and the steel grade, as shown in
Figure 7.18.

168 CHAPTER 7



0015} — — 1=0.0079m P 1
c —— t=0.0095m
s o oo1om 2. _._
S oot t=0.0127m - |
w —
(]
2
& 0.005 1
e
o}
E o
X
[g°
2 \ ..... _ _
-0.005 1

- 0.0‘I L 1 1
0 0.5 1 1.5 2 2.5 3

Ground Displacement (m)

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

0.015___0'5% - - - - T - - - - - = B
—t, = —
£ - 1.5 ty 7
£ o001} / 1
w
g
& 0.005f 1
£
>
e 0
B
N = = —
= 0.005F = N —
-0.01 ! 1 1 L 1
0 0.5 1 1.5 2 2.5 3
Ground Displacement (m)

After Liu and M. O'Rourke, 1997b
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B Figure 7.18 Maximum Pipe Strain for Three X-Grade Steel Materials

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 L , a zero anchor length resulted in
substantially larger pipe strain than for L, = 15 m (49 ft) or 400 m
(1,312 ft), as shown in Figure 7.19.
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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 pattern, anchor length of the pipe and longitudinal soil
spring resistance. The critical ground displacement §_ was found
to be an increasing function of width of the PGD zone and the
lateral pipe-soil interaction force, but a decreasing function of
steel grade, pipe diameter, axial pipe-soil interaction force and
pipe wall thickness.
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7.2.2 ANALYTICAL METHODS

Miyajima and Kitaura

Miyajima and Kitaura (1989) model an onshore 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:

4

El %+K1y1 :K15(1—sinﬂWX) (O<x<%) (7.4)
4

£l ‘ZX; +Ky, =0 (7.5)

where y, and y, are the transverse pipe displacement in and out-
side the PGD zone, K, and K, are the equivalent lateral soil spring
coefficients in and outside the PGD zone, and £/ is the flexural ri-
gidity of the pipe cross-section. The equivalent soil springs K, and
K, are based upon recommended practice in Japan (Japan Gas
Association, 1982), in which nonlinear characteristics are taken
into consideration.

i W/2 Ground Deformation
Undeformed
Pipeline Deformed
Pipeline
K2 K] |_> X K2
B
Undisturbed PGD Zone Undisturbed
Zone Zone

After Miyajima and Kitaura, 1989
W Figure 7.21 Analytical Model for Pipeline Subject to Spatially Distributed Transverse PGD

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
1/4-inch (0.6-cm) wall thickness steel pipe in a competent soil
layer above the liquefied layer (i.e., K, = K,) is shown in Figure
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7.22 as a function of the width of the PGD Zone W for three val-
ues of ground deformation 6.
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After Miyajima and Kitaura, 1989

B Figure 7.22 Maximum Bending Stress vs. Width of PGD Zone for Three Values of Ground
Deformation

As one might expect intuitively, the pipe stress is an increas-
ing function of the ground deformation 8. For a given value of §,
the stress is a decreasing function of W for the range of widths
considered 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
onshore pipeline response to spatially distributed transverse PGD.
He considered two types of response, as shown in Figure 7.23.
For a wide width of the PGD zone, the pipeline is relatively flex-
ible 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
displacement 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., load controlled).
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B Figure 7.23 M. O'Rourke's Analytical Model for Pipeline Subject to Spatially Distributed
Transverse PGD

For the wide PGD width/flexible pipe case, the onshore pipe
is assumed to match the soil deformation given by Equation 7.3.
The maximum bending strain, ¢, in the pipe, is given by:

2
gy =% z 52D
W
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, € , is approximated by:

)2
2 4%

For the narrow width/stiff pipe case, the onshore pipe is mod-
eled as a beam, built-in at each margin (i.e., fixed-fixed beam),
subject to the maximum lateral force per unit length p_at the soil-
pipe interface. 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:

(7.6)
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Note that M. O’Rourke (1989) assumes that the pipe is fixed
at the margins and hence neglects any inward (i.e., axial) move-
ment of pipe at the margin of PGD zone. As a result, Equation 7.7
overestimates 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 onshore pipe strain is
an increasing function of ground displacement for ground dis-
placement less than a certain value, §_, 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 § = 1.3 m
(4.3 ft). For larger values of 8, 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 com-
bination of flexural stiffness and axial stiffness. The analytical rela-
tions developed below are for an elastic pipe. Although the inelas-
tic 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 mecha-
nism 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 distributed
load). The critical ground deformation is given by:

pW*

S = (7.9)
cr—bending 384E/

which is the midspan deflection for a build-in beam of length W,
subject to a uniform load p,.

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

roPW
Y (7.10)
™ T
AN //
\\ _
N ) //
\\\ _—
Pu
w

B Figure 7.24 Flexible Cable System

As shown in Figure 7.10, the ground displacement is larger
than the pipe displacement in the middle region of the PGD zone.
Herein, the width of this middle region is assumed to be W/2. The
distributed load over the middle region is the resistance per unit
length, p,, at the pipe-soil interface. Taking the “sag” over this
middle region to be &/2, the interrelationship between the tensile
force, T, and ground displacement, §, is given by:

_ pW/2" _ pW’ 71
8(5/2) 166 '

T = nDto

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

Inward movement of the pipe occurs at the margin of the PGD
zone due to this axial force. Assuming a constant longitudinal
friction force, t , beyond the margins, the pipe inward movement
at each margin is:

nDto?

Aim/var = =5 (712)
¢ 2k

u
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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 (cW/E) and inward movement at the
margins from Equation 7.12. That is,

7’8’ oW nDtc’
4w E 2Lt

(7.13)

The critical ground deformation, §_ . for “cable-like” behav-
ior and the corresponding axial pipe stress, o, can be calculated
by simultaneous solution of Equations 7.11 and 7.13. These val-
ues are presented in Table 7.1 for three values of the width W and
the standard properties mentioned previously (i.e., D = 0.61 m,
t=0.0095m, p,=1.0x10° N/m, t = 2.4 x 10* N/m). Note that
the critical ground deformation is controlled by axial force for this
case, and that the maximum axial stress at § = §_ is an increasing
function of width of the PGD zone.

W Table 7.1 Critical Ground Displacements and Stresses for "Cable-Like" Elastic Pipe

Item W=10m W=30m W=50m
8, . (Equations 7.11 and 7.13) 0.37 m 1.5m 2.85m
o (Equations 7.11 and 7.13) 92.8 MPa 206 MPa 301 MPa

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,

5Cr = ’I 1 ’I
N (7.14)
S

cr—bending 5cr—axial

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
order of magnitude less than that from the elastic finite element
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model. This is due, in part, to the assumption of a constant trans-
verse load p, on the pipe for bending effects in the simplified ap-
proach. The finite element model, on the other hand, uses trans-
verse elasto-plastic soil springs. As noted previously, one obtains
the full load p, from the soil spring only after 0.06 m (2.4 in) of the
relative transverse displacement between the pipe and the soil.
However, since the fully loaded pipe deflects in bending only
0.015 m (0.6 in) for W = 10 m, the soil spring force is less than
the full transverse resistance p .

M Table 7.2 Critical Ground Displacements for Elastic Pipe

Item W=10m W=30m W=50m
Scrbcnding (Equation 7.9) 0.015m 1.22 m 9.6 m
8, . (Table 7.1) 0.37m 1.5m 2.85m
S, (Equation 7.14) 0.015m 0.67 m 22m
8, (F.E. Approach) 0.16 m 0.70 m 2.1m

Note that the critical displacements for both the simplified
elastic and elastic finite element models in Table 7.2 underesti-
mate §_ 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 larg-
er deformations such that the strain energy in the pipe equals the
work done by the distributed soil springs.

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

2
ey 20D 5<6
2 NAEW & w? -

gelastic = 5 n 25 D (71 5)
70, A u + T c; S> 6cr
2 \AEW w

where A is the pipe cross-sectional area.

7.2.3 COMPARISON AMONG APPROACHES

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

Item M. O'Rourke | Miyajima | T. O'Rourke | Suzuki |Kobayashi| Liu &
(1989) & Kitaura |  (1988) etal. etal. | O'Rourke
(1989) (1988) (1989) (1997b)
Method Analytical | Analytical F.E. F.E. F.E. Both
Diameter (m)| 0.50, 1.01 0.406 0.61 0.61 0.61 0.61
Thickness 0.0127, 0.006 0.0095 0.0127 0.0095 0.0095
0.0063
Material Mild Steel Elastic X-60 X-52 X-42 X-52
t,(N/m) - - 24x10* 11.9x10* 1.9x 10" | 2.4 x 10*
p,(N/m) 8.7 x 10* - 7.7x10* |1.5x10°|1.15x10°| 1.0x 10°

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 (second term on the right hand side in both equations) sug-
gest that it is only a function of §, D and W.

Figure 7.25 shows the pipe bending strain for W > 20 m, back
calculated from the different approaches, plotted as a function
of 8D/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 m? 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) flexural strain are somewhat less (roughly two
thirds) than the analytical results, while the Miyajima and Kitaura
(1989) results are somewhat (roughly 60%) higher.

Another type of comparison involves the general trends in
results 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 re-
sults by Suzuki et al. (1988). However, the Liu and M. O’Rourke
(1997b) numerical results described above differ from those by
T. O’Rourke (1988), specifically for the width of the PGD zone
W = 10 m. Similarly, the Liu and M. O’Rourke (1997b) numeri-
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cal results differ 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 compara-
tively heavy wall thickness used in the Suzuki et al. (1988) model
(note, as shown in Figure 7.15, that a heavier wall thickness re-
duces the peak tensile strain but essentially has no effect on the
peak compressive strain) in combination with a relatively weak
longitudinal soil spring.

+ --T.O'Rourke (1988) e
| 0 --Suzuki et al (1989)

6 *--Miyajima & Kitaura (1989)

X -- Liu & M. O’Rourke (1997b, Numerical)

M. O'Rourke (1989)
Liu & M. O’Rourke (1997b, Analytical)]

Maximum Bending Strain (x 107)
EN

SD/W? (x 10

B Figure 7.25 Comparison of Pipe Bending Strain

7.2.4 EXPECTED RESPONSE

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 de-
sign situations. Suzuki and Masuda (1991) present values for the
width W and the amount of movement §, for transverse onshore
PGD observed in the Niigata Japan after the 1964 event. Based
on roughly 40 separate sites, the amount of ground movement &
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 Equation
7.14 is 6.0 m (20 ft) or more, which is much larger than the maxi-
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mum observed ground displacement of 2.0 m (6.6 ft). Also, the
estimated peak tensile (i.e., combined axial and flexural) strain
for 8 = 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 analyti-
cal and numerical models by Liu and M. O’Rourke (1997b). The
finite element results for both X-grade and GR-B grade steels are
identical for & less than about 1.6 m. At that location there is a
kink in the GR-B curve, indicating the onset of inelastic behavior
in that material. Note that the analytical model (i.e., Equation
7.15) results 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 values of the spatial extent and ground move-
ment of PGD zones.

6 X-Grade, Numerical i
o 5L ~— — GRB, Numerical i
X 4L — — —Eqn7-15 i
c /,/
Ty .= =
&Aoo L P i
v 2 ==
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= 1T == i
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E .t ]
5
> 27 iy
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After Liu and M. O'Rourke, 1997b
W Figure 7.26 Maximum Pipe Strain vs. Ground Displacement for W =100 m
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7.2.5 COMPARISON WITH ONSHORE CASE HISTORIES

The performance of buried pipelines subject to the transverse
onshore PGD during the 1971 San Fernando earthquake provides
case histories to test the approaches described above. In the case
history shown in Figure 2.17, a water transmission pipeline (Pipe-
line 2), made of Grade-C steel with 1,370 mm (54 in) diameter
and 7.9 mm (5/16 inch) wall thickness, was subjected to spatially
distributed transverse PGD with the maximum ground displace-
ment § of 0.7 m (2.0 ft) and a width W of about 400 m (1,312 ft).
From Equation 7.6, the bending strain in the pipe with W = 400
m and § = 0.7 m (2.3 ft) would be 6.0 x 10, while the axial ten-
sion strain would be 7.6 x 10 and the critical displacement §_ is
over 10 m (33 ft). Hence, the maximum tension strain is 6.8 x 10
while the net compression strain is 5.2 x 10~. Since these values
are below the tensile rupture and local buckling strain respec-
tively for the pipe, one expects the pipe would not be damaged
by this transverse PGD. The expected behavior matches the ob-
served 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.

In summary, although there has been a fair amount of research
activity directed at the problem of buried onshore pipe subject to
distributed transverse PGD, case histories of continuous pipeline
failure due solely to distributed transverse PGD without abrupt
offsets at the margins are rare. In contrast, pipeline damage due to
longitudinal PGD is fairly common. This is due, in part, to the fact
that pipe is relatively easy to bend (flexurally compliant) while
difficult to stretch or compress axially. Also, a typical §/W ratio for
transverse PGD may be roughly 1/300, based on the Suzuki and
Masuda data. In terms of beam design, this deflection over span
ratio is easy to accommodate.
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ONSHORE PIPELINES IN LIQUEFIED SOIL

As mentioned previously, the top of the liquefied soil layer is
commonly located below the bottom of onshore pipes. However,
when the pipe is buried in saturated sand, such as at a river bed,
the soil surrounding the pipe may liquefy during strong seismic
shaking. In this case, the pipe may deform laterally following the
flow of liquefied soil down a gentle slope, or move upward due
to buoyancy, especially when a manhole is present or a compres-
sive load acts on the pipe. For example, according to Suzuki et
al. (1988) and Takada (1991), a sewage pipe with manhole 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.

7.3.1 HORIZONTAL MOVEMENT

When an onshore 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) studied 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 (K,) for a pipe surrounded by liquefied soil
is some fraction of the corresponding value (K,) for competent,
non-liquefied soil. Figure 7.27 shows the peak pipe strain as a
function of the amount of PGD, §, for three values of the reduc-
tion factor. For this plot, the width of the PGD zone is 30 m, while
the pipe properties are the same as those 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., K//K, = 1, also see Figure 7.6 for W =30 m) is
in all cases larger than that for liquefied soil. As a rough approxi-
mation, the pipe strain for § > 1.5 m (5 ft) is proportional to the
soil coefficient reduction factor.
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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
1/1,000 to 1/3,000 of that for non-liquefied soil, while other
scholars suggest that the ratio is from 1/100 to 5/100. Hence, for
the same amount of PGD and width of the PGD zone, an on-
shore pipe surrounded by liquefied soil is much less likely to be
damaged by spatially disturbed transverse PGD. Hence, for de-
sign purpose it seems reasonable to conservatively assume that
onshore pipe subject to spatially distributed transverse PGD is
located in a competent non-liquefied soil (cap layer), which over-
lays the liquefied layer.
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After Suzuki et al., 1988
B Figure 7.27 Maximum Strain vs. § for Three Soil Spring Constants

7.3.2 VERTICAL MOVEMENT

If the soil immediately surrounding an onshore 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) conducted a series of laboratory tests and estimated the
liquefied soil spring constant by combining the test values with
analytical solutions. Yeh and Wang (1985) analyzed the dynamic
(i.e., seismic shaking and buoyancy effects) pipe response by us-
ing a simplified beam-column model for the pipe. They conclud-
ed that the dynamic displacement is relatively small (less than
20% of static pipe displacement due to the buoyancy) when the
surrounding soil is liquefied.

184 CHAPTER 7



Using 2 cm (0.8 in) diameter polyethylene pipeline, Cai et al.
(1992) carried out a series of laboratory tests and observed pipe re-
sponse due to soil liquefaction. Figure 7.28 shows the two system
models. The model in Figure 7.28(a) is a pipeline without a man-
hole, while (b) is for a pipeline with a manhole. In both models,
the end of the pipe can be 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 be-
fore and after liquefaction is normally flat. That is, lateral 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 neglected
when estimating the maximum uplifting strain in the pipe. When
a manhole and/or an axial compressive force are introduced, 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.

Symbol of Gauges /SUPlOOFt q / Pipeline Sand Box
= Strain |u /
o Pore Water Pressure [/ | ———————
0 Acceleration o1 o
® Displacement Saturated Sand 0.5m
Gravel o
xxxxxxxxxxxxxxxxxxx I x/

<> Horizontal Shaking
1.5m

(a) Pipe-Soil System

/ Support Manhole /Pipeline Sandy Box
( L |
Gravel Saturated Sand 0.5m

<«—» Horizontal Shaking
1.5m

(b) Pipe-Manhole-Soil System

After Cai et al., 1992
B Figure 7.28 Model System of Buried Pipeline in Liquefied Soil
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Hou et al. (1990) analyzed onshore pipe strain due to buoy-
ancy effects by a finite element approach. In the analysis, the
nonlinearity of both steel material and interaction force at the
pipe-soil interface outside the liquefied zone are considered. The
uplifting force per unit length, P, acting on the pipe within the
liquefied zone, can be expressecf as:

= Ty~ Vo) - DY
uplift 4 soil contents pipe

(7.16)

wherey_, Voiper andy_ . arethe weights per unit volume of lig-
uefied soil, pipe and pipe contents (i.e., water, gas, etc.), respec-
tively. 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 be-
havior 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 Figure 7.29
as a function of the length of the liquefied zone fory_, = 2.0 x
10* N/m?, (120 pcf), v, ... = 0.8 x 10* N/m’ (48 pcf), t = 0.0079
m (0.31 in) and three separate pipe diameters. Note that the ini-
tial stress (o, . = 180 MPa) in compression is due to restrained
thermal expansion. As shown in Figure 7.29, the maximum pipe
strain occurs at a certain width of the liquefied zone, W_. For
the width less than W_, the pipe strain is an increasing function
of the width, while the pipe strain decreases with the increasing
width thereafter. Their results also indicate that the pipe uplifting
displacement and pipe strain are an increasing function of the
initial compressive stress.

In fact, the buoyancy per unit length given in Equation 7.16
is less than 10% of the lateral pipe-soil interaction for a pipe sur-
rounded by non-liquefied soil. That is, the curve K /K, = 1/10 in
Figure 7.27 can be considered as an upper bound. 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 > 30 m
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 un-
likely to be damaged due to the buoyancy, although it may uplift
out of the ground when the width of the liquefied zone is large.
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B Figure 7.29 Maximum Strain vs. Width of Liquefied Zone

Typically, liquid pipelines have small uplift potential due to
the high unit weight of the contents. Uplifting behavior has been
observed only for large diameter water pipelines (e.g., over T m
diameter) and oil pipelines with initial compressive loads. The
initial compressive forces in an oil pipeline are due to restrained
thermal expansion, and increase the uplift potential. As oil tem-
perature increases, the pipeline may even experience upward
buckling and pop up out of the ground. In this case, the buoy-
ancy serves as the initial imperfection and the upheaval buckling
is mainly caused by the thermal compressive loads.

Gas pipelines have high uplift potential due to the small unit
weight of the contents when its surrounding soil is liquefied. Pipe-
line performance during past earthquakes also indicates that steel
pipelines are unlikely to be damaged by the buoyancy, but may be-
come exposed. For situations where a large uplifting displacement
or pipe exposure is not desirable (for example, for submarine pipe-
lines), the following equation derived from the principle of con-
servation of energy can be used to determine the maximum uplift
displacement and/or the spacing for piles or other pipe restraints:

1 6Puplift WS4

A8 41605 - — T _ (7.17)
Em’
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where A is the cross-section area, and W, is the spacing of the
piles as, shown in Figure 7.30.
The peak pipe strain is then given by:

7’6 D 7n°5_°

Emax =227+ 02 (7.18)
max VV52 4VVS2
Water/Liquefied Soil 5 N _Deformed Pip/
_— - max 7 T

--------------------------- 3
River Bank///>\ . I I M \ .
Non-Liquefied Soil I W e Pipeline

S

W Figure 7.30 Profile of Pipeline Crossing Liquefied Zone

For a 0.61 m (24 in) OD gas pipeline with a wall thickness
of 9.5 mm, the buoyancy force per unit length in liquefied soil
is around 4.4 kN/m. The maximum pipe uplift displacement and
peak pipe strains are calculated using Equations 7.17 and 7.18,
and listed in Table 7.4 for three sets of pile spacing.

For the 0.61 m OD pipeline with 1T m burial depth in liquefi-
able sand, results in Table 7.4 suggest that the spacing of piles
needs to be less than 70 m in order to avoid exposure of the
pipeline. Again, the pipe strains are less than 0.2% and hence no
pipe structural failure is expected. Note that initial stresses are not
considered in Equations. 7.17 and 7.18. Initial compressive loads
tend to increase the uplift displacement, while initial tensile loads
tend to reduce the uplift movement.

H Table 7.4 Pipe Displacement and Strain vs. Spacing for Piles

Spacing (m) | Uplift (m) | Bending Strain (%) | AxialStrain (%) | Total Strain (%)

53.0 0.50 0.107 0.022 0.129
72.8 1.00 0.114 0.047 0.160
92.3 1.50 0.106 0.065 0.171
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ONSHORE PIPE SUBJECT TO ABRUPT
PGD

Two patterns of transverse PGD are shown in Figure 7.1. The
spatially distributed pattern in Figure 7.1(a) has been discussed
extensively above. In relation to the localized abrupt pattern
shown in Figure 7.1(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. Re-
call that data gathered by Suzuki and Masuda (1991) and shown
in Figure 2.13 suggest that PGD zone widths are typically larger
than 80 m. A lower bound width of 50 m is considered herein.
Figure 7.31 shows the bending moment and axial force in a con-
tinuous buried pipeline subjected to a localized abrupt pattern of
transverse PGD. The amount of ground movement § = 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), y_,= 1.8
x 10* N/m?, ¢ = 35°.

Note that the bending moment is essentially zero over a dis-
tance of roughly 20 m (66 ft) near the center of the PGD zone.
Hence, in terms of flexure, the continuous pipe behaves as if it
was subject to two separate fault offsets both having a pipe-fault
angle of 90° with no interaction between them. The pipe axial
force near the center depends on the width of the PGD zone. It
would be zero if the width is large enough such that all the axial
force resistance is provided by the friction at the pipe-soil inter-
face within the PGD zone. In that 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 intersec-
tion angle of 90°. That is, the procedures described in Chapter 8
could be used directly in that 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 symmetry the center of the zone acts as an effective anchor
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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 behav-
ior between spatially distributed and localized abrupt trans-
verse PGD. Unfortunately, for designers, the authors are not
aware of procedures for discriminating, apriori, between these
two patterns.
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B Figure 7.31 Distribution of Pipe Bending Moment and Axial Force
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OFFSHORE PIPELINES

As noted above, the larger widths and low soil strength asso-
ciated with offshore landslides result in pipe behavior that is more
like that for a chain or cable (axial tension only) than for a beam
(axial tension and bending).

Parker et al. (2008) develop relations for offshore pipe subject
to transverse PGD. Figure 7.32(a) is a sketch of the general behav-
ior. It envisions a landslide of width 2W, (distance from Point C to
Point E in Figure 7.32). Within this width the pipeline is subject to
a lateral force per unit length P . This lateral load is equilibrated
by soil resistance forces P , over a distance W, on each side of the
landslide zone (i.e., from Point B to Point C to the left, and from
Point E to Point F on the right, in Figure 7.32). Hence, from hori-
zontal equilibrium in the direction of pipe movement:

pP,W,=P,W, (7.19)

The axial tension in the line is assumed to be a constant value
T, within the offshore landslide zone. Beyond the margins the
pipe axial tension decreases linearly at Points C and E to zero at
Points A and G, as shown in Figure 7.32(b).

Parker et al., 2008
W Figure 7.32 Model for Offshore Pipe Subject to Transverse PGD
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The downslope movement of the pipe at the center of the
landslide zone is composed of two parts: the downslope move-
ment §, between the center and the margins of the zone, and the
downslope movement §, of the pipeline at the margin.

With the aid of a few simplifying assumptions, the downslope
movement can be determined from equilibrium. Figure 7.33
shows the portion of the pipeline/cable between the Points D and
E, subject to transverse soil load P . As noted above, the pipe
tension within the landslide zone is assumed constant. That is,
soil friction forces along the pipe between Points D and E are
neglected. Taking moments about Point E results in:

P W?
5 —_ul” 1
) —ZTO (7.20)

The same relation is used for the convex portion of the pipe
beyond the margin:

A
52:? (7.21)
pU
Ly v b by v d
I A
W
o
To
<

B Figure 7.33 Free Body Diagram of Pipe-Midspan to Margin of PGD Zone

Note Equation 7.21 assumes that the pipe tension is constant
between Points E and F, which is nominally correct if the distance
W, is small in comparison with L .

Assuming a parabolic shape for the pipeline/cable in Figure
7.33, the change in length due to arc-length effects from Point D
to E is:
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AL = (7.22)

While from Point E to F:

282
AL = 2

2

(7.23)

2

It can be shown that the total change in length due to pipe/
cable deformation (Point B to Point F) is:

467 487 487
= + =
3W, 3w, 3W,

AL (1+P,/P.) (7.24)

Further algebraic manipulation using Equation 7.20 results in:
AL = 2P W (1R, /R) /T (7.25)

However, the total change in length of the pipe/cable can also
be determined by integrating the axial strain over the total af-
fected length of the pipe. Using the Ramberg-Osgood stress-strain
relation in Equation 4.1, the change in length is:

W, 5 2
AL = =19 (14 )+ 2 1+ .
ae PO S ( 247 x) (7.26)

u

In Equation 7.26, the first term is the change in length over the
width of the PGD zone where the axial strain is assumed constant
(from Point C to Point E), the second term is the change in length
over the two regions beyond the margin of the PGD zone where
the axial tension is assumed to vary in a linear fashion and:

T I
1 = LN B (7.27)
T+r Acry
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One obtains the Parker et al. (2008) relations for elastic pipe
by taking x to be zero.

For a given pipe, soil and width of the PGD zone, the peak
axial tension T can be calculated by simultaneous solution of
Equations 7.25 and 7.26.

Similar to Equation 6.3, the axial pipe strain is calculated as:

T T, J
(7.28)

*TAE| 1+1| Ao,

The bending strain in the pipe may be estimated as:

g, =2 (7.29)

which will be developed in more detail in relation to Equations
8.5 and 8.6. The total pipe strain in the pipe is the summation of
the axial strain and bending strain.

Note that the Parker et al. (2008) model has much in common
with Liu and O’Rourke model discussed in Section 7.2.2 above.
The main difference is that Parker et al. consider the downslope
pipe movement at the margin of the PGD zone, while Liu and
O’Rourke take 8, to be zero.

An example problem in Chapter 14 will illustrate the use of
the Parker model as modified herein for inelastic response.

194 CHAPTER 7



RESPONSE OF BURIED
CONTINUOUS PIPELINES
TO FAULTING

Chapters 6 and 7 present the response of continuous pipe-
lines subject to longitudinal and transverse PGD, respectively. As
mentioned previously, arbitrary PGD can be decomposed into
two components, one parallel to the pipe axis (i.e., longitudinal
PGD) and the other perpendicular to the 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
longitudinal and transverse response.

Two cases are discussed herein. In the first case (nominal ten-
sion), pipes are distressed due to bending (caused by transverse
component) and axial tensile force (caused by longitudinal com-
ponent). A normal fault is an example of this case. The pipe fail-
ure mechanism, particularly for thick wall pipe where the tensile
and compression failure strains are closer in value, would likely
be tensile rupture since the largest pipe strains are tensile in this
case. In the second case (nominal compression), pipes are dis-
tressed due to bending and axial compressive force. A reverse
fault is an example of this second case. The pipe failure mecha-
nism would be buckling of some sort since the largest pipe strains
are compressive and, as noted in Chapter 4 for steel pipe, failure
strains for compression are never larger than those for tension,
regardless of the pipe D/t ratio. A strike slip fault could place a
pipe in either nominal tension or nominal compression depend-
ing upon the intersection angle between the fault trace and pipe
axis and the relative movement at the fault. For example, the right
lateral movement of the fault in Figure 8.1 (other side appears to
be moving to the right) results in the pipe on either side moving
towards each other and, hence, the nominal compression case.
On the other hand, a left lateral fault offset would result in the
nominal tension case.
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W Figure 8.1 Thames Water Pipeline after Right Lateral Fault Offset

PIiPE DAMAGE OBSERVATIONS

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 mi) Sylmar Segment
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had the largest ground displacement, which was composed 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 buckling
of 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 rupture.

Arguably the best documented case study of buried pipe re-
sponse to fault offsets is the Thames Water Pipeline during the
1999 Izmit (Turkey) event. As described in more detail in Eidinger
et al. (2002), the pipe material was APl Grade B Steel, with a
diameter of 2.2 m and wall thickness of 1.8 cm (D/t = 122). The
pipeline crosses the Spanaca Segment of the North Antolian Fault
at an angle 8 = 125°. The 3 m of right lateral offset results in 2.45
m of lateral offset and 1.72 m of longitudinal compressive short-
ening after the earthquake. The pipe experiences three areas of
damage: 1) a major wrinkle about 1 m southeast of the fault trace,
2) another major wrinkle about 17 m northwest of the fault, and
3) a third minor bend at 29 m northwest of the fault. As shown by
the contour lines in Figure 8.1, the fault is nominally along the
margin of a valley, with the flat area to the northwest and a ridge
to the southeast. The pipeline underwent asymmetric behavior
with significant differences in the distance from the fault trace to
the major wrinkles. This behavior is due to differences in the stiff-
ness of the local soil, with softer Holocene alluvium (Qha) in the
valley and stiffener Pleistocene terrace (Qoa) in the ridge.

Figure 8.2 shows a view of a major wrinkle from inside the
pipe. Note that the pipe distortion seems to accumulate at the
wrinkle locations, with little or no observed distress away from
the wrinkles. The wrinkles were severe enough to result in tearing
of the pipe wall, however, the leakage was estimated to be only
about 1% (about 1,000 gpm) of its original flow capacity. Some-
what more significant in terms of the pipeline operation was a
wrinkle-induced reduction in effective diameter, down to roughly
1.4 m from the 2.2 m original diameter.

A finite element analysis indicated a peak compressive pipe
strain of 9.6% and a peak tensile pipe strain of 3.0%. Both these
peak pipe strains were located on opposite sides of the wrinkles,
which in the FE analysis were separated by a distance of 14 m (in
comparison to the observed wrinkle separation distance of about
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After Eidinger et al., 2002

W Figure 8.2 Internal View of Thames Water Pipeline at a Major Wrinkle

18 m). The pipe material model was inelastic and induced strain
hardening effects. The model did not, however, include the ef-
fects of wrinkling. As will be shown later, as wrinkles form pipe
deformation concentrates at the wrinkles. The wrinkle locations
behave like hinges in relation to bending effects, and behave like
expansion/ compression joints in relation to axial effects. That is,
both transverse and longitudinal offsets are accommodated by
increasing deformation at the wrinkles. As such, the pipe region
between the wrinkles and beyond the wrinkles tends to unload.
Since wrinkling effects are not included in the FE model, one
expects that the actual peak tensile and compressive pipe strains
at the wrinkles are well in excess of the 3% and 9.6% values
reported above. Nevertheless, the FE analysis would suggest that
wrinkling was likely or almost certain to occur since the critical
local buckling strain using, for example the relation in Equation
4.8, is only 0.11%.

In general there are three potential failure modes for a con-
tinuous pipeline fault crossing. They are: tensile rupture, local
buckling (wrinkling) in compression, and beam buckling in com-
pression. The beam buckling mode is discussed in detail in Sec-
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tion 4.1.4. Although this is a realistic failure mode for offshore
pipelines laid on the ocean floor, onshore pipelines are typically
buried 1.0 m (3.0 ft) or more below the ground surface. Since
this burial depth is larger than the critical burial depth shown in
Figure 4.5, the onshore pipe wrinkles rather than buckles like a
beam when subject to compressive PGD. Hence, this chapter fo-
cuses on tensile rupture of a pipe due to bending and tension, and
wrinkling of the pipe wall due to bending and compression.

STRIKE SLIP FAULT — NOMINAL TENSION

People rarely question pipe behavior information gleaned
from full-scale case histories, such as the Thames Water Pipeline
mentioned above. There are drawbacks, however, with case his-
tories. For example, to confirm the condition leading to initial
local buckling of the pipe wall, it would have been better if the
fault offset was roughly a tenth of the actual value. Laboratory test
programs, such as the Cornell-Rensselaer NEESR project, provide
the opportunity to investigate such behavior.

8.2.1 CENTRIFUGE TESTS — NOMINAL TENSION

Figure 8.3 shows axial and flexural strains measured on HDPE
pipe subject to various amounts of strike-slip fault offset, as re-
ported by Ha et al. (2008). The angle, B, between the fault and the
pipe were 85° and 63.5°, respectively. Hence, both pipes are sub-
ject to bending due to the transverse component of fault offset,
and axial tension due to the longitudinal component. The tests
were conducted in the Rensselaer split-box with the pipe pinned
to the split-box end wall, as shown in Figure 8.4. As such, the tests
simulate a prototype situation with thrust blocks at the end of the
pipe test specimen. The results shown in Figure 8.3 were for tests
at a 12.2 g level. Hence, in prototype scale the simulated thrust
blocks are 7.8 m (0.64 m times 12.2 = 7.8 m) from the fault.

For both pipe fault angles, the axial pipe strain is an increas-
ing function of the offset, as one would expect. Also, the induced
axial strains for the near perpendicular offset (8 = 85°) are much
smaller, roughly a fifth of those for = 63.5°. This ratio of roughly
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a fifth is consistent with the ratio of longitudinal components of
offset (cos 85 / cos 63.5 = 0.195). The axial pipe strains are larg-
est near the fault, and decrease in a somewhat linear fashion with
distance from the fault.

The measured bending strains in Figure 8.3 are consistent
with double curvature bending-convex on one side of the fault,
concave on the other, with an inflection point at the fault itself. At
low values of the offset, up to about 0.49 m for the test shown in
Figure 8.3, the flexural strains for the near perpendicular model
(B = 859 are slightly larger than those for B = 63.5° (sin 85/sin
63.5 = 1.11). Note, however, that unlike the axial strain, the
bending strains reach a maximum of roughly 1.5% at a 0.73 m
offset. Tactile pressure sensor data indicated that this limit or pla-
teau for pipe bending strain occurs when the nonlinear soil spring
transition from linear elastic behavior to plastic behavior. That is,
for ever increasing offsets, the axial strains continue to increase
while the bending strains remain at a plateau. Other centrifuge
tests reported by Abdoun et al. (2009) indicate that neither the
fault offset rate nor the soil moisture content significantly influ-
enced the magnitudes or location of the peak pipe strains. On
the other hand, the burial depth had a significant influence on
pipe strain, particularly the bending strains. As one might expect,
deeper burial depths result in large pipe bending strains.

8.2.2 ANALYTICAL MODELS — NOMINAL TENSION

A number of investigations have been performed regarding ten-
sile and bending behavior due to large abrupt fault movements.
These include the Newmark-Hall approach, and the Kennedy et al.
approach, among others. Herein, these analytical approaches are
reviewed and the results are compared to those from an FE model.

Newmark and Hall (1975) were the first to formally analyze
the fault crossing problem, apparently in relation to the Alyeska
Pipeline project. They considered the model shown in Figure 8.5
with a total fault movement §, in which a pipeline intersects a
right lateral strike-slip fault at an angle . For a pipe-fault intersec-
tion angle B < 90°, the strike-slip fault results in tensile strain in
the pipe. They assume that the pipe is firmly attached to the soil
(i.e., no relative displacement between pipe and soil) at two an-
chor points located at L from the fault trace. Anchors correspond
to thrust blocks and other features, which develop substantial re-
sistance to pipe axial movement.
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B Figure 8.5 Plan View of the Newmark-Hall Model for Pipeline Crossing a Right Lateral
Strike-Slip Fault

The authors neglect the bending stiffness of the pipe as well as
lateral interactions at the pipe-soil interface. That is, they envision
shallow burial in a trench with sloping side walls for which only
longitudinal interaction 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 (3, cos
B). The second is due to arc-length effects caused by lateral com-
ponent of fault movement (3, sin f).

Because of symmetry, only one side of the fault trace is con-
sidered. The average pipe strain, ¢, is:

2
- O 1 o .
= — + —| —
£ cos f3 2(2L smﬂj (8.1)

where L_is the effective unanchored length, that is, the distance
between the fault trace and the anchor point. The first term ac-
counts for the longitudinal component of the fault offset, that is,
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the average strain for a total displacement of 0.5 8, cos B over a
distance L . The second term accounts for arc-length effects and
can be derived by applying the Pythagorean and Binomial Theo-
rems. Note that Equation 8.1 assumes that both the longitudinal
and transverse effects occur over the same horizontal distance
L, from the fault. This is an unconservative assumption in rela-
tion to the transverse component in that the distance over which
bending strains are important is typically smaller than the cor-
responding distance for axial strains induced by the longitudinal
component.

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

L=L+L, (8.2)

where [ is the pipe length over which elastic strain develops,
while L is the length over which plastic strain develops.
L, L, are given by:

L, = (EgmDOyt, (8.3)

Lp = [Ep(s - Ey) nDt)/t, (8.4)
where ¢ is the material yield strain, £, and £ _are the modulus be-
fore yie(d and after yield, € is the plastic tensile strain in the pipe
and t is the axial friction force per unit length at the pipe-soil
interface. That is, L_is the total length over which the axial friction
force t, must act, to develop a particular level of axial strain in the
pipe. Failure in the Newmark and Hall approach is assumed to
occur when the average strain ¢ is greater than 4%.

For a 0.61-m-diameter (24 in) pipe made of X-60 grade steel,
the relation between the tolerable fault movement and the intersec-
tion angle using the Newmark and Hall approach is shown in Figure
8.11 along with similar information from other approaches, which
will be discussed later. The Newmark and Hall model provides valu-
able insight into the mechanics of this problem, and allows one to
evaluate the most influential parameters. However, as will be shown
later, this approach overestimates 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 interface.
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Kennedy et al. (1977) extended the ideas of Newmark and
Hall, and incorporated some improvements in the method for
evaluating the maximum axial strain. Specifically, they consid-
ered 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 bending stiffness becomes very small
(roughly 0.5% of the initial stiffness) when axial strain is well be-
yond the yield strain.

Figure 8.6 presents the Kennedy et al. model, for one side
of the fault. Note the bending strain occurs in the curved region
where a constant curvature, 1/R , is assumed. That is, unlike the
Newmark-Hall model, bending and corresponding arc-length ef-
fects occur relatively close to the fault, while the axial friction
forces extend well beyond this near fault region.

Le |
- < I—t T < <
u .
P d¢sin /2
7
Re
After Kennedy et al., 1977
W Figure 8.6 Kennedy et al. Model of Buried Pipeline on One Side of the Fault
The bending strain, ¢,, is expressed as:
D
g, = — (8.5)
2R

where R_is the radius of curvature of the curved portion, which
can be evaluated by using an analogue to internal pressure in
a cylinder:

Dt
R =2C (8.6)
P.
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where o is the axial stress at fault crossing, and p is the peak
lateral soil-pipe interaction force per unit length (see Equation
5.7 for sand or Equation 5.9 for clay). That is, the Kennedy et al.
model assumes that the offset is large enough that the soils lateral
resistance is fully mobilized.

The total strain in the pipe is given by:

s=s + 2 (8.7)
a 2R .

where ¢ is the maximum axial strain due to the elongation of
the pipe. The total elongation of the pipe, AL, which can be esti-
mated by:

5 . 2
AL=6, cos B +(fs3+m (8.8)

Like the Newmark-Hall approach, the first term is the elonga-
tion 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. However, un-
like the Newmark-Hall approach, L_is the horizontal projection
length of the laterally deformed pipe shown in Figure 8.6, which
can be approximated by:

I, =JR.S, sinB (8.9)

Also, unlike Newmark-Hall where the arc-length term is
based upon a right triangle approximation, the Kennedy et al.
term is based on an assumed circular arc.

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,

2l n o)
A==["o1+ | Z | |ax
A 1+r[ay] (8.10)
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Integrating Equation 8.10, one can obtain the relation be-
tween the axial movement and effective length L . 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 8.11.

Figure 8.7 shows the tolerable fault movement for a 42-in-
diameter (1.07 m) pipe as a function of unanchored length. The
burial depth from the ground surface to the top of the pipe are 3
ft (0.91 m) and 10 ft (3 m), respectively. The pipe wall thickness is
0.014 m (0.55 in); it's made of X-60 steel and surrounded by loose
to moderately dense sand with y = 1.76 x 10* N/m? (110 pcf) and
¢ = 34°.The critical tensile strain in the Kennedy et al. model is
4.5% for a burial depth, H_, of 0.9 m and 3.5% for a burial depth
of H_= 3.0 m. The difference accounts for the substantial increase
in bending strains and hoop ovaling for the deeper burial depth.
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B Figure 8.7 Tolerable Fault Movement vs. Unanchored Length

As shown in Figure 8.7, the tolerable fault offset for the pipe
is an increasing function of unanchored length and pipe-fault in-
tersection angle, but a decreasing function of burial depth. The
influence of unanchored length is easily understood. Accommo-
dating a given longitudinal displacement demand over a larger
pipe length results in lower pipe axial strain. The influence of
crossing angle is related to the relative importance of the longi-
tudinal component of fault offset (larger for small B) in compari-
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son to the transverse (large for B close to 90°). That is, since L_
is typically large with respect to §, the second term in Equation
8.8 is smaller compared to the first (longitudinal stretch) term for
equal amounts of transverse and longitudinal offset (i.e., B = 45°).
Finally, deeper burial means larger axial and lateral soil restraint
forces, which in turn leads to shorter lengths over which the offset
is accommodated, and larger bending strains.

For the pipe-fault intersection angle of B = 60°, Figure 8.8
shows the maximum axial strain as a function of unanchored
length. As shown in Figure 8.8, the pipe axial strain is a decreas-
ing 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 interaction forces at the pipe-soil interface.
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B Figure 8.8 Maximum Axial Strain vs. Unanchored Length

Subsequent to the above studies, Wang and Yeh (1985) in-
troduced some additional modifications. Specifically, they use
a beam on an elastic foundation (BEF) model for the “straight”
portion of the pipeline beyond the constant curvature region.
Furthermore, they subdivide the constant curvature region into
elastic strain and inelastic strain regions.
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Wang and Yeh apparently neglect the influence of pipe axial
stress on pipe bending stiffness, and conclude that the pipe fails
at the start of the BEF region. This seems somewhat unlikely since
one expects tensile rupture to occur at or very near the location
of maximum tensile strain that is closer to the fault.

Most recently, Karamitros et al. (2007) extend the Kennedy
model and incorporate some ideas from the Wang-Yeh model.
Specifically, like Wang and Yeh, they use a beam-on-elastic foun-
dation model for the “straight” pipe region. As a simplification,
they neglect the “sin B” term of Equation 8.1 or 8.8 in evaluations
of the pipe elongation. To account for situations with compara-
tively small offsets and low axial strain, they calculate the bend-
ing strain as follows:

1 1 1
&, & &

where €'is the “curvature” bending strain from Equation 8.5 and
€/ is the strain due to the bending moment.

gl = (8.12)

As such, the Karamitros relation is applicable for both small
offsets (offset over diameter less than 1.0) as well as larger offsets
envisioned by the Kennedy et al. procedure.

Interestingly, they provide an explanation for the small increase
in axial strain as one moves away from the fault. The increase can
be seen in the axial strain plot for B = 63.5° in Figure 8.3. At low
offsets when the pipe is still elastic (offset less than or equal to
0.24 m), the axial strain decreases monotonically with distance
from the fault. However, for larger offsets (0.49 m and larger in
Figure 8.3) where the pipe is inelastic, the axial strain has a local
minimum at the fault itself. The peak axial strain occurs between
the fault (point of peak axial force) and the point of peak bending
moment. As noted by Karamitros et al. (2007), in the inelastic re-
gion where the combined axial and flexural strain is limited by the
yield strain, the axial strain increases so that the integral of stress
over the pipe cross-session equals the applied axial force.
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8.2.3 FINITE ELEMENT MODELS

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 8.9(a), (b) and (c), respectively. The amount of fault
offset is 6.1 m and the intersection angle is 70° in their calcula-
tion. As shown in Figure 8.9, 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.
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B Figure 8.9 Pipe Bending Strain as a Function of Soil Friction Angle, Burial Depth and Pipe
Diameter
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In order to evaluate the various approaches, an ABAQUS FE
model was used herein to estimate the pipe strain. The pipeline
model is fixed at the point 500 m (1,640 ft) away from the fault.
This unanchored length is sufficiently long such that both axial
strain and bending strain are zero at the anchor point. 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 move a distance of
d,sin B in the transverse direction, while all the bases of axial soil
springs move a distance of 8, cos B in the longitudinal direction.

Considering the non-linear interaction at the pipe-soil inter-
face (Equation 5.1 and Equation 5.7) 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) sub-
ject to a strike-slip fault is analyzed.

The peak pipe strain for an intersection angle of 90° is shown
in Figure 8.10 as a function of fault offset. The peak compression
strain occurs for a fault offset of approximately 2 m (6.6 ft) and
decreases thereafter. This decrease of compression strain is due to
the decrease of bending strain/stiffness caused by the large axial
strain. 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 | (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 Il (intermediate offsets), the axial strain is beyond
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B Figure 8.10 Pipe Strain vs. Fault Offset (for 90° Intersection Angle)
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yield, and bending stiffness (and hence bending strain) are de-
creasing and the net compressive strains approach zero. In Stage
[l (large offsets), the bending strain remains constant while axial
strain increases with increasing fault offsets.

8.2.4 CoOMPARISON AMONG APPROACHES

In this section, two comparisons are made between results
from analytical models and finite element results. The first com-
parison is in terms of the allowable fault offset, that is the design
limit where the pipe is at its peak capacity. The second compari-
son is in terms of pipe strains at smaller offsets.

For strike-slip offsets which place the line in nominal tension,
Figure 8.11 presents the tolerable fault offset from four approach-
es as a function of the intersection angle between the pipe axis
and fault trace. As shown in Figure 8.11, the results obtained from
the ABAQUS numerical approach match that from Kennedy et
al.s analytical approach very well for intersection angles less than
60°. For intersection angles larger than 60°, the tolerable fault
offset from the ABAQUS model is only slightly less than that from
Kennedy et al.’s approach.
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W Figure 8.11 Comparison of Results from Four Approaches

Newmark and Hall’s approach overestimates the tolerable fault
offset by roughly a factor of two. This is believed to be due to the
use of the average strain for the failure criterion. Note that the max-
imum strain in the pipe is at least twice the average strain used in
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their approach. Moreover, Newmark and Hall neglect the bending
strain in the pipe and the influence of bending strain on the axial
stiffness of the pipe. Note that Newmark and Hall’s curve is based
on Equation 8.1 with an unanchored length of 50 m (164 ft).
Wang and Yeh’s approach appears to underestimate the toler-
able fault offset for the pipeline by a factor of four. This is believed
to be due to their assumption that the pipe strain in a portion of
the curved region 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 approach overestimates the bending strain in the
pipe, and underestimates the tolerable fault offset for the pipe.
Peak pipe strain for smaller offsets are compared in Figure
8.12, for intersection angles 8 = 30° and 60°. Specifically, the peak
strains from various approaches for a X-65 grade steel pipe with

3 X - x
3 L Karamitros
é - —a — Kennedy /
c » \ — — Wang
E 2 x O Finite Element
A TN
g L o/
= 11— /
R r /
It = _
= B — _—
= O 1 1 11 l 1 1 1 1
0 0.5 1 1.5 2
Normalized Offset /D
a) Intersection angle p=30°
g
£
g
A
)
g
(a8
—
o}
)
a
Normalized Offset /D
b) Intersection angle p=60°

After Karamitros et al., 2007
B Figure 8.12 Comparison of Peak Pipe Strain for Small Offsets
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diameter D=0.914 m (36 in), wall thickness t =0.012 m (0.47 in),
burial depth of 1.3 m in soil with a friction angle = 36° and unit
weight = 18 kN/m?, are plotted versus the normalized fault offset.

As one might expect, the peak strain from the finite element
model are larger for an intersection angle B = 30° from those
for 60°, particularly for normalized offsets larger than 1.0. The
Karamitros et al. model compares favorably to the finite element
results for all normalized offsets considered. The Kennedy et al.
model provides reasonable strain estimates for normalized offsets
larger than about 1.25. As the normalized offsets decrease, the
Kennedy et al. peak strain becomes larger. As shown by Kara-
mitros et al. (2007), this incorrect result is due to bending strains.
As noted in relation to Equations 8.5 and 8.6, Kennedy et al. as-
sume that the offset is large enough that the soils lateral resistance
is fully mobilized, which clearly is not the case at small offsets.
The Karamitros et al. model avoids this difficulty through the use
of Equation 8.11. The Wang and Yeh model provides reasonable
results for B = 30°and normalized offsets greater than about 1.25.
For B = 60°, the Wang and Yeh model appears to significantly
underestimate peak pipe strain.

Hence, in terms of available analytical approaches, either the
Kennedy et al. or the Karamitros et al. methods seem reasonable
for evaluation of design capacity. The Karamitros et al. approach
would be recommended for determination of the state of pipe strain
at smaller fault offsets, on the order of the pipe diameter itself.

STRIKE-SLIP FAULT — NOMINAL
COMPRESSION

There has been more research effort directed at the nominal
tension case than the nominal compression case. This is likely an
outgrowth of the fact that in design the nominal tension case is
preferred since the tensile strain capacity of steel pipe is larger than
compressive strain capacity. In addition, as will be shown shortly,
the nominal compression case is more complicated. However,
right-of-way constraints often result in pipe being subject to strike
slip faulting with nominal compression. The Thames Water Pipe-
line in Figure 8.1 is one such example. Similarly, two of the four
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large diameter Bay Division Pipelines within the Hetch-Hetchy
Water System, which supplies San Francisco Peninsula commu-
nities, cross the Hayward Fault such that the lines are in nominal
compression.

Figure 8.13 shows centrifuge tests results from Ha et al. (2010)
for HDPE pipe subject to either nominal compression (intersec-
tion angle B = 120°) or nominal tension (§ = 63.5°) offsets. The
prototype pipe diameter was 0.41 m (16 in), the H/D ratio was
2.75 and the D/t ratio was 17. At low offsets (0.254 m or less in
Figure 8.13), the behavior is quite similar to that for the nominal
tension case described previously. As a matter of fact, the § =
63.5° (nominal tension) results in Figure 8.3 are the same as those
shown in Figure 8.13, plotted with a different vertical scale.
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W Figure 8.13 Measured Axial and Bending Strains in HDPE Pipe Subject to Nominal Compression
and Nominal Tension Strike-Slip Offsets

However, the nominal tension and compression behavior
differ substantially for offsets of 0.49 m or larger. For nominal
compression, both the axial and bending strains become quite
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large at two locations close to the fault. Shown in Figure 8.14
is a close-up photo of the two buckles after the over burden soil
has been removed. As these buckles form, the portion of pipe
between them unloads, as evidenced by the reduced axial strain
in the pipe segment between the two buckles. That is, the axial
displacement and rotation demands are accommodated primarily
at the two buckles.

From Figure 8.13, the buckles begin to form at offsets between
0.24 and 0.49 m. The corresponding total strain (axial compression
plus flexural compression) were between 1.8% (offset = 0.24 m)
and 3.5% (offset = 0.49 m). The HDPE pipe material has a round-
house type stress-strain curve and, hence, a somewhat ill defined
“yield” strain. However, for the offset rate used in there tests, the
nominal yield strain (onset of significant inelastic behavior) is about
2%. Hence, it appears that the buckles were initiated by material
yielding as opposed to classical local buckling of the pipewall.
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W Figure 8.14 Close-up View of Two Buckles in HDPE Pipe Subject to Strike
Slip-Nominal Compression Faulting (View After Overburden Soil Removed)
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NORMAL AND REVERSE FAULTS

As with the strike-slip nominal compression case, there is
very little available in the technical literature on pipe behavior
for either normal or reverse faulting. The one exception is a set
of centrifuge test of HDPE pipe subject to offsets along a vertical
fault plane.

Figure 8.15 shows measured axial and bending strains for two
different fault offsets, as reported by Abdoun et al. (2008). The
first is strike slip-nominal tension with pipe fault intersection an-
gle at B = 85°, while the second is normal faulting along a vertical
fault plane.
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W Figure 8.15 Measured Axial and Bending Strains in HDPE Pipe at Various Distances from
the Fault for Strike-Slip Nominal Tension and Normal/Reverse Faulting
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The strike slip behavior is the same as described above in
relation to Figure 8.3. As a matter of fact, the plots for § = 85° are
identical, with the exception that the axial strain is plotted at a
different scale.

The behavior for normal/reverse faulting is different than that
for strike slip-nominal tension faulting. In the first place, the strain
distribution is no longer symmetric with respect to the fault, the
differences in axial strain being most noticeable. For both axial
and bending, the larger strains are on the upthrown side, as one
might expect. Secondly, the bending strains for strike slip fault-
ing reach a plateau at an offset of 0.73 m. There is no apparent
plateau in bending strains for the normal/reverse fault. Note, how-
ever, that due to limitation of the split-box equipment, the largest
prototype vertical offset was 0.48 m. Finally, although the behav-
ior is different, with the normal/reverse faulting case being more
complex, the measured strains in Figure 8.15 suggest that the
strike slip strains for near perpendicular horizontal offsets provide
a reasonable but somewhat unconservative estimate for axial and
bending strains induced by vertical near-perpendicular offsets.

COMPARISON WITH CASE HISTORIES

The 1979 Imperial Valley earthquake provides case histories
which can be used to benchmark the finite element approaches
for strike slip-nominal tension and strike slip-nominal compres-
sion faulting. During this earthquake, three natural gas pipelines
were affected by the localized abrupt offsets at the Imperial Fault,
as shown in Figure 8.16. The maximum co-seismic right lateral slip
along the fault was 0.55 to 0.60 m (1.8 to 2.0 ft) at Heber Dunes.
Up to 0.29 m (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 Ta-
ble 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
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5.7 are used for estimating maximum axial and lateral interacting
forces at the pipe-soil interface. We assume the angle of shear
resistance of the sand ¢ = 35° and k = 0.7 for No. 56 coating and
k = 0.9 for somastic coating.

Brawley Legend:
o Natural Gas Pipelines
Bridges 58-05 R/L—/ . Fault Trace Showing

Relative Slip

P
-~
(o) Pipe Inspection Location
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Epicenter
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—
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Highway
S-80
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Mexico

Lat. 32° 38.61'N
Long. 115° 18.53'W
After Roth et al., 1990

W Figure 8.16 Three Gas Pipelines Intersected by the Imperial Fault

Two cases are considered herein. In Case |, the fault is as-
sumed to be a single abrupt fault (i.e., the width of offset zone is
zero). In Case ll, 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 the Holtville-El Centro Line (angle 55°) is taken as a
tensile rupture strain of 4%, while the critical strains for Lines
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6000 and 6001 are taken as 0.175t/R. The predicted behavior
matches the observed behavior in that the maximum strain for
Case Il (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 compressive 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 ele-
ment results suggest that the two pipelines in compression would
have wrinkled if the width of the fault were small (e.g., less than
about 3.0 m (10 ft)).

H Table 8.1 Pipe and Fault Properties and Strain Analyses

Characteristic Holtville-El Line 6000 Line 6001
Centro Line
Diameter 114 mm 219 mm 273 mm
Wall Thickness 5 mm 7 mm 5 mm
Material A-25 Steel GR-B Steel X-42 Steel
Yield Stress 170 MPa 240 MPa 290 MPa
Operating Pressure 2.8 MPa 2.8 MPa 2.8 MPa
Depth of Cover 09m 0.9m 0.9m
Weld Type Acetylene Electric Arc Electric Arc
Coating No. 56 Somastic No. 56
Fault Offset 0.6m 0.4 m 0.4 m
Intersection Angle 55° 120° 120°
Max. Tensile Strain (Case I) 0.015 - -
Max. Tensile Strain (Case I) 0.0126 - -
Max. Compressive Strain (Case I) - >0.06 0.0335
Max. Compressive Strain (Case II) - 0.00736 0.00326
Critical Strain 0.04 0.0112 0.0064
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RESPONSE OF SEGMENTED
PIPELINES TO PGD

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 4.3, 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
movement §, the spatial extent of the PGD zone and the pattern
of ground movement within the zone.

In reference to the type of PGD, Suzuki (1988) concluded
that damage due to longitudinal PGD was more common than
damage due to transverse PGD based on observed behavior of
segmented gas pipelines during the 1964 Niigata earthquake.
In these cases, the joints were pulled out in the ground tension
region and buckled in the ground compression region. In the
ALA Guidelines (2005), an assertion is made that the damage
rate for non-seismically designed pipes subject to longitudinal
PGD is 5 to 10 times larger than that for similar pipe subject to
transverse PGD.

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 of ground displacement 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 relative axial displacement.
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LONGITUDINAL PGD

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 oc-
curs at pipe joints since the strength of the joints is generally less
than the strength of the pipe segment between joints. 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 ideal-
ized ridge pattern in Figure 6.1(c)), ground strain exists over a
significant portion of the PGD zone. For the abrupt deformation
case (such as the idealized block pattern in Figure 6.1(a)), relative
movement exists only at the margins of the PGD zone, and the
ground strain between the margins is zero.

9.1.1 DISTRIBUTED DEFORMATION

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 spa-
tially 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 (tensile strain to the left of the peak ground
displacement point in Figure 6.1(c), compressive ground strain to
the right) is:
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By assuming that pipe segments are rigid and all of the longi-
tudinal PGD is accommodated by extension or contraction at the
joints, the average relative displacement at the joints is given by
the ground strain times the pipe segment length, L :

281,

Auavg ]

(9.2)

Equation 9.2 envisions conditions prior to joint pull-out in
tension or joint lock-up in compression. Although Equation 9.2
represents the average behavior, the joint displacements for uni-
form ground strain varies somewhat from joint to joint due to vari-
ation in joint stiffness. That is, in a region of tensile ground strain
a relatively flexible joint is expected to experience larger joint
displacements than adjacent stiffer joints. A more detailed dis-
cussion of the effects of variable joint properties on the response
of segmented pipe to ground strain is presented in Sections 11.1
(tensile ground strain) and 11.2 (compressive ground strain).

Using realistic variations of joint stiffness, El Hmadi and M.
O’Rourke (1989) determined, as presented in Table 9.1, the mean
joint displacement, AX, in centimeters, and coefficients of varia-
tion, W, in percentage, as a function of ground strain for various
diameters of Cast Iron pipe with lead-caulked joints (Cl) and Duc-
tile Iron pipe with rubber gasketed joints (DI). The values in Table
9.1 assume that the pipe segment length L_for all types was 6.0
m (20 ft) and that neither joint pull-out nor lock-up occurs. Note
that the mean values for both Cl and DI pipes are about equal to
the value given in Equation 9.2 (thatis, gL ).

H Table 9.1 Mean Joint Displacement and Coefficient of Variation for Segmented Pipe Subject to
Uniform Ground Strain

Ground Strain Cl Cl Cl DI
D =40 cm D =76 cm D =122 cm D =40-122 cm
(16 in) (30 in) (48 in) (16-48 in)
AX(cm) | w%) | Ax(cm) | %) | AX(cm) | w%) | AX(cm) (%)
0.001 (1/1,000) .54 64 .56 54 .58 52 .59

0.005 (1/200) 2.92 39 2.95 24 2.97 14 3.00
0.007 (1/150) 4.12 26 4.16 19 4.16 16 4.19

2
0.002 (1/500) 1.14 56 1.17 49 1.17 43 1.19 2
1
1
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However, the coefficients of variation, p for DI joints are
quite small in comparison to those for Cl joints. This is due to the
fact that DI joints are substantially more flexible than CI joints.
As a result, the joint opening or closure for DI pipelines would
be relatively constant over the length of the PGD zone, while
there would be more variability of joint displacement for Cl pipe.
Hence, for tensile ground strain one expects little or no damage
in DI pipe until the ground strain equals the average joint dis-
placement for leakage divided by the pipe segment length. For
compressive ground strain, and DI pipe, the “tipping point” is
ground strain equal to the joint contraction for lock-up divided by
the pipe segment length. On the other hand, one expects damage
to Cl pipe at lower levels of ground strain since some of the Cl
joints will have axial displacement well above the average value
given in Equation 9.2.

Hence, a key issue is whether ground strains due to dis-
tributed deformation patterns of longitudinal PGD are larger or
smaller than these tipping points. M. O’Rourke et al. (1995) pres-
ent a summary of longitudinal PGD patterns observed in Noshiro
City after the 1983 Nihonkai Chubu event. The minimum ground
strain due to distributed longitudinal PGD was 0.008. The result-
ing joint opening is 5 cm (2 in), for a pipe segment length of
6.0 m. This is larger than the tensile joint capacity of typical seg-
mented pipelines, as noted in Section 4.3 (i.e., segmented joints
typically leak for relative displacement on the order of half the
total joint depth). Hence, expected ground strains for distributed
deformation patterns of longitudinal PGD are large compared to
tensile ground strains resulting in damage to a typical or average
joint. Similar behavior for compressive strains is expected. That
is, one expects joint damage when a segmented pipeline crosses
a potential longitudinal PGD zone. Hence, consideration should
be given to replacement by a continuous pipeline or segmented
pipelines with special joints (having large contract/expansion ca-
pacity and/or anti-pull-out restraints).

9.1.2 ABRUPT DEFORMATION

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,
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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 the abrupt offset is only at 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 mod-
el, all the abrupt offset is accommodated by opening at the one
pipe joint closest to the head of the PDG zone. With that model,
one expects joint leakage or pull-out if the ground offset (that is
d in Figure 6.1) is larger than the relative joint displacement cor-
responding to these limit states. For the 17 idealized block, ramp
or ramp-block patterns studied by M. O’Rourke et al. (1995), the
minimum abrupt offset, 3, was 1.2 m (4 ft). Typically, bell and
spigot joints pull-out for this level of displacement. Hence, one
expects joint pull-out in typical segmented pipe at tension gaps
at least for the examples of longitudinal PGD considered by M.
O'Rourke et al. (1995).

The expected behavior at the toe of the zone (i.e., at the com-
pression mound) is different. At the toe, a number of pipe joints
would lock-up in an attempt to accommodate the abrupt ground
offset. As explained in more detail in Chapter 11, this joint lock-
up is accompanied by a large increase in axial compression force
in the pipe segments themselves, which leads to telescoping and/
or crushing at the joints.

Hence, whether subject to a distributed deformation pattern
or an abrupt deformation pattern of longitudinal PGD, one ex-
pects damage to ordinary segmented pipe.

One potential mitigation approach would involve the use of
axially restrained joints (e.g., gasketed joints with an anti-pull-out
device). For spatially distributed PGD, the restrained joints should
be used throughout the PGD zone. For an abrupt pattern of longi-
tudinal PGD, the axially restrained joints are needed at both sides
of the head (tensile ground deformation area) to accommodate
the offsets. As presented in the ALA Guidelines (2005), if A is the
relative joint displacement before the joint becomes “restrained”,
then the required number, n, of “chained” restraint joints near the
head of the zone is:

n= 95, 9.3)
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The pipe segments and the restrained joints must be capable
of withstanding the resultant axial forces. The ALA Guidelines
recommend a safety factor of two. Hence, the peak axial force,
largest near the center of the chain of restrained joint, is the lon-
gitudinal soil friction force per unit length, t , times the distance
from the start of the chain to its’ middle, times the safety factor:

F,=2t -—-L (9.4)

TRANSVERSE PGD

In considering the response of segmented pipelines subject
to transverse PGD, one must differentiate between spatially dis-
tributed transverse PGD and localized abrupt transverse PGD, as
sketched in Figure 7.1. Localized abrupt PGD is a special case of
fault offset, which is discussed in Section 9.3.

9.2.1 SPATIALLY DISTRIBUTED PGD

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 maximum joint opening due to both joint rotation
and axial extension of segmented pipelines. Figure 9.1(a) and
(b) present a pipeline subject to transverse PGD, where Ax, and
AB are the joint extension and relative joint rotation between the
adjacent segments.

Assuming that the pipe segments are rigid (i.e., EA = o, £l =
) 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.
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B Figure 9.1 Plan View of Segmented Pipeline Subject to Distributed Transverse PGD
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where x is the distance from the margin of the PGD zone and L is
the pipe segment length.

The axial displacements are largest for 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:

2
Ax, =%(%] (9.6)

Assuming that the slope of the rigid pipe segment exactly
matches the ground slope at the segment midpoint, the joint
opening due to the joint rotation, Ax, is as follows:

2
4 5DLO CcOS 27X AX{ >A0-D/2
w? w
M awson, 2 o7
z >—>COS X Ax, <AB-D/2
w w

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

e = 0.268<D/5<3.73
ZL 62
d o [1+(D/8)"]  Others

n’l,S* I:ZD}

Ax = (9.8)

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 8/W ratio and the D/3 ratio.

The key question then is whether observed &/W ratios and D/8
ratios are large enough to cause damage to segmented pipe. Fig-
ure 2.13 presents spatially distributed transverse PGD observed
during the 1964 Niigata and 1983 Nihonkai-Chubu events. Ob-
served values for the &/W ratio range from 0.001 to 0.01, with
0.003 being a typical 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 W =
0.01 and & = 2.0 m) would be 2.5 cm (1 in) for a pipe diameter
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After M. O'Rourke and Nordberg, 1991
B Figure 9.2 Maximum Joint Opening for Segmented Pipe Subject to Distributed Transverse PGD
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of 4.0 m (157 in) (i.e., D/d = 2) or less. Hence, an upper bound
joint opening for transverse distributed PGD (2.5 cm) is about
half the lower bound joint opening for a distributed pattern of
longitudinal PGD (5.0 cm), which, in turn, is less than the lower
bound for an abrupt deformation pattern of longitudinal PGD.
This is all consistent with the Suzuki (1988) and the ALA (2005)
observations regarding the type of PGD (longitudinal as opposed
to transverse), which has led to segmented pipe damage.

Using typical values for distributed transverse PGD of &W =
0.003, 8 = 1.0 m and a typical pipe diameter of D = 0.3 m, one
calculates a maximum joint opening, Ax, of less than 0.1 cm (less
than 1/16 in) using the chart in Figure 9.2. This amount of joint
opening or joint closure would typically not result in damage
to segment pipe joints. Some leakage is possible, however, spe-
cifically for pipelines with rigid joints. Laboratory tests by Prior
(1935) suggest that the threshold for leakage in such pipelines is
a joint opening of only 0.2 cm (0.08 in).

FAULT OFFSETS

Both experimental and analytical results are available for
segmented pipelines subject to fault offset (i.e., local abrupt dif-
ferential ground movement transverse to the pipe axis). For ex-
ample, Takada (1984) performed a laboratory test to analyze the
response of segmented pipelines subject to transverse PGD. Fig-
ure 9.3 presents a sketch of the sinking soil box (dimension 10
m x 1 m x 1.5 m), in which a 169 mm (nominal 6 in) diameter
Ductile Iron pipeline is surrounded by loose sand. The vertical
offset is produced by decreasing the height of the six jacks, which
support the movable box. Two cases were studied by Takada. In
Case A, the pipeline is composed of three longer segments, while
in Case B it is composed of five shorter segments.

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.
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W Figure 9.4 Maximum Pipe Stress vs. Ground Subsidence for Case A and Case B

For the geometry studied by Takada, that is, a pipe at 90° with
respect to the fault or offset plane, the largest stress in the pipe
segments is flexural. As will be shown shortly, if one assumes
rotationally flexible joints (i.e., no moment transfer across the
joint), then the maximum bending moment in the pipe segment,
which crosses the fault, is proportional to the pipe segment length
squared. Smaller pipe stress in Case B is due, in part, to the short-
er pipe segment length.

More recently, a group led by researchers from the Univer-
sity of Michigan subjected one-fifth scale segmented concrete
pressure pipe to fault offsets using the NEES facility at Cornell
University. As described in more detail by Kim et al. (2009), the
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individual pipe segments were roughly a meter in length (37 in),
having an outside diameter of 19 cm (7.5 in) and mortar-grouted
bell and spigot joints. The angle from the pipeline longitudinal
axis to the fault plane (angle B in Figures 8.5(a) and 9.5) was
65°. However, unlike the right-lateral offset in Figures 8.5(a) and
9.5, the offset was left-lateral, resulting in net compression in the
line. Since the joints were cement grouted they were stronger and
stiffer than simple rubber gasketed, push-on bell and spigot joints,
particularly when subject to axial compression. Nevertheless, the
laboratory tests showed that most all the deformation occurred
at the pipeline joints. That is, although the joints were stronger
and stiffer than other types of joints, they proved to be weaker
and more flexible than the pipe segment between the joints. The
measured joint deformation in the Michigan/Cornell tests (rota-
tion and axial compression) will be compared to simplified rela-
tions later in this chapter.

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 the segments are rigid and
the joints accommodate the ground deformation. This assumption
is quite reasonable in light of the Michigan/Cornell tests men-
tioned above. Figure 9.5 shows the plan view of a segmented
pipeline subject to fault offset. Note in this case the offset is right-
lateral placing the line in net tension.
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After T. O'Rourke and Trautmann, 1981
W Figure 9.5 Plan View of Segmented Pipeline Subject to Fault Offset
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The tolerable fault displacement can be obtained by:

5 . |6, secp 9.9)
! I 0, csc B

where 8 _is the pull-out capacity of the joint (axial deformation)
near the fault offset, §, 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.
Note that in this formulation, all the offset is accommodated at a
single joint, presumably the one closest to the fault trace.

If the intersection angle, B, is low, joint failure is due to axial
effects. Conversely, if B is large lateral deformation dominates.
The optimal orientation is one at which axial and lateral failures
occur simultaneously. That is:

Bopimas = @rctan (%J (9.10)

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 con-
tinuous pipelines subject to fault offset, the tolerable fault offset
for pipelines with either restrained or unrestrained joints is an
increasing function of 8 for the intersection angle less than the
optimal value, and decreases thereafter. For example, the optimal
intersection angle for pipe with mechanical joints is about 70°.
According to T. O’Rourke and Trautmann, the decrease in capac-
ity for B > B, ., is caused by the larger bending moments devel-
oped in the pipeline for large intersection angles.

Note that pipe with extra long restrained coupling are par-
ticularly effective only when the intersection angle is small. At
these small intersection angles, axial effects dominant and the
expansion capability of the special joints is useful. However, at
large intersection angles (B > 60°) where flexural effects govern
the capacity of mechanical and special joints is similar.

However, the important observation in relation to Figure 9.6
is that the tolerable offset for special pipe with long restrained
joints, is less than a foot or so. For more common pipe with lead-
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caulked joints, the tolerable offset is about half that value. Note
that these tolerable offsets are small compared to observed offsets
and offsets typically specified for design. In relation to strike slip
faulting, the moment magnitude corresponding to average offsets
of 12 in (0.30 m) and 6 in (0.15 m) are M = 6.5 and M = 6.1,
respectively, using Equation 2.1. These events are small enough
that there is only a 50% chance (see Figure 2.1) that they would
result in a surface offset in the first place. That is, if the event is
large enough to result in a surface expression of the fault offset,
the offset is typically larger than 6 to 12 in.
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After T. O'Rourke and Trautmann, 1981
B Figure 9.6 Tolerable Fault Offset vs. Intersection Angle

Similarly, in relation to localized abrupt transverse PGD such
as at the margins of a lateral spread, an offset capacity of 6 to 12
in (0.15 to 0.3 m) is small compared to the observed amounts
of lateral spread displacement in Figures 2.14 and 2.16. Hence,
segmented pipelines are vulnerable to abrupt offsets with likely
failure at the one or two joints closest to the offset location.

Other analytical relations are contained in the ALA Guide-
lines (2005) for segmented pipe subject to the abrupt offset haz-
ard. Specifically, simplified relations are presented for both the
bending moment in the pipe segments and the axial extension/
contraction at the joints. The ALA relations envision an offset oc-
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curring exactly at the center of an individual pipe segment, as
sketched in Figure 9.7. The joints are assumed flexible with re-
spect to moment, but able to transfer shear. The offset is assumed
large enough that the soil-pipe interaction force is at its maxi-
mum value, given for example in Equation 5.7 or 5.9. As such, the
pipe segment is statically determinate. For the right lateral offset
sketched in Figure 9.7(a) the lateral forces to the east of the fault
act to the south, while those to the west act to the north. The result
is a pipe segment with concave bending on one side of the fault
and convex bending on the other. There is a point of counter flex-
ure at the fault itself. The peak bending moment in the pipe is:

_ puL07
M = 4 9.11)

where p_is the transverse force per unit length at the soil-pipe
interface and L is the pipe segment length.

Assuming the longitudinal component of the offset is accom-
modated by the two joints closest to the fault, an estimate for the
axial extension or contraction at each is:

joint axial displacement = % cos f3 (9.12)

Note that Equation 9.12 is based exclusively on the axial
component of fault offset. The rotation of the pipe segment also
influences the joint displacement. For an offset that results in net
tension in the line, the additional joint displacement due to rota-
tion of the center pipe segment is:

L L LY (6. .Y
rotatlondlsplacement=3— =2 |- Esmﬂ (9.13)

2

If the offset results in net compression in the line, the incre-
ment in Equation 9.13 results in a decrease in the absolute value
of the joint axial contraction. From geometry, the relative rotation
at the same joint, a, is:

. [O .
o = arcsin (L—smﬂ> (9.14)

o
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Equation 9.14 assumes that the offset, §, is small in compari-
son to the pipe segment length L .

The offset location in Figure 9.7(a) minimizes the bending
moment in the pipe segment. As the fault or offset location moves
closer to the pipe joint, the bending moments increase. The worst
location, in terms of pipe segment bending moment, is an offset
at a pipe joint, as sketched in Figure 9.8. For that case, the whole
pipe segment to the east of the fault has concave flexure while
the segment to the west is in convex flexure. The point of counter
flexure is at the joint itself.

The peak bending moment for the offset location in
Figure 9.8 is:

2
M e = p“L"é (9.15)

which is four times the value in Equation 9.11. Assuming the lon-
gitudinal component of the offset is accommodated by the single
joint at the fault, and neglecting the influence of pipe segment
rotation, the axial extension or contraction is:

joint axial extension = & - cos f8 (9.16)

which is twice the value in Equation 9.12. From geometry, the
relative rotation at the two joints adjacent to the central joint is:

o = arcsin [%sinﬂ) (9.17)

(]

which is less than that in Equation 9.14.

Hence the offset, irrespective of its exact location with respect
to the pipe segments, induces axial extension/contraction as well
as rotation at the joints and flexure in the pipe segments between
joints. In relation to movement at the joint, axial extension/con-
traction dominates for small values of the intersection angle @,
while angular rotation dominates for large B. Furthermore, the
joint movement demand imposed by the abrupt offset (either axial
or rotational depending on the angle ) are typically much larger
than the joint movement capacities discussed in Chapter 4.
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On the other hand, the flexural capacity of typical pipe is not
greatly different than the flexural demands imposed by abrupt off-
sets. That is, as a first approximation it seems reasonable to con-
centrate on the joint movement parameters as in the T. O’Rourke
and Trautmann (1981) model.

The recently completed Michigan/Cornell tests allow deter-
mination of the relative accuracy of the ALA simplified relations.
In these tests, the fault was located exactly at the center of the
pipe segment, and as noted above the pipe segment length L was
94 cm and the intersection angle f was 65° (180° - 65° = 115°
with respect to Figures 9.7 and 9.8). For an offset of 15.3 cm, the
measured axial compression at the two joints closest to the fault
were 10.8 mm and 10.2 mm. From Equation 9.12, the expected
axial contraction is 32.3 mm. If one includes the rotation term in
Equation 9.13, the expected value reduces to 27.2 mm. The rota-
tion at these two joints were 11.6° and 10.5°. From Equation 9.14,
the expected rotation was 8.5°.

Hence, the relation in Equation 9.12, consideration of the
axial component of fault offset (or combining Equations 9.12 and
9.13) results in an overestimation of the observed joint axial con-
traction. It should be noted that 3.2 mm of joint compression
was observed at a next joint, accounting in part for the difference
between the measured joint compression (compression at three
or more joints) and the expected joint compression from Equa-
tion 9.12 and/or Equations 9.12 and 9.13 (compression assumed
to occur at two joints only). One expects that the relation for an
axial displacement at a joint would be more accurate if the offset
placed the line in net tension.

The simplified relation for joint rotation in Equation 9.14 un-
derestimated the observed rotation by about 30%. For an offset
that places the line in net compression, the joint to the west of the
fault in Figure 9.7(a) would likely move a bit further to the north,
while the joint to the east of the fault would move a bit further to
the south. This would result in more joint rotation than envisioned
in Equation 9.14. One expects that the relation for joint rotation
would be more of an upper bound if the offset placed the line in
net tension.
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RESPONSE OF BURIED
CONTINUOUS PIPELINES
TO WAVE PROPAGATION

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 propa-
gation damage to continuous pipelines is less common, the ob-
served failure mechanisms have been local buckling or tensile
failure at weak circumferential welds.

This chapter and the next one focus on buried pipe response
due to wave propagation effects. The existing methods for evalu-
ating the response of continuous pipelines, continuous pipeline
connecting buried facilities, such as tanks at treatment plants, as
well as the behavior of continuous pipeline containing elbows
and tees, are discussed and compared in this chapter. Chapter 11
discusses similar issues for segmented pipelines.

STRAIGHT CONTINUOUS PIPELINES

Upper bound relations for axial and bending strain in con-
tinuous buried pipe were developed in Chapter 3. It was shown
that the upper bound axial strain was two or three orders of mag-
nitude larger than the upper bound bending strain. In general, the
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axial strain induced in a straight continuous pipeline depends on
the ground strain, the wavelength of the traveling waves and the
interaction forces at the pipe-soil interface. For small to moderate
ground motion, one may simply assume that pipe strain is equal
to ground strain. This assumption results in the aforementioned
upper bound relation. However, for large ground motion, slip-
page typically occurs at the pipe-soil interface, resulting in pipe
strain somewhat less than the ground strain.

10.1.1 NEWMARK’S APPROACH

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. Experimental evidence
from Japan (Kubo, 1974), as well as analytical studies (Sakurai
and Takahashi, 1969, Shinozuka and Koike, 1979), indicate that
this is a reasonable engineering approximation. The third assump-
tion 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 y_with respect
to the vertical. For this case, the ground strain parallel to the
pipe axis is:

Vma

g, = 7 siny, cosy, (10.1)

S

where V _ is the peak ground velocity and V. is the shear wave
velocity. In terms of Equation 3.5, V _cos y, is the particle
velocity parallel to the pipe axis and V/siny, is the apparent
propagation velocity with respect to the ground surface and the
pipeline axis.
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Similarly, for a R-wave traveling parallel to the pipe axis, the
ground strain parallel to the pipe axis is:

%

£ = —= 10.2
= (10.2)

where C, is the propagation or phase velocity of the R-wave.

Since, as noted above, bending strain in a pipe due to wave
propagation is typically a second order effect, our attention is
restricted to axial strain in the pipe. Equations 10.1 and 10.2 over-
estimate pipe strain, especially 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.

Pipeline

s

Axial

Lateral

After Meyersohn, 1991
W Figure 10.1 Elevation View of Pipeline Subject to S-Wave Propagation

10.1.2 SAKURAI AND TAKAHASHI APPROACH

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 u,, the
equilibrium equation for a pipe element is:

o’u o’u
p atZP -t azzp =K, (Ug _UP) (10.3)
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where u s the displacement of the pipeline in z direction (lon-
gitudinal direction), assumed to be the direction of wave propa-
gation, K, is the linear soil stiffness per unit length, as shown in
Figure 5.1, and p 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 sur-
prising in light of the fact that the unit weight of a fluid filled pipe
is not greatly different from that of the surrounding soil.

10.1.3 SHINDZUKA AND KOIKE APPROACH

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:

o, o’u,
patz —Ea?:‘[s/t (104)

where 7 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:

1

Bo=—F—r
1+(27r)_AE (10.5)

A K

8

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

2 Et
Vo = 7655, o (10.6)

242 CHAPTER 10



is less than the critical shear strain, y_, beyond which slippage
occurs at the pipe-soil interface. The critical shear strain as esti-
mated by Shinozuka and Koike is:

t
= —4 10.7
Ya =15 (10.7)

In their analysis, Shinozuka and Koike (1979) assumed that
the critical shear strain is 1.0 x 10?. That is, for y, < 1 x 107, slip-
page will not take place, while for y, > 1 x 107, slippage occurs
at the pipe-soil interface.

For large amounts of ground movement, i.e., v, > y_, the
ground to pipe conversion factor is:
_ Yo
ﬂc - _qﬁo (108)

Yo

where q is a factor that ranges from 1 to ™/2 and quantifies the
degree of slippage at the pipe-soil interface. That is, for slippage
over the whole pipe length g = w/2.

The pipe axial strain is then simply calculated by:

€,= P&, (10.9)

10.1.4 M. O’ROURKE AND EL HMADI APPROACH

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 K and a slider, which limits the soil
spring force to the maximum frictional resistance t at the pipe-soil
interface. If the system remains elastic, that is, the pipe strain re-
mains below its yield strain and the soil spring force remains below
t,, the differential equation for the pipe axial displacement u (x) is:
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W Figure 10.2 Continuous Pipeline Model

d2

27 U0 = Bu, () = =Bu, () (10.10)

where B* = K/(AE) and u (x) is the ground displacement parallel
to the pipe axis.

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

. X
ug(x)zggLsst (10.11)

S

where ¢ is the average ground strain over a separation distance L.
The pipe strain is then given by:

8—_ _—
Pdx 2gﬁz+[nJ2 2L, (10.12)

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
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the soil spring is less than the frictional resistance at the pipe-soil
interface. That is:

2
R FIR S, 7

g s 2
K
2, T g
b (ZLS

From Equation 10.13, a slip strain ¢_is defined as:

2
N
t p +{2LS}
g =—14 (10.14)

CRLL (=)
2L,

For moderately dense backfill, the slip strain is plotted in Fig-
ure 10.3 as a function of separation distance L. In this plot, two
different nominal diameters of X-60 grade pipe, D = 30 cm (12
in) 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 that would
result in pipe damage, wave propagation damage to continuous
pipe typically involves some slippage at the pipe-soil interface.

With this in mind, M. O’'Rourke and El Hmadi consider the up-
per bound case where slippage occurs over the whole pipe length.
For a wave with wavelength 2, the points of zero ground strain (Points
A and B), as shown in Figure 10.4, are separated by a horizontal dis-
tance of NM2. Assuming a uniform frictional force per unit length ¢,
the maximum pipe strain at Point C due to friction is given by:

(10.13)

g =-"4= (10.15)

where [ =% .

This result combined with the upper bound axial strain rela-
tion from Chapter 3 provides a simple procedure for determining
axial pipe strain, £, due to wave propagation:
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Eg
¢, =smallerofy ¢ 2 (10.16)

4AE

That s, the pipe strain equals the ground strain when the ground
strain is low. However, for larger ground strains, the pipe strain is
due to friction forces acting over a quarter-wavelength distance.

The relation in Equation 10.16 can be applied directly for
body wave propagation since the propagation velocity and hence
the ground strains are not functions of frequency or wavelength.

The situation is more complex for R-waves due to the dispersive
nature of R-wave propagation (i.e., phase velocity an increasing
function of wavelength). Hence, for a constant peak particle veloc-
ity the resulting soil strain is a decreasing function of separation dis-
tance or wavelength. On the other hand, the pipe strain, due to the
friction at the pipe-soil interface, is an increasing function of separa-
tion distance or wavelength. At a particular separation 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 quarter-wavelength 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-
tance. However, at longer quarter-wavelength separation distanc-
es, 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, V__, applies to all frequencies (wavelengths) of
R-wave propagation and that all frequencies (wavelengths) are
present in the record.
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B Figure 10.5 Frictional Strain and Ground Strain vs. Separation Distance

10.1.5 COMPARISON AMONG APPROACHES

A comparison of the three approaches for a continuous pipe
subject to wave propagation is presented in this subsection. The
comparison is based on R-wave propagation having a dispersion
curve with v = 0.48 shown in Figure 10.6. The peak particle ve-
locity is taken as 0.35 m/sec. The ground strains at three frequen-
cies, 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).

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 forc-
es act are comparatively small. Note that Shinozuka and Koike’s
approach for the full slippage case with g = /2 is essentially the
same as M. O’Rourke and El Hmadi’s. For g = 1 in the Shinozuka
and Koike approach, slippage occurs only over a portion of the
pipe, and the corresponding pipe strains are lower bounds.
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M Table 10.1 Comparison for Straight Continuous Pipeline

f C, | Wavelength € Pipe Strain (x 107)

R
(H2) | (m/s) (m) (x 10%) Newmark | Shinozuka & Koike | O’Rourke &
g=1 q=m/72 El Hmadi

0.2 | 900 4,500 0.39 0.39 0.31 0.39 0.39
0.3 | 137 456 2.5 2.5 0.77 1.3 1.3
0.4 92 230 3.8 3.8 0.4 0.6 0.6

10.1.6 CASE HISTORIES OF WAVE PROPAGATION
DAMAGE TO CONTINUOUS PIPE

Some mistakenly believe that wave propagation damage to
continuous pipe does not occur. Although not common, there
have been situations in the past where it has occurred. Two such
case histories of wave propagation damage to continuous pipe
are presented in this subsection.

10.1.6.1 1985 MICHOACAN EARTHGRUAKE

During the 1985 Michoacan earthquake, an APl 120 X-42
grade welded steel pipeline with D = 107 cm (42 in), t = 0.8
cm (5/16 in) 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/sec. Under
this layer, there are two stiffer strata with shear wave velocities
of 300 and 500 m/sec, respectively. At the bottom is rock with a
shear wave velocity of 1,250 m/sec.

For a pipe surrounded by loose sand with y = 110 Ib/ft® (17.2
kN/m?) and a coefficient of friction w = 0.5, the estimated com-
pressive strain using M. O’Rourke and El Hmadi’s procedure was
about 0.0023 resulting from a peak velocity of about 35 cm/
sec and an R-wave propagation velocity of roughly 150 m/sec.
The corresponding plot of the ground strain and friction strain is
shown in Figure 10.7. Note in this figure, the friction strain is pro-
portional to the quarter wavelength (i.e., separation distance) for
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strains less than about 0.001 (M4 = 100 m). For larger separation
distances, although the axial force is still proportional to separa-
tion distance, the strain is not since we are now in the nonlinear
portion of the stress-strain diagram for the steel. The initial local
buckling strain is estimated to be about 0.0026 based on D/t =
134. That is, the analytical procedure suggests that the pipeline
was very close to buckling. Note that the pipeline did, in fact, suf-
fer a local buckling failure at several locations separated by dis-
tances of 300 to 500 m (984 to 1,640 ft). This corresponds reason-
ably 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 (1,706 ft) for the critical quarter-wavelength sepa-
ration distance of 130 m (426 ft).

1200 |- 40m Cs = 40 m/sec
B 80 m Cg =300 m/sec
1000 |-
S | 400 m Cg = 500 m/sec
o)
E 800 |- Rock Halfspace
g » Soil Profile Cs = 1250 m/sec
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)
S |
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=
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0 I I I I >
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After M. O'Rourke and Ayala, 1990
B Figure 10.6 Dispersion Curve and Ground Profile for the 1985 Mexico Earthquake Case History
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B Figure 10.7 Soil and Friction Strain for Ciudad Nezahualcoyoti Pipeline

10.1.6.2 1994 NORTHRIDGE EARTHGRUAKE

The 1994 Northridge event resulted in 21 pipe failures over
a distance of 6.6 km to a 1925 gas pipeline in Potrero Canyon.
Line 1001 had a nominal diameter of 12 in (30.5 cm) and a wall
thickness of 0.22 in (5.6 mm) (D/t = 54). The line runs in a nomi-
nally east-west direction in the canyon. The peak ground velocity
at the closest station about 5 km away (USC 56) was 1.18 m/sec.
This large peak ground velocity spike occurred quite early in the
record, indicating it was due to S-wave propagation. At the time
of the earthquake, the operating pressure in the line was 1,690
kPa, while the most recent test pressure was 3,560 kPa.

The line had oxyacetylene girth welds which turned out to
be of relatively poor quality. As described in detail by Honegger
(1999, 2000), the effective ligament length (effective girth weld
thickness) ranged from a low of about 1.5 mm to a high of about
7 mm, with a median value of 3.82 mm. Honegger characterized
the effective ligament parameter with a lognormal cumulative
distribution function. As part of the post-earthquake investigation
as reported by Honegger, 30 weld specimens were tested to fail-
ure. Twenty one of the 30 specimens had a tensile strain to failure
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(STF) of 0.01 or less, while nine of 30 had STF of 0.002 or less. A
regression between the effective ligament length, b_, in mm, and
STF in microstrain resulted in:

(n(STF)=0.468 b, + 6.19 (10.17)

There is a fair amount of scatter in Equation 10.17, specifi-
cally, the standard deviation of £n (STF) was 0.70.

The epicenter for the Northridge event was south-southeast of
Potrero Canyon resulting in an angle of incidence with respect to
the nominal east-west longitudinal axis of the pipeline of about
71°. However, the rupture progressed to the northeast, with the
apparent center of energy release being about 12.5 km from the
epicenter. From this apparent center of energy release, the angle
of incidence with respect to the pipeline axis is about 36°.

As noted in relation to Equation 10.1, the angle of incidence
influences the ground strain parallel to the pipe axis. Although
Equation 10.1 envisions an S-wave propagating in a vertical plane
with an angle of incidence with respect to the vertical axis, the
same formula holds for an S-wave propagating in a horizontal
plane with an angle of incidence with respect to the pipes longi-
tudinal axis. For a given peak ground velocity V__ and apparent
propagation velocity with respect to the ground surface C, an
angle of incidence of 45° results in the largest ground strain paral-
lel to the pipe axis. In that case, the ground strain is the V. /(2C)).
For angles of incidence of 71°and 36°, the ground strainsare V_/
3.25C)and V_ /(2.11 C), respectively.

Based on Figure 3.9, an average value of 1,000 m/sec is used
as the apparent propagation velocity S-waves with respect to the
ground surface. Hence, for incidence angles of 71° and 36°, the
ground strain parallel to the longitudinal axis of Line 1001 are
0.00036 and 0.00056 respectively for a peak ground velocity of
1.18 m/sec. Due to internal pressure and Poisson's ratio (taken as
= 0.29), there is an additional axial strain of 0.000058. Hence,
the total axial strains, wave propagation plus internal pressure,
are estimated to be 0.00042 and 0.00062, respectively. These ax-
ial pipe strains are roughly four and six times larger respectively
than the axial pipe strain induced by the last pressure test. Hence,
one could argue that the first time the line experienced this level
of axial strain was during the earthquake.
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Knowing the probabilistic distribution of girth weld thickness,
b, and the relation between the b . and STF, one can calcu-
late the probability of failure for an individual girth weld, as well
as the expected number of breaks given the 1,082 girth welds
over the 6.6 km length of the pipe (girth welds at 6.1 m spac-
ing). These results are summarized in Table 10.2. Note that the
expected number of failures, 17 for waves originating at the epi-
center and 47 for waves originating from the apparent center of
energy release, bound the observed value of 21 failures. That is,
the observed numbers of failures are consistent with what one
would expect from wave propagation effects on this pipeline with
weak welds.

B Table 10.2 Pipe Strain and Probability of Failure for Potrero Canyon Case History with Peak
Ground Velocity of 1.18 m/sec and Apparent Propagation Velocity of S-Waves with Respect to
Ground Surface of 1,000 m/sec

Assumed | Angle of In- Ground Total Pipe | Probability Expected
Point of cidence in Strain Strain of Individual | Cumulative
Origin Horizontal | Parallel to Weld Failure | Number of
Plane Pipe Axis Failures
Epicenter 71° 0.00036 0.00042 0.0154 17
Apparent 36° 0.00056 0.00062 0.043 47
Center
of Energy
Release

This analysis assumes that there is enough friction at the soil
pipe interface so that the axial strain induced in the buried pipe
equals the ground strain. Fortunately, Honegger provides infor-
mation on the adhesion factor, « = 0.4, and the undrained shear
strength, S = 75 kPa, for the clay soils in Potrero Canyon. Based
on Equation 10.15, the distance over which the soil friction force
must act to induce a ground strain of 0.00056 is only about 15 m,
substantially less than the approximate 100 m minimum separa-
tion distance between observed pipe failures. That is, the soil was
stiff enough to justify the & = €, assumption.

In summary, it seems clear that wave propagation has resulted
in damage to continuous pipelines in past earthquakes, although
it should be mentioned that Honegger (1999, 2000) has proposed
an alternate overall damage mechanism for the Potrero Canyon
case. However, it is not a common occurrence and requires spe-
cial circumstances. For the Mexico City case history, the special
circumstances were reasonably high peak ground velocity (~ 35
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cm/sec), comparatively thin pipe wall (D/t ~134), coupled with
very low R-wave propagation velocities of about 150 m/sec. In
the Potrero Canyon case, the special circumstances were very
high peak ground velocity (~ 1.2 m/sec) coupled with very weak
girth welds.

BEHAVIOR AT TREATMENT PLANTS

The general concept in Equation 10.16 can be applied to situ-
ations where a buried pipeline connects tanks, basins or other
buried facilities, such as at a water treatment plant. In Equation
10.16, the pipe strain is the smaller of the ground strain or a fric-
tion strain. The ground strain controls when it is small, the wave-
length is big or the pipe is relatively flexible. In that case, the pipe
moves exactly with the ground. On the other hand, the friction
strain controls when the ground strain is large, the wavelength is
small or the pipe is relatively stiff. In that case, the soil slips past
the pipe and the pipe strain is due to soil friction acting over a
quarter-wavelength distance.

— —
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: SprlngEnd [ ——————————

0 —_ ‘ Pinned End

***** — - ——--—--—————-3

o
I

Space filled with [~
soft compressible 2AzvAy
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\ Equipment firmly
attached to tank

After M. O'Rourke et al., 2008
B Figure 10.8 Buried Tank with Spring, Free and Pinned End Conditions at the Wall Penetration

M. O'Rourke et al. (2008) applied that concept to buried pipes
at treatment plants. As sketched in Figure 10.8, they consider three
idealized end conditions where the pipe intercepts the tank wall. A
free end condition would occur if the buried pipe terminates upon
entering the buried tank and the gap at the pipe/wall penetration
is filled with soft material. This free end condition is characterized
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by zero pipe strain at the tank location. A pinned end condition
would occur if the pipe is securely attached to equipment, such
as a pump, which in turn is securely attached to the tank floor.
However, the penetration of the pipe through the tank wall is still
soft, allowing the pipe to rotate about a vertical or horizontal axis.
Since the tank is assumed to move exactly with the ground and
the end of the pipe is assumed to move with the tank, this con-
nection is characterized by zero relative displacement between
the pipe and the ground at the tank location. Finally, a spring end
condition would occur if the pipe has single or multiple 90° bends
between the wall penetration and its attachment to equipment.
This end condition is characterized by an axial spring between the
pipe and the ground, at the tank location.

The concept of a pipe development length, L, is utilized to
analyze response. The pipe development length equals the length
over which soil friction forces must act to induce a given level of
ground strain in the buried pipe:

AEe
L, = t 8 (10.18)

u

If L, is greater than the “available” length, the pipe is underde-
veloped and friction strain controls.

M. O’Rourke et al. (2008) present analytical relations for the
peak pipe strain, the anchorage force at the tank wall for pin and
spring connections, and the relative displacement at the wall for
free connections. This is done for each of the six possible combi-
nations of end conditions: free-free, free-pin, etc.

For example, Figure 10.9 shows the distribution of soil fric-
tion forces and the displacement of both the pipe and soil for an
underdeveloped pipe (pipe development length L, greater than
the “available” length L) with free-pin end conditions. The force
at the pin connection is:

Fo=t,- L, (10.19)

where L_is the separation distance between the tanks. The peak
pipe strain is:

g, = = (10.20)
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Figure 10.10 shows the same quantities for a fully developed
pipe (i.e., L, < L) with free-pin end conditions. In a fully devel-
oped pipe, the axial pipe strain equals the ground strain ¢, and the
force at the pin connection is:

F =E-As, (10.21)
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After M. O'Rourke et al., 2008
B Figure 10.9 Underdeveloped Pipe with Free-Pin End Conditions
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BENDS AND TEES

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 for buried pipe subject to
wave propagation effects.

10.3.1 SHAH AND CHU’S APPROACH

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
10.11 shows the forces acting on a pipeline and pipe deformation
near the bend. The traveling wave is assumed to be propagating
parallel to Leg 1 with ground motion also parallel to Leg 1 (e.g.,
R-wave propagation parallel to Leg 1). Leg 2 is modeled as a beam
on an elastic foundation with lateral soil stiffness K..

Bend C Leg 2
B r——
- 2
CA ‘
A4 Al = -
< AL S L
£
B 5 Detail C
/U g AE{’:maxv M S
& M
Pipeline & LU
o
<5 Vs
(a) Original State (b) Shah and Chu Model

After Shah and Chu, 1974
W Figure 10.11 Displacement and Forces in a Pipe with an Elbow
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Shah and Chu (1974) assumed that the pipe and ground
strains are equal at a location (Point A in Figure 10.11(b)) where
no relative displacement occurs at the pipe-soil interface. Denot-
ing the distance from this location to the bend, as L shown in Fig-
ure 10.11, Shah and Chu (1974) as well as Goodling (1983) then
estimated the maximum axial force in Leg 1 at the bend (shear
force in Leg 2) by:

S=e¢, AE—tl’ (10.22)

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

s

M=
% (10.23)
45

A =265 (10.24)
3K,

where { = ¢/K, /(4El) 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 € ') is accommo-
dated by the lateral displacement of Leg 2, A,, and axial defor-

. sl .

t flegl, —+——_.F | l e, | Leg 1
mation of Leg T, = +-*—. For a long leg case (i.e., long Leg 1),

this compatibility condition yields:

3¢ K
L':4AE§[ 14 2Ema —1} (10.25)

3K, 2,6

Similarly, Figure 10.12 shows the forces and deformation for a
tee, again for a wave propagating path parallel to Leg 1.

Using the same procedure as that for bends, Shah and Chu
estimate the force, moment and displacement for a tee by the fol-
lowing equations:

S=g AE—tl’ (10.26)
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M=
2 (10.27)
S
A= C— (10.28)
Kg
4 K
oAy Pl (10.29)
2K, 6.
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After Gooding, 1983
B Figure 10.12 Representation of Forces, Moments and Displacement at a Tee

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 10.11). Based upon the previous discussion of straight
pipe response to wave propagation, this assumption is likely only
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.
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10.3.2 SHINOZUKA AND KOIKE’S APPROACH

Assuming a pipe moving with the soil at the location with
zero ground movement (Point B in Figure 10.13), 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:

3k 1
e 1+Q(1 B.)e, (10.30)

The moment and displacement at the bend can then be cal-
culated by Equations 10.23 and 10.24. Note that the total ground
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After Shinozuka and Koike, 1979
M Figure 10.13 Displacement and Forces in a Pipe at an Elbow

260 CHAPTER 10



deformation within the quarter wavelength is calculated by inte-
grating the pipe strain. That is:

Ay=Tg,, (10.31)

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

K
S A ._8.;(1_’3()%

T ¢ 40 (10.32)
3

10.3.3 FINITE ELEMENT APPROACH

In order to independently evaluate the assumptions which un-
derlay the existing approaches, the finite element model shown
in Figure 10.14 was used. In this numerical model, axial and lat-
eral soil springs are used to model the interaction at the pipe-soil
interface. Leg 1 is 600 m long and, hence, considered appropri-
ate for a wavelength of roughly 600 m or less. The quasi-static
seismic excitation is modeled by displacing the bases of the soil
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(@) Original State (b) Finite Element Model

B Figure 10.14 FE Model for Elbow Subject to Wave Propagation

RESPONSE OF BURIED CONTINUDOUS PIPELINES TO WAVE PROPAGATION 261



springs. For example, Point F moves A _in the direction of wave
propagation, while Point E does not move. For Leg 1, the move-
ment of the bases (e.g., Point D) of the longitudinal soil springs
varies along the pipe matching the sinusoidal pattern, as shown
in Figure 10.14(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 V= 0.36 m/sec propagating parallel to
Leg 1.

10.3.4 CoOMPARISON AMONG APPROACHES

Results from the finite element approach described in Section
10.3.3 are compared to the existing analytical approaches in this
section. For an elbow, the force, moment and displacement at the
elbow due to traveling wave effects are listed in Table 10.3 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 10.3. In this first case (Case ), the
ground strain and wavelength are taken as 0.29 x 102 and 244 m,
respectively. While in Case Il, ¢, = 1.8 x 107 and A = 100 m.

From Equation 10.25, 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 wavelength, that approach cannot 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 10.3, 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
deformation, 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 (K, =
2nG =2mpC2 = 4.1 x 10° N/m? (595 kips/in?)) is much larger than
that (K, =t/x, = 8.3 x 10° N/m?* (1.2 kips/in?)) in the finite element
model. For example, by using K = 8.3 x 10° N/m? (1.2 kips/in?) in
Shinozuka and Koike’s approacﬁ, for the small ground strain case,
the peak strain at the elbow is estimated to be 4.9 x 10, which
matches the numerical strain (4.5 x 10°) very well.
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M Table 10.3 Comparison for Bend

Approach [Case| \ €, Effect | A, A, S M Peak
(m) |(x 10?)| Length | (cm) | (cm) (N) (N-m) | Strain
(m)
Goodling, [ 11 244 | 029 | 42.8 | 1.24 | 0.61 | 4.2 x10* [5.9 x 10*] 1.4x10*
Shah &
Chu | 100 1.8 233.3 - - - - -
N
Shinozuka I | 2441 0.29 61 (Z) 1.1 .001 71.8 100.6 0
& Koike N
| 100 1.8 25(1) 29 2.4 |1.64 x10°(2.3 x 10°(5.5 x 10*
Finie L_[244] 029 | 60 [ 1.1 | 03 [32x 10" [3.7 x 10°|4.5 x 10°
Element | 100 1.8 23.6 2.9 24 119x10°2.9x 10°]5.9 x 10*

10.3.5 GENERALIZED BEHAVIOR AT AN ELBOW

Table 10.3 suggests that the Shinozuka and Koike approach,
with the appropriate soil spring stiffness, K, yields apparently rea-
sonable results. However, that approach, as well as those of Shah
and Chu, and Gooding, assumes elastic behavior of the transverse
soil springs (e.g., soil spring F in Figure 10.14 (b)). McLaughlin
(2003) investigated the overall behavior and determined that the
introduction of inelastic behavior in the transverse soil springs did
not markedly change the resulting pipe strains. This again verifies
the Shinozuka and Koike model.

McLaughlin (2003) and McLaughlin and M. O’Rourke (2009)
presented results in a manner which clarified the overall behav-
ior. For example, Figure 10.15 shows pipe strain at an elbow (pri-
marily bending strain) and peak pipe strain away from the elbow
(primarily axial strain) plotted versus ground strain. Figure 10.15
shows results for a 0.61 m (24 in) diameter pipe with 1.27 cm (0.5
inch) wall thickness subject to R-Wave propagation with a peak
particle velocity of 36 cm/sec (14.5 in/sec), a wavelength of 500
m (1,650 ft), and a period of 1.0 second.

Notice that the peak pipe strain away from the elbow follows
the behavior in Equation 10.16. That is, at low ground strains, €,
less than about 0.5 x 107 in this case, the pipe strain matches the
ground strain. While at higher ground strain €, > 0.5 x 107 in this
case, axial slippage at the soil pipe interface occurs and the pipe
strain away from the elbow has reached the friction strain limit
(constant with increasing ground strain).

As one might expect, the pipe strain at the elbow is quite
low prior to slip at the soil-pipe interface (g, < 0.50 x 107 in this
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W Figure 10.15 Pipe Strain at an Elbow and Pipe Strain Away From an Elbow for Increasing
Ground Strain

case). After slip, the elbow strain increases at a rate slightly less
than the ground strain. As a result, the elbow strain matches the
pipe strain away from the elbow (¢ ~ 0.6 x 107) at a ground
strain of about 1.2 x 107 (slightly more than twice the slippage
strain). Hence, for the pipe properties in Figure 10.15, the friction
strain is an upper bound for wave propagation induced elbow
strain. At larger ground strains (due in all likelihood to some sort
of PGD), the elbow strain keeps increasing, but, at least for this
case, is always less than the ground strain. McLaughlin and M.
O’Rourke (2009) determined the elbow strain for buried pipeline
models with pipe diameter ranging from 0.3 to 0.9 m (12 to 36
in), burial depths ranging from 0.9 to 1.35 m (3 to 4.5 ft), pipe
wall thickness ranging from 6.3 to 12.7 mm (0.25 to 0.50 in) and
wavelength ranging from 460 to 3,050 m (1,500 to 10,000 ft).
For ground strains up to 0.2% (expected upper bound range for
ground strains due to wave propagation), the elbow strain in al-
most all cases was less than the ground strain. In the worst case,
(thick pipe wall, shallow burial depth and short wavelength) the
elbow strain was at most 1.25 € .
. ST s .

This suggests the following simple rules of thumb. For contin-
uous pipe subject to wave propagation, the peak pipe strain away
from an elbow is the lesser of the ground strain and the friction
strain. At an elbow, the induced strain is less than 1.25 £,
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RESPONSE OF SEGMENTED
PIPELINES TO WAVE PROPAGATION

As noted previously, seismic wave propagation has caused
damage to segmented pipelines. Damage, particularly for larger
pipe diameters, most frequently occurs at joints. The correspond-
ing failure modes include pull-out at joints and crushing of bell-
spigot joints. For smaller diameter pipe, circumferential cracking
due to bending is also a frequent failure mode. In this chapter,
analytical approaches for estimating the behavior of joints in
straight segmented pipelines are reviewed. Observed expansion/
contraction behavior of joints at elbows and connections is also
presented.

STRAIGHT PIPELINES/TENSION

For a long straight run of segmented pipe, the ground strain
is accommodated by a combination of axial strain in the pipe
segments themselves and relative axial displacement (expansion/
contraction) at pipe joints. As noted by lwamoto et al. (1984),
since the overall axial stiffness for segments is typically much
larger than that for the joints, ground strain results primarily in
relative displacement at the joints. As a first approximation, as-
suming that the pipe segment axial strain can be neglected (i.e.,
rigid segment) and that all joints experience the same movement,
the maximum relative movement Au at a typical joint is:

Au=¢ -1 (11.1)

8 [¢}

where L is the pipe segment length and ¢, is the maximum
ground strain parallel to the pipe axis given, for example, by
Equation 3.5 or 3.7.
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For ground motion perpendicular to the pipe axis, the maxi-
mum relative rotation at pipe joints can be estimated by:

AO =K - L, (11.2)

where K is the maximum ground curvature given, for example,
by Equation 3.6. Equation 11.2 assumes that the bending strain in
the pipe segments is small and that all joints experience the same
relative joint 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 K.

ol ol o ) ol ol

Soil Spring-Sliders Pipe Segment

After Wang, 1979
W Figure 11.1 Model of Segmented Pipelines

Figures 11.2 and 11.3 present the joint opening and maximum
axial strain at pipe segments respectively, as a function of joint stiff-
ness 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 a stiffness of 23.4 MPa
(3,400 Ibs/in?) and the propagation velocity is taken as 244 m/sec
(800 ft/sec). As one expects, the joint opening is a decreasing func-
tion of the joint stiffness while the pipe strain is an increasing func-
tion of joint stiffness. That is, for a small joint stiffness, the ground
deformation is accommodated primarily by joint opening.

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

266 CHAPTER 11



-
5 in. cm

£ i

g 157 Rigid Pipe Model

8 Cast Iron Steel &

% -3 Ductile Iron Pipes

O 1.04 Reinforced Concrete

e > Pipe

§,

o 0.5 U -

Q 1 pper Bound Joint Displacement

=

< 100 10! 102 10

& 0.0 — L — — —

% 107 10° 10' 102 103 104 10° 10°
& . . I
s Joint Stiffness kips/in

After Wang, 1979
B Figure 11.2 Joint Opening Due to Wave Propogation vs. Joint Stiffness

104
c ]
T —— Reinforced Concrete Pipe
A — Upper Bound Pipe Strain __
103 Cast Iron + Steel Pipe
20T
§ ] Ductile Iron Pipe
<
g i
-4
g 1074
SR
< .
> kN/em
iy 10° 10' 102 103 10* 10° 106
107> ] L ] 1 1 1 1
T T T T T T T
107 100 10’ 102 10° 10* 10° 10
Joint Stiffness kips/in.

After Wang, 1979
W Figure 11.3 Maximum Axial Strain at Pipe Segments vs. Joint Stiffness

that joint axial behavior is non-linear. More importantly, for a giv-
en 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, as will be discussed in greater detail in Chapter
12, even for relatively large amounts of wave propagation dam-
age, only a few joints require repair. That is, since it is reasonable
to assume some variation in response from joint to joint, the few
joints with the largest response control the damage as opposed to
the many joints with “average” response.
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Consider the model in Figure 11.4 in which a segmented pipe-
line is subject to uniform tensile ground strain along the pipeline
axis. The ground and pipe displacements are shown as a function
of distance along the pipeline axis. Since the ground strain is uni-
form, the ground displacement is a straight line with slope €,. As
a simplifying assumption, the pipe segments between the joints
are considered rigid. Therefore, all the ground strain is accommo-
dated by relative displacement (expansion) at the joints.

Figure 11.4(a) shows the condition where the strength and stiff-
ness are exactly the same at each joint. The relative displacement
Au at each joint is the same as given Equation 11.1, and hence the
tensile force at each joint, £, is also the same, corresponding to Au.

Ground and
Pipe Displacement &

Point A r
Fe—b——  »' 4
. o . Location
i~ =1 " along Axis
Au=¢ggL;
—-— F
e L2 L2 L2 Lo2 Loi2
Ground Displacement
a) Pipeline Model with Identical Joint Properties
Ground and
Pipe Displacement €
1
fit———F—<—>
Point A
] Fs
FJR<— —— -
2

o > 5 -

z c =

] = Location
Foe— along Axis
1 Au>ggl, &

Ly

Ground Displacement

b) Pipeline Model with Flexible Joint R at Origin

B Figure 11.4 Model with Rigid Pipe Segments Subject to Uniform Ground Strain
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The rigid pipe segment displacement matches the ground dis-
placement at the middle of the pipe segment (e.g., at Point A).
Hence, for that segment the ground displacement is larger than
the pipe displacement for points to the right of Point A. This results
in soil pipe interaction forces tending to pull the pipe segment to
the right. Conversely, for that same pipe segment the ground dis-
placement to the left of Point A is smaller than the pipe displace-
ment, resulting in soil friction forces tending to pull the pipe to
the left. Herein we assume the soil friction force per unit length is
t, as given, for example in Equation 5.1 or 5.3. Hence, each pipe
segment is in equilibrium with axial tensile force F, at the end (i.e.,
at the joint) and an axial tension force F, + L - t /2 at the center.

As one increases the ground strain, each joint experiences the
same increasing joint displacement and joint force. At a specific
level of ground strain, the force reaches its maximum value. At
that point, all the joints would fail simultaneously. That is, with
a uniform joint properties model, all joints are undamaged up
to a specific level of ground strain, and all joints fail beyond that
ground strain level.

Now consider the model in Figure 11.4(b) in which Joint R is
substantially more flexible (less stiff) than the others. Being less
stiff, the axial force at the joint F,, would be somewhat less than
those at Joints Q and S. Since the pipe segment still needs to be
in the equilibrium, the location along the pipe segment where the
rigid pipe segment displacement matches the ground displace-
ment would no longer be at the center of the segment. Consid-
ering the pipe segment between Joints R and S, Point A is now
somewhat to the right of the middle. Hence, the soil friction forc-
es tending to pull the pipe segment to the right act over a shorter
distance £, (¢, < L_/2) while those tending to pull the pipe to the
left act over a larger distance £, = L - £, (£,> L_/2), resulting in
equilibrium of the pipe segment in the axial direction.

Fo+ €yt =40, +F (11.3)

Note that, as a result, the joint opening at the flexible joint is
larger than average:

AUR:2-€2-£g>LD-£g (11.4)

while the joint displacement at Q and S are a bit smaller than average.
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For the non-uniform joint model in Figure 11.4(b), eventually
the ground strain, which varies with time and location, will be
large enough to cause a failure at the flexible joint. However, un-
like the uniform joint model, in this case the neighboring joints
survive. Once the weak joint fails, that joint may be regarded as a
completely flexible joint (incapable of transmitting axial tension
force). As such, joint displacements tend to accumulate at the
failed joint and there is less axial force at the neighboring joints.

With this in mind, El Hmadi and M. O’Rourke (1990) consid-
ered a model somewhat similar to that in Figure 11.4(b), in which
the joint properties 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 11.5. The expected variation in the
joint slippage force, F,, was based upon results by T. O’Rourke

and Trautmann (1980).

AF

After EI Hmadi and M. O'Rourke, 1990
W Figure 11.5 Axial Force-Displacement Curve for a Lead-Caulked Joint

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. The tensile ground strain,
ranging from 0.01 to 0.7%, accounts for variations in the earth-
quake magnitudes and site conditions. A simplified Monte Carlo
simulation technique is used to establish the characteristics of the
force-displacement relationships at each joint and soil restraint
along each pipe segment. Figure 11.6 shows the joint deforma-
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tion as a function of ground strain for a segmented pipe with a
diameter of 0.41 m (16 in).

As shown in Figure 11.6, the average joint displacement is
approximately equal to the product of the ground strain times
the pipe segment length. However, for the data in Figure 11.6,
one in a 100 joints (1% probability of exceedance) have joint
displacement about three times the average value, while for the
0.1% exceedance probability (one in a 1,000), the joint open-
ing is about five times the average. Based upon these results, the
ALA Guidelines for Seismic Resistant Water Pipeline Installations
(2005) requires that segmented pipeline joints be able to accom-
modate seven times the average joint displacement given in Equa-
tion 11.1. The ALA expectation is that this would result in damage
to no more than one in 10,000 joints.

;
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After El Hmadi and M. O'Rourke, 1990

W Figure 11.6 Relative Joint Displacement vs. Ground Strain for 41-cm Diameter Cast Iron Pipe
with Lead-Caulked Joints

Theoretically, this information, coupled with the probability of
leakage as a function of the normalized joint opening, as shown
in Figure 4.12, would allow one to estimate joint pull-out damage
(repair per kilometer) as a function of ground strain. However, such
an approach requires joint information, typically derived from lab-
oratory tests, on the expected variability of joint properties.
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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%
probability of exceedance 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. As such, this is consistent with a trend observed
by Honegger (1995). The topic of diameter effects is discussed in
more detail in Section 12.4.

STRAIGHT PIPELINES/COMPRESSION

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, the pipe wall thickness, diameter and con-
crete strength were used to establish the joint crushing force, as
discussed in Section 4.3.2. Figure 11.7 presents the force-dis-
placement relationship for a 30-in-diameter reinforced concrete
cylinder (RCC) pipe joints subject to compressive load. This rela-
tion is based upon a series of laboratory tests on RCC pipe 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
11.7). The joint compressive displacement, Au ,, at lock-up typi-
cally ranges from 0.125 to 0.375 in (0.32-0.95 cm), with corre-
sponding loads of 3.5 to 4.5 kips (16-20 kN).

When subject to compressive ground strain €, the response of
a segmented pipe is complicated by this “lock-up” behavior. That
is, before lock-up, the average joint contraction is given by Equa-
tion 11.1. If a particular joint has somewhat less stiffness than the
others, its contraction will be somewhat larger than the average,
as demonstrated for tensile ground strain by Figure 11.4(b).

However, unlike tensile behavior, a joint under compression
does not experience significant contraction beyond “lock-up.”
That is, as shown in Figure 11.7, when a joint is fully closed we
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get large increases in compressive joint force with little or no in-
crease in relative joint displacement. This results in a non-uniform
distribution of compressive joint force after lock-up, even for a
model with uniform properties (stiffness and lock-up displace-
ment) from joint to joint.

Consider a model shown in Figure 11.8 of a segmented pipe-
line, with rigid segments and uniform joint properties, subject to
compressive ground strain. For a pipe segment length of about 5.5
m (18 ft), one expects lock-up at each joint for a ground strain of:

g, = Au, /L, (11.5)

or about 0.139% using Au , = 0.3 in, as given in Figure 11.7. The
force at each joint would be about 3.5 kips, again from Figure
11.7. For a 30-in-diameter pipe with a depth to the centerline of
the pipe (H) of 4 ft, buried in sand with effective unit weight (y)
of 110 pcf and an angle of shear resistance (¢) of 40°, the friction
force per unit length t from Equation 5.1 is 2.9 kips/ft for k = k
= 1.0. Note that at initial lock-up, the ground displacement at the
segment midpoint matches the rigid pipe displacement. Hence,
there are soil friction forces to the right of the midpoint tending
to push the pipe segment to the left, and soil friction forces to the
left of the midpoint tending to push the rigid pipe segment to the
right. These soil friction forces balance, the pipe segment is in
equilibrium and the peak compressive force at the middle of each
pipe segment is 3.5 kips + 2.9 kips/ft (18’/2) = 29.6 kips.

In this condition a modest increase in ground strain results
in a very large increase in compressive force in the pipe. Assume
the ground strain increases only 10% above that for lock-up (€, =
0.153%). Due to lock-up, the pipe segments do not displace since
all the joints are fully closed. Hence, the ground displacement
line no longer intersects each pipe segment at its midpoint. As
sketched in Figure 11.8, for the two pipe segments closest to the
center of the ground compression zone, the ground displacement
intersection (Point A) is now at 0.45 L_from the left end. Due to
the unbalanced soil friction forces, the axial force at the left joint
is 0.10 (18")(2.9 k/ft) = 5.2 kips larger than that at the right joint.
The intersection point for the next pipe segment is 0.35 L from
the left end, leading to more unbalanced of the soil friction forces,
and a larger difference between the joint force at the left (higher)
and right (lower) ends. At the sixth segment from the center and
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all those further, the ground displacement line no longer intersects
the pipe segment and those segments have soil friction forces all
pushing in the same direction. The axial force in the sixth pipe seg-
ment is therefore due to soil friction acting on all pipe segments
between it and the end of the compressive ground strain zone.

For the wave propagation hazard, the distance from the center
of the ground strain zone to the end of the zone is a quarter wave-
length. Assuming the wavelength is 2,000 ft, the quarter wave-
length distance is 500 ft and the distance from the sixth segment
to the end of the zone is 500 - 6 (18) = 392 ft. Again, for a soil
friction force of 2.9 kips/ft, the axial compression force at the
sixth segment is 1,140 kips and somewhat larger and closer to the
center of the zone. That is, in this example, with uniform proper-
ties from joint to joint, the axial compressive force in the pipe seg-
ment increased from 29.6 kips to over 1,140 kips, for an increase
of 10% in ground strain (e_ increase from 0.139% to 0.155%).

This behavior is illustrated by fragility relations developed by
M. O’Rourke and Bouabid (1996) using Monte Carlo techniques.
Figure 11.9 shows the relations for three types of concrete pipe
subject to axial compression. These three pipes are a 30-in-diam-
eter reinforced concrete cylinder pipe (30” RCC), a 48-in-diame-
ter prestressed lined cylinder pipe (48” LCP) and a 60-in-diameter
prestressed embedded cylinder pipe (60” ECP).

In this case, the variation in joint crushing thresholds was
based upon the cross-sectional area near the joint and an as-
sumed normal distribution of concrete strength (mean strength of
5 ksi (34.5 MPa) and 7% coefficient of variation).

Notice that the larger diameter pipe is the least vulnerable,
possibly reflecting the larger ground strain for lock-up of these
pipes with deeper joints. For all three pipes there is a dramatic
increase in estimated damage ratio for modest increases in com-
pressive ground strain. For the 48” LCP line, there is roughly a
three order of magnitude increase in simulated damage ratio for
roughly a 25% increase in ground strain (from 0.20% to 0.25%).
Hence, these simulated damage ratios mirror what one theoreti-
cally expects for lock-up behavior of pipe with the same properties
from joint to joint, that is, the behavior in Figure 11.8. However,
as will be establish in Chapter 12, observed damage to buried
pipe does not show this step behavior—little or no damage below
a threshold ground strain, essentially complete damage for ground
strain somewhat above the threshold. On the contrary, observed
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damage to buried pipe is essentially a linear function of ground
strain. That is, it seems that a pipeline model with variability in
properties from site to site and from joint to joint is more likely
to simulate observed behavior. In that model damage occurs at
locations with ground high strains, particularly at weak or flexible
joints, with no damage at nearby joints. Note in this regard, that in
the M. O’Rourke and Bouabid model, the failure force varied from
joint to joint but not the lock-up displacement. It is expected that
a Monte Carlo simulation with the lock-up displacement varying
from joint to joint would result in more realistic fragility relations.

ELBOWS AND CONNECTIONS

There appears to have been relatively little analytical research
on the wave propagation behavior of bends and elbows in seg-
ment pipe systems. However, measurements by lwamoto et al.
(1985) suggest that joint openings at bends and elbows are, in
fact, different from those in long straight runs of pipe. For ex-
ample, Figure 11.10 shows observations at three sites (Kansen,
Hakusan and Shimonaga) in Japan.
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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. How-
ever, in other cases, presumably for other angles of incidence,
the elbow joint response was three times 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 11.11, 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 lwamoto et al. (1985) is presented
in Figure 11.12 for joints adjacent to buildings. However, in this
case, the amplification factor is as large as 10.
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COMPARISON AMONG APPROACHES

This section presents a comparison of three approaches for
estimating joint expansion/contraction in a straight run of pipe
subject 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 EIl 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 K" and K?' are 3.6 x 10° kN/cm
(20.6 kips/in) and 26.5 kN/cm (1 5 lbs/ln) respectively. For com-
parison purposes, the joint opening from the Wang approach is
evaluated separately assuming linear stiffness of 3.6 x 10° 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 K. = 26.5 kN/cm. How-
ever, when the initial joint stiffness of 3.6 x 10° 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 Cl pipe joints)
with a linear model.

Based upon a joint depth (d, in Figure 4.12) of 10.2 cm (4 in)
for a 16- to 18-in-diameter plpe 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 4.3.1, the normalized joint
displacement is less than 0.1 (0.92/10.2 = 0.09) and from Figure
4.12, the probability of leakage for a normalized joint opening
of 10% is zero. However, using the El Hmadi and M. O’Rourke
approach, the displacement of one in a 100 joints and one in a
1,000 joints are 2.0 cm and 3.4 cm, respectively. The normal-
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W Table 11.1 Comparison of Wave Propogation Response of Straight Segmented Pipelines

Wang (Max.)
ltem Eqn. 11.1 — . — El Hmadi & O'Rourke
(Max.) K/ =3.6x10 K/ =265 (Average)
kN/cm kN/cm
Ground Strain 0.00154 0.00154 0.00154
Pipe Strain - 1.2 x10° 4.0 x 10° -
. . 0.83 Average
Joint (?nﬂ?”'”g 0.92 0.21 0.8 2.0 1% Exceedance
3.4 0.1% Exceedance

ized joint openings are 20% and 33%, respectively, for which
the probability of leakage (again from Figure 4.12) are 1% and
15%, respectively. A rough approximation for the damage ratio
can be determined by simply adding the probabilities—1% of
one in a 100 and 15% of one in a 1,000—or a damage rate of
one in 4,000. As will be established in Chapter 12, the damage
rate based upon observation for a ground strain of 0.15% is about
two repairs per kilometer or damage to about one in 100 joints.
Hence, it seems that El Hmadi and M. O’Rourke were on the right
track in that their model at least predicts some damage, which is
more consistent with observation than a model with no variation
in ground strains and joint properties. However, the variation in
joint properties and the interaction between joint stiffness and
strength they assume results in lower estimates of damage than
post-event observation.

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 (4.0 x 10~ strain
corresponding to 0.8 cm joint opening) is less than the yield strain
for a Cl pipe of about 2.0 x 10~ from Chapter 4. Hence, although
pipe strain is provided, it is unlikely that a pipe segment axial fail-
ure mode governs, since the pipe strain is more than two orders
of magnitude lower than the yield strain.
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SEISMIC FRAGILITY RELATIONS
FOR BURIED PIPE

In this chapter, fragility relations for buried pipe subject to
either the wave propagation or permanent ground deformation
(PGD) hazards are developed. Available information on the influ-
ence of pipe material and diameter is also presented.

Often the first step in the seismic upgrade of an existing pipe-
line system is an evaluation of the likely amounts of damage in
the system due to the potential earthquakes. For buried pipelines,
empirical correlations between observed seismic damage and
some measure of ground motion have typically been used.

Most commonly these empirical relations are for various type
of segmented pipe. This is due to two factors. First of all, segment-
ed pipelines are arguably more common than continuous pipe-
lines. Secondly, segmented pipelines are much more susceptible
to seismic damage than continuous pipelines. For example, EDM
Services (1993) prepared a hazardous liquid pipeline risk assess-
ment for the California State Fire Marshall. Over a 10-year period
(1981-1990), there were a total of over 500 leaks in the 7,800
miles of hazardous liquid (continuous steel) pipeline. Of the 500+
leaks, only three were judged to be due directly to seismic effects.
The resulting seismic “incident rate” for a Modified Metallic In-
tensity of VIII was only 0.022 leaks per kilometer of pipeline. As
will be demonstrated shortly, this damage rate is quite low com-
pared to that typically observed for segment pipeline subject only
to the wave propagation hazard, and extraordinary low compared
to damage rates for segmented pipeline subject to PGD.
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WAVE PROPAGATION RELATIONS

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 de-
veloped fragility relations for six different pipe materials subject
to wave propagation only. Subsequently, Eguchi (1991) modified
his relationship and obtained a bilinear curve.

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 par-
ticle velocity V. The choice of V__ is an outgrowth of the fact that
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B Figure 12.1 Wave Propagation Repair Rate vs. Peak Particle Velocity (M. O’'Rourke and
Ayala Relation Solid Line; T. 0’'Rourke and Jeon Relation Dashed Line)
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wave propagation ground strain, and hence presumably pipe dam-
age, are linear functions of V_, as demonstrated in Chapter 3.

Including additional data from three other earthquakes, M.
O’Rourke and Ayala (1993) prepared a plot of wave propaga-
tion repair rates versus peak ground velocity for common seg-
mented water pipe materials—specifically cast iron, concrete
pipe, prestressed concrete pipe and asbestos cement pipe. The M.
O’Rourke and Ayala relation is shown as the solid line in Figure
12.1. It is based upon data points from the 1971 San Fernando
and 1983 Coalinga events, among others, and four data points
from the 1985 Michoacan event in Mexico. These M. O’Rourke
and Ayala data points are labeled A through K in Figure 12.1.

The specific functional form of the M. O’Rourke and Ayala
relation is:

2.63
RR = Vina (12.1)
50

where RR is the repair rate in repairs per kilometer and V _ is the
peak horizontal velocity in cm/sec. It is the basis for pipe fragility
relations in HAZUS and suggests that a peak particle velocity of
50 cm/sec results in about 1 repair per kilometer of pipe, while
Vv of 10 cm/sec results in about 0.015 repairs per kilometer.

Somewhat more recently, T. O’Rourke and Jeon (1999) de-
veloped an empirical wave propagation fragility relation for bur-
ied segmented pipe using information from the 1994 Northridge
event. This Northridge relation is shown as the dashed line in
Figure 12.1 and is based on data points labeled P through V. The
specific functional form is:

1.22
RR = [ Ymax (12.2)
266

Based upon Equation 12.2, one expects about 0.13 repairs per
kilometer fora V. of 50 cm/sec and a repair rate of about 0.018
for V _ for 10 cm/sec. That is, both relations predict similar levels
of pipe damage for peak particle velocities of about 10 cm/sec.
However, as the level of ground shaking increases, the older M.
O’Rourke and Ayala relation predicts much more damage than the
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newer T. O’'Rourke and Jeon relation, the difference being almost
an order of magnitude (1.0 versus 0.13) for V__ of 50 cm/sec.

Subsequently, Trifunac and Todorovska (1997) developed em-
pirical relations between the density of water pipe breaks in ur-
ban areas (quantified by breaks per square kilometer of land area)
and the peak soil shear strain in a vertical plane. Unfortunately, a
direct comparison between the Trifunac and Todorovska relations
and Equations 12.1 and 12.2 is not possible due to differences in
the damage measures (i.e., repairs per square kilometer of land
versus repairs per kilometer of pipe). Damage relations will be
developed herein between pipe damage and ground strain. How-
ever, herein the peak axial strain in the horizontal plane is used to
quantify the intensity of shaking, as opposed to peak shear strain
in a vertical plane as used by Trifunac and Todorovska.

Finally, an American Lifeline Alliance (ALA, 2002) project de-
veloped the following wave propagation damage relation:

RR =0.0024 V. (12.3)
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The ALA relation is based upon an analysis of 81 data points
from 12 earthquakes shown in Figure 12.2. This database con-
tains most all the data points shown in Figure 12.1, as well as
additional data points from the 1995 Hyogoken-Nanbu (Kobe)
event among others. It yields about 0.12 repairs per kilometer
for V_ of 50 cm/sec and a repair rate of about 0.02 for V__ at
10 cm/sec. Hence, for this range of peak horizontal velocities, it
provides damage rates similar to the Northridge relation in Equa-
tion 12.2. However, since it is based, at least in part, on the data
points in Figure 12.1 there is a large amount of scatter of the 81
data points about the median given in Equation 12.3. As noted
in the ALA report, the 84th percentile function (damage relation
which provides an upper bound for the 84% of the data) is 2.8
times the median line given in Equation 12.3, while the 16th per-
centile function is 0.28 times the median. As a result, there is an
order of magnitude (2.8/0.28 = 10.0) between the 84th percentile
estimate and the 16th percentile estimate.

PGD RELATIONS

In the past, fragility relations for buried segmented pipe sub-
ject to PGD have used the amount of permanent ground move-
ment to quantify the hazard. The ALA (2002) relation shown in
Figure 12.3 is typical. The median repair rate, in repairs per kilo-
meter, is given by:

RR =2.58 (D__)°319 (12.4)

where D is the amount of permanent ground displacement in
cm. However, as with the ALA wave propagation relation, there
is a significant amount of scatter of observed data points about
the median relation given in Equation 12.4. Specifically, the 84th
percentile value is more than four times the 16th percentile value.
As will be shown later, the scatter in such PGD relations is signifi-
cantly reduced when the hazard is characterized by ground strain
as opposed to D__ .

X
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GROUND STRAIN RELATIONS

As noted above, the choice of V__ as the ground motion pa-
rameter in wave propagation fragility curves is due to its direct
relationship to ground strain. That is, as shown in Equation 3.5
for R-Waves and in Equation 3.7 for S-waves, the ground strain is
linearly proportional to the peak particle velocity V. However,
as shown by those same equations, the ground strain is inversely
proportional to a propagation velocity. For the simplest case of a
half space, the R-wave phase or propagation velocity is slightly
less than (seven eighths of) the shear wave velocity of the half
space. Hence, for a half space model of the near surface soils,
the apparent propagation velocities for both S and R-waves are
related to the shear wave velocity, V,, of the near surface soils.
For R-waves, it is about 90% of V. From Equation 3.1, the appar-
ent propagation velocity for S-waves is V. divided by the sine of a
small angle, a much larger value than for R-waves.
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Hence, ground strain and presumably segmented pipe dam-
age is strongly influenced by wave type. Recognizing this, M.
O’Rourke and Deyoe (2004) established fragility curves wherein
pipe damage is presumed to be a function of ground strain. Fol-
lowing the 1984 ASCE guidelines, they assume R-wave propaga-
tion for sites with an epicentral distance at least five times the
focal depth, and S-wave propagation for closer sites. In addition,
for R-wave sites they use C, = 500 m/sec in Equation 3.5 to deter-
mine ground strain. For S-wave sites, they use C, = 3,000 m/sec in
Equation 3.7 to determine ground strain. Finally, they only consid-
er statistically significant data points, those for which the sample
size (number of kilometers of pipe) are large enough so that there
is @ 95% probability that the sampled repair rate is within 50% of
the true value. Using this criterion, one needs at least 1,521 km
of pipe in the sample if the damage rate is 0.01 repairs/km. If the
damage rate is 0.1 repairs/km, one needs at least 138 km of pipe
for the observed damage rate to be statistically reliable.

Figure 12.4 shows the resulting plot of repair rate (repairs per
kilometer) versus ground strain. This figure includes many of the
data points from Figure 12.1 (those that satisfy the sample size cri-
terion), as well as PGD data points from earthquakes in the U.S.
and Japan that can be characterized by ground strain. The single
letter data points (A, C, etc.), as well as EK, are for wave propaga-
tion damage, while the double letter data points (AA, BB, etc.) are
for PGD damage. Note the remarkable consistency over roughly
four orders of magnitude when segmented pipe damage is plotted
versus ground strain.

The best fit line for the combined (wave propagation and
PGD) data set is:

RR =724 £g°‘92 (12.5)

The R? value for Equation 12.5 is 0.92, which is a better fit
to the combined wave propagation and PGD data set than either
Equation 12.1 or 12.2 are to their individual wave propagation
only data sets.

As noted above, for nearby sites where S-waves are expected
to control, M. O’Rourke and Deyoe (2004) used Equation 3.7
and C, = 3,000 m/sec to calculate ground strain. This value for C,
is reasonably consistent with values listed in Table 3.2. Note in
this regard that Equation 3.7 assumes traveling waves with per-
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fect coherence (exactly the same wave shape along the propaga-
tion path). However, as shown recently by Paolucci and Smerzini
(2008), when one back-calculates the effective propagation ve-
locity from real records which by nature have some incoherence,
the C, value is substantially smaller. Using a value of C, = 1,000
m/sec (C = 2,000 m/sec) from Figure 3.9, M. O’Rourke (2009)
developed a revised fragility relation:

RR = 1905 sg”z (12.6)

This revised relation is shown in Figure 12.5 along with that
from Equation 12.5.

Combining Equation 12.6 with ground strain relations in
Equations 3.5 and 3.7 and the assumed propagation velocities
results in damage relations in terms of the peak particle velocity
V. If the ground strain is due to surface wave propagation (i.e.,

max

R-waves) then the damage relation becomes:
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RR,=0.0104 V_ 112 (12.7)

where RR, is the surface wave repair rate in repairs per kilometer
and V__ again has units of cm/sec. If the ground strain is due to
body wave propagation (i.e., S-waves) then the damage relation
becomes:

RR. = 0.0022 V112 (12.8)

where RR_ is the body wave repair rate. That is, for a given value
of V__, there is a factor of five times difference in expected repair
rates depending upon the controlling wave type. Note further that
this relation for damage due to body wave propagation is similar
to the ALA relation in Equation 12.3.
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The relations in Equations 3.5 and 3.7 provide the maximum
ground strain due to wave passage. That is, for an R-wave propa-
gating in a particular direction, Equation 3.5 provides the ground
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strain in that direction. The ground strain in other directions would
be less, with zero ground strain in the direction perpendicular
to the direction of propagation. However, for a grid or network
of pipelines with comparable lengths in the project north-south
and project east-west directions (such as the wave propagation
data analyzed herein), the direction of R-wave propagation does
not have a significant influence. Consider an R-wave propagat-
ing north-south. The north-south pipes would experience the full
ground strain while the east-west pipes would experience none.
For an R-wave propagating northeast-southwest, Mohr’s Circle for
plane strain shows that both the north-south as well as east-west
pipes would experience half the full ground strain. Since the re-
pair rate is essentially a linear function of ground strain, the total
number of repairs would be essentially the same. That is, for pipes
in a distribution network, pipeline orientation with respect to
propagation direction is not a major concern for R-waves. How-
ever, for a single transmission line subject to R-wave propaga-
tion, one expects that the repair rate, all other things being equal,
would vary from zero to twice the value given by Equation 12.7,
depending upon pipeline orientation.

The situation for S-wave propagation is more complex. The
ground strain for S-wave propagation is a maximum in the direc-
tion 45° to the direction of wave propagation. It is zero in the
direction of propagation, hence for an S-wave propagating north-
south, north-south and east-west pipes would experience zero
ground strain, while northeast-southwest and northwest-southeast
pipes would experience the full ground strain given by Equation
3.7. Hence, unlike R-wave propagation, pipeline orientation with
respect to the direction of wave propagation plays an important
role for both a network of pipelines, as well as single transmission
pipeline subject to S-wave propagation.

The remarkable consistency of segmented pipe damage from
both wave propagation and PGD leads to the following important
observations:

1) Since the independent variable in Figure 12.5 is ground strain,
one is led to the conclusion that the seismic behavior of seg-
mented pipe is controlled by axial effects. That is, bending of the
pipe segments and angular rotation of pipeline joints appear to
be of secondary importance. Whereas axial tension and com-
pression in the pipe segments and axial expansion and contrac-
tion at pipeline joints appear to be of primary importance.
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2) Wave propagation ground strains (i.e., single letter data point
and EK) range from about 0.004 to 0.1%, with a typical val-
ue of roughly 0.02%. PGD ground strains (i.e., double letter
data points excluding EK) range from about 0.1 to 5%, with a
typical value of roughly 1%. That is, for the events captured
in Figure 12.5, the PGD ground strains are roughly 50 times
larger than the wave propagation ground strains. Since the re-
lation in Equation 12.6 is close to linear, PGD—when and if it
occurs—is about 50 times more damaging to segmented pipe
than wave propagation. Of course, PGD typically occurs over
a small fraction of a pipeline network while wave propagation
can arguably affect the whole network.

3) Even at comparatively high damage rates only a small frac-
tion of the pipe segments actually experience damage. For
example, at a ground strain of 1%, presumably due to PGD,
the corresponding damage rate is 10 repairs per kilometer.
For a pipe segment length of 5.5 m (18 ft), this corresponds to
one repair every 18.2 pipe segments or a repair to about 5%
of the pipe segments. At a ground strain of 0.1% (correspond-
ing to either a high amount of wave propagation or a low to
moderate amount of PGD) one expects repairs at roughly one
in 182 pipe segments (0.5%). Hence, the overall behavior is
likely controlled by a particularly weak joint or pipe segment,
as opposed to being controlled by the typical joint or pipe
segment. That is, for larger pipe diameters where damage is
more likely due to expansion/ contraction at the joints, ap-
propriate characterization of the particularly weak (e.g., easy
to pull-out) joints are crucial. Finally, analytical models in-
tended to replicate segmented pipe response to ground strain
must incorporate variability in joint properties. An analytical
model with all joints having exactly the same characteristics
will not yield realistic results.
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INFLUENCE OF MODIFYING FACTORS

Although Figure 12.5 and Equations 12.6 through 12.8 are
based on a mix of pipe materials and diameters, the most com-
mon material is cast iron typically with lead-caulked joints, and
the most common diameter is 15 cm (6 in). The questions then
arise as to the influence of pipe material, diameter and other fac-
tors on seismic fragility of buried pipe. Over the years, a number
of authors—Eguchi (1983, 1991), Eidinger et al. (1995), Honegger
(1995), Heubach (1995) and Porter et al. (1991)—have suggested
different relationships. It seems that in most cases the postulated
inter-relationships are based on a comparatively small amount of
data combined with a large dose of engineering judgment. The
ALA (2002) project reviewed the available information and pro-
vides arguably reasonable modification factors. Note that the ALA
report provides two tables of modification factors, one for wave
propagation damage and another for PGD damage. However, the
factors are not greatly different, as one would expect in light of
the commonality of behavior exhibited in Figure 12.5.

Material: According to the ALA tables, Cast Iron (Cl), Asbestos
Cement (AC) and Concrete Cylinder (CC) pipe with stiff joints
(“cement” joint type) have nominally the same behavior, that
is, a modification factor of 1.0. Somewhat less damage is ex-
pected for Cl, AC, CC, Ductile Iron (DI) and PVC pipe with
flexible (“rubber gasket” joint type), with modification factors
ranging from 0.5 to 0.8. One could argue that the modifica-
tion factors for flexible joints may in fact be a bit lower, based
on data presented in the ALA report. Specifically, in the 1995
Kobe event, the ratio of repair rates for DI pipe compared to
Cl pipe ranged from 0.26 to 0.56 for the most common pipe
diameter (10 to 45 cm, 4 to 18 in).

Diameter: The influence of diameter is considered particular-
ly important since most of the data is for small diameter pipe
while arguably the most critical lines have large diameters.
Fortunately, most authors agree that the damage rate for large
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diameter pipe is less than that for smaller diameters. Hence,
using the smaller diameter fragility relations would conserva-
tively overestimate the expected amount of damage for the
larger diameter (more critical) lines.

In the ALA report, diameter related modification factors are
provided for only one material: steel pipe with arc welded lap
joints. For small (4 to 12 in) diameter steel pipe, the modifica-
tion factor is 0.6 while for larger (16 in and above) diameters
the factor is 0.15, suggesting a large diameter modification
factor of 0.25. One could argue that the diameter modifica-
tion factor may not be that low, based on data for the 1995
Kobe event presented in the ALA report. The Kobe data sug-
gests a diameter modification factor of 1.0 for pipe in the 10
to 25 cm (4 to 10 in) range, a factor of 0.8 for pipe with di-
ameters in the 30 to 45 cm (12 to 18 in) range, and a factor of
0.55 for diameters of 50 cm (20 in) and larger.

Intuitively, it seems likely that the diameter effect is related
to the joints embedment distance discussed in Chapter 4. For
a model where the pipe segments themselves are assumed
to be rigid in comparison to the joints, ground strain is ac-
commodated by axial extension or compression at individual
joints. Since a joints embedment depth, and presumably its
capacity to accommodate axial expansion or contraction, are
increasing functions of diameter, one expects less damage for
larger pipe diameters.

Other Factors: The ALA report presents different modification
factors for iron-based pipe materials (Cl and WS) in corrosive
and non-corrosive soils. Based upon the ALA soil factors, in
corrosive soils one expects 40 to 50% more damage than in
“normal” soil. In non-corrosive soil, one expects 30 to 50%
less damage than normal. A difficulty with the ALA values
is that definitions of corrosive and non-corrosive soil are not
provided. Nevertheless, the effect of corrosive soil is signifi-
cant and the ALA report identifies the correct trend. As noted
by Isenberg and Taylor (1984), the higher than expected dam-
age rate for pipe in the 1983 Coalinga event (data point EK in
Figure 12.4) was apparently due to corrosive soil.
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SYSTEM PERFORMANCE

There has been a large amount of research work over the past
two decades on pipeline system performance. Notable contribu-
tions 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 component
performance, behavior and design. However, a summary of the
results of system performance evaluations as a function of buried
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
with lowest demands. These two strategies correspond to the best
and worst system performance, which is shown in Figure 12.6.
Somewhat more recently, Markov et al. (1994) evaluated the perfor-
mance 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 12.6. Based on these results, the National
Institute of Building Sciences (NIBS) (1996) proposed a damage al-
gorithm, in which the system serviceability index is a lognormal
function of the average break rate. Note that in this figure, the ser-
viceability index is considered to be a measure of reduced flow.

Although there is considerable variation from hydraulic mod-
el to hydraulic model, the serviceability index is 60% or better
for average rates of 0.05 breaks/km or less. On the other hand,
the serviceability index is 50% or lower for average break rates
of 0.2 breaks/km or higher. Hence, one could argue that the tip-
ping point for system serviceability, the boundary between ac-
ceptable and unacceptable levels of pipe damage, is somewhere
around 0.1 breaks’/km. Note, that the relations between damage
and ground strain in Figure 12.5 characterize pipe damage as
repairs per kilometer, not breaks per kilometer. According to Bal-
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lantyne et al. (1990), for two events in the Puget Sound area,
about 15% of the repairs were breaks, with the remaining 85%
being leaks. According to Romero et al. (2009), LADWP experi-
enced 5% breaks and 95% leaks in the Northridge event. If one
splits the difference, we have one break for every 10 repairs. If
system serviceability is due solely to breaks (leaks have no influ-
ence), a break rate of 0.1 breaks/km would correspond to a repair
rate of 1.0 repairs/lkm. However, if one assumes that five leaks are
hydraulically equivalent to one break, the tipping point becomes
0.36 repairs/lkm. Hence, the apparent tipping point between ar-
guably acceptable and unacceptable system behavior is around
0.36 to 1.0 repairs/km. In Figure 12.5, this tipping point corre-
sponds to ground strain in the 0.05 to 0.12% range.

Notice that the ground strain level of 0.05 to 0.12% nominal-
ly separates the wave propagation ground strains from the PGD
ground strains. This is consistent with the commonly held view
that wave propagation, of and by itself, does not result in unac-
ceptable water system behavior. The exception is Mexico City in
1985 where wave propagation itself led to repair rates of 0.45
and 1.5 repairs/km and ground strain of roughly 0.1% in the Lake
Zone and Tlahuac, both above the apparent tipping point. Water
supply was, in fact, unavailable for many parts of the city after the
1985 Michoacan earthquakes.
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The ALA Guideline (2005) establishes target break rates for
various functional classes of pipe. For ordinary pipe (functional
class Il) the target break rate for a 475-year event is 0.10 to 0.20
breaks/km or less. That is, in relation to Figure 12.6 and the tipping
point of about 0.1 breaks/km discussed above, the ALA target ar-
guably ensures something close to acceptable behavior (service-
ability index of 50% or more) for the 475-year event. The target
rates for critical (function class Ill) and essential (function class IV)
pipe are 0.02 to 0.033 and 0.01 to 0.02 breaks/km, respectively.
The repair rates corresponding to a break rate of 0.033 breaks/km
are 0.33 repairs/km (leaks have no influence) and 0.12 repairs/
km (five leaks equivalent to one break). In relation to Figure 12.5,
these repair rates correspond to ground strain in the 0.02% to
0.05% range. This suggests that, following the ALA Guidelines,
all critical or essential segmented pipes subject to either PGD or
wave propagation in the 475-year event with ground strains of
about 0.03% would need to be upgraded in some fashion.
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COUNTERMEASURES TO MITIGATE
SEISMIC 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 methods include the use of high strength or
high ductility materials for the pipelines themselves, the use of
joints with enhanced expansion/contraction or rotation capabil-
ity, various methods to isolate the pipeline from ground move-
ments, various methods to reduce the amount of ground move-
ment, and finally, routing of new pipelines or rerouting existing
pipeline 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.

ROUTING AND REROUTING

This technique involves simply avoiding areas that are sus-
ceptible to large ground movements. It is comparatively easy to
implement during the initial design stage (i.e., route selection)
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 that was subject to a landslide
hazard. About 365 m (1,200 ft) of line was relocated at a direct
cost of roughly $1 million. As one might expect, relocation of an
existing line typically requires temporary suspension of service.

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

OPTIMAL ORIENTATION IN THE
HORIZONTAL PLANE

Optimal orientation approaches are more frequently consid-
ered for continuous pipe subject to the PGD hazard. First of all,
segmented pipelines are likely to be damage by PGD irrespec-
tive of the pipelines orientation in the horizontal plane. Secondly,
unlike PGD where the expected direction of ground movement
is typically known, the “direction” of wave propagation and cor-
responding ground strain are variable due to the various possible
locations for the earthquake epicenter. Hence, an optimal orien-
tation of the pipe with respect to the direction of wave propaga-
tion is typically difficult or impossible. Another common feature
of optimal orientation approaches is the elimination of pipeline
bends or elbows from the PGD zone. As noted in Chapter 6, bends
and elbows act as net stress or strain risers and hence should be
located well away from the PGD zone.

For the fault crossing hazard, optimal orientation in the hori-
zontal plane involves selection of the best pipe crossing angle.
As noted in Chapter 8, fault crossing induces bending in the pipe
as well as either axial tension or axial compression. Since the al-
lowable axial tension strains are larger than those for axial com-
pression, any angle that results in net axial compression should
be avoided if possible. That is, for a north-south fault with right
lateral offset a pipeline orientation NW to SE is recommended. A
90° crossing angle (east-west for north-south fault trace) results
in minimal axial strain. However, due to the sensitivity of results
to crossing angle, Kennedy et al. (1977) suggest a crossing angle
of no more than 60° for buried onshore pipelines, as sketched in
Figure 13.1.
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For an isolated area of PGD, the optimal pipeline orientation
in the horizontal plane is a function of the geometric characteris-
tics of the PGD zone. Consider an area of PGD sketched in Figure
13.2 where the ground movement is to the south. For a pipeline
running nominally, north-south, the pipe strain is typically con-
trolled by the length of the PGD zone, L. For a pipeline running
nominally east-west, the pipe strain is typically controlled by the
amount of ground movement, §, at both margins of the zone.
Hence, for a PGD zone with a “large” L and “small” §, an east-
west pipe orientation is preferred. For any particular combination
of L and 8, the relations in Chapter 6 for longitudinal PGD (N-S
pipeline) and Chapter 8 for fault crossing (E-W pipeline) allow
calculation of pipe strain for each scenario. If a longitudinal cross-
ing of the PGD zone is chosen as a result of strain calculation or
right-of-way constraints, a pipe orientation exactly parallel to the
direction of ground movement (N-S pipeline for ground move-
ment to south, as shown in Figure 13.2(a)) is preferred. Other
similar orientations (e.g., NNE-SSW or NNW-SSE) result in a lon-
ger length of pipeline being exposed to longitudinal soil friction
forces and hence larger pipe axial strains.

If a transverse crossing of the PGD zone is chosen, the pipe is
more or less subject to a “fault crossing” like hazard at each mar-
gin. Assuming the margins are nominally parallel to each other
and to the direction of ground movement, the preferred pipeline
orientation is exactly perpendicular to the margin (E-W pipeline
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B Figure 13.2 Recommended Pipe Orientation for Isolated PGD Zone

for ground movement to south), as shown in Figure 13.2(b). Other
similar orientations (e.g., ENE-WSW or ESE-WNW) result in net
tension at one margin but net compression at the other. That is,
for the ground movement in Figure 13.2, we have a left-lateral
offset at the east margin. The perpendicular crossing (with respect
to the direction of ground movement) avoids net compression at
either margin.

Offshore landslides typically have large sliding displacements
as well as large lengths and widths. As such, their spatial extent
tends to control pipeline behavior. The lateral pipe-soil interaction
force is often many times larger than the axial pipe-soil interaction
force, and a longitudinal crossing is preferred. Similar conclusions
were reached by Demars (1978) based on damage information
from 1971-75 for buried pipelines in the Gulf of Mexico.

Compared to onshore pipelines, offshore pipelines have low
D/t ratios and, hence, high compressive strain capacity. At a com-
pressive margin of PGD, lateral buckling is likely under small
pipe compressive force. When subjected to landslides, offshore
pipelines are likely to fail in tension. An oblique crossing tends to
increase tension at the head of the landslide, and hence should
be avoided.

The final PGD hazard considered is lateral spreading at a riv-
er crossing (ground movement of the bank nominally towards the
river). For this case, a transverse crossing, as sketched in Figure
13.2(b), is impractical since presumably the pipeline eventually
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needs to cross the river. Hence, a straight longitudinal crossing
with the pipeline orientated perpendicular to the river bank is
recommended. Honegger et al. (2006) further recommended that
any pipe bends or elbows in the horizontal plane be located no
less than a 100 to 200 m set back distance from the bank.

OPTIMAL LOCATION IN THE
VERTICAL DIRECTION

Besides routing, rerouting and orientation in the horizontal
plane, other 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 move-
ments by realignment in the vertical direction. A classic example
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 needs to be enough “rattle-space” between
the goal post 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 imple-
mentation often requires a low-friction sliding surface between
the pipe and its horizontal supporting member.

When exposing the pipeline is not acceptable, placing the
pipeline in a large sacrificial culvert is an option. As with the
above ground goal posts, the rattle-space between the pipeline
and the inside wall of the culvert needs to be large enough to
accommodate the design offset. Also, since the pipeline is no
longer immediately surrounded by soil, it is subject to seismic
shaking due to ground acceleration and pipe inertia. This general
approach using segmented culverts in combination with ball and
slip (contraction) joints is currently being proposed for two large
diameter water pipelines that cross the Hayward Fault in the San
Francisco Bay area.

For certain PGD hazards, the same objectives can be ob-
tained 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 attrac-
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tive at river crossings, which may be susceptible to liquefaction
induced PGD of the bank. Obviously, this technique cannot be
used effectively at faults, since it is not possible to place the pipe
“below” the fault.

Honegger et al. (2006) present a detailed recommendation for
a river crossing geometry intended to minimize onshore pipeline
exposure to PGD. Specifically, they recommend that immediately
below the river, the pipeline be located at the top of the liquefi-
able layer. In this way the pipeline would be below the “cap lay-
er,” within which significant ground/movement is expected. This
“bottom of the cap layer” pipe elevation is maintained for three
to eight channel depths back from the banks. In this manner, the
pipe is only allowed to rise back towards the ground surface (1:10
rise to run recommended) at locations where lateral spreads are
not expected.

GROUND REMEDIATION

These mitigation techniques involve various types of field
treatments to reduce the potential for lateral spreading. The meth-
ods include increasing the density 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
compaction as a technique to increase soil density, and thereby
reduce the potential for liquefaction. Iwatate et al. (1988) per-
formed experiments on buried culverts that drain ground water
away from the pipeline. Finally, one could replace liquefaction
soils in the vicinity of the pipe with non-liquefiable 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
liquefiable soil layer is relatively close to the ground surface.
They are less practical and cost effective for the typical landslide
hazard. In a retrofit situation, they would not necessarily result in
service disruption if done carefully.
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STRONGER PIPE

As one might expect, improved seismic performance for con-
tinuous pipe results from the use of stronger pipe (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 is shown in Figure 7.18 (reduced tensile strain).
Similarly, Table 6.3, Figure 7.15 and Figure 8.8 show improved
performance for thicker wall pipe subject to longitudinal PGD,
transverse PGD and fault crossing, respectively.

Note that this improved performance is for pipe with electric
arc welded butt joints and steel grades of X-42 through X-70.
These steels have reasonably large minimum elongation as well
as low to moderate yields to ultimate stress ratios. Both these
qualities are desirable when allowable strains are above the yield
strain. Newer, higher strength pipe with steel grades of X-80
through X-100 have recently become available. These pipes have
yield to ultimate ratios of roughly 0.9, lower minimum elonga-
tions and difficulty achieving weld strength greater than actual
pipe strength. As such, they are not particularly well suited for
seismic hazards where significant excursion beyond yield strain
is envisioned.

Finally, as discussed in more detail in Section 9.1.1, the use of
"chained" joints can improve the seismic resistance of segmented
pipelines.
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LOAD REDUCGTION

Another mitigation option involves reducing the load on the
pipe as opposed to increasing the strength of the pipe. As shown
in Chapter 6, the axial strain induced in a continuous pipe by
longitudinal PGD is an increasing function of the pipe burial pa-
rameter B, as defined in Equation 6.5.

B, = # (13.1)

Hence, axial strain can be reduced by using the smallest pos-
sible burial depth (H), using low density backfill (y), and/or using
smooth coatings, which reduce the coefficient of friction at the
soil-pipe interface (). Offshore pipelines in suitable locations
(e.g., deep water not susceptible to third party damage) can be
simply laid on the seabed. This will significantly reduce pipe-soil
interaction forces and hence strain induced by PGD.

For onshore pipelines, the use of light weight backfill can
similarly reduce pipe strain. For example, Choo et al. (2007) use
centrifuge testing to evaluate the benefit of low density expanded
polystyrene (EP) blocks as backfill. For the fault crossing hazard
wherein the pipe is placed in net tension, the low density backfill
resulted in a 30 to 60% reduction in pipe flexural strain and a 5 to
30% reduction in pipe axial strain depending on the extent of the
EP backfill. Unfortunately, for a fault offset which places the pipe
in net compression, low density EP backfill resulted in an earlier
onset of buckling of the HDPE pipeline.

The use of smooth coatings has similar effects. From Table
5.1, the friction factor, k, for a smooth polyethylene coating is
0.60 compared to k = 1 for a concrete coating. From Equation
5.1, the longitudinal resistance for sand with a friction angle of
35° and pipe with polyethylene coating is about half of that for a
concrete coating and the same soil. Similarly, multiple layers of
geotextile fabric are expected to reduce axial friction forces.

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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FLEXIBLE MATERIAL, SLIP AND
BALL JOINTS

It has long been argued that the use of more flexible materi-
als tends to improve the seismic performance of buried pipeline.
The purported benefits of flexible materials are shown in Figure
13.3, which is an older fragility relation from Eguchi (1991). Note
that the relation suggests 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
(Cl), concrete (Conc), and polyvinyl chloride (PVC). Figures 13.4
and 13.5 are older PGD fragility relations from Porter et al. (1991)
and Eguchi (1983), respectively. According to these relations, one
similarly expects improved seismic performance for flexible pipe
materials, such as arc-welded steel and ductile iron pipe, when
subject to various PGD hazards. Unfortunately, since none of the
three fragility relations show the underlying data points, it is dif-
ficult to judge whether the purported behavior is based upon en-
gineering judgment or rigorous analysis of observed behavior.

1
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W Figure 13.3 Wave Propagation Pipe Damage vs. Modified Mercalli Intensity
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For segmented pipe, Isenberg and Richardson (1989), Ballan-
tyne (1992) and Wang (1994) have suggested the use of flexible
joints for pipeline subject to the PGD hazard. Figure 13.6 presents
sketches of various joint types while Table 13.1 lists the expected
deformation capacity, based upon information provided by Sin-
ghal (1984), Isenberg and Richardson and Akiyoshi et al. (1994).
However, as explained in Chapter 6, expansion joints 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.

H Table 13.1 Deformation Capacity of Flexible Joints

Item Pull-Out Rotation Note
Mechanical Joint 3 cm 5°
Locked Mechanical Joint <1 cm 5° Slight Expansion
Restrained Mechanical Joint 5cm 5° S-Type Joint (Japan)
Tyton Joint 3cm 37-5° Vary with Pipe Diameter
Flange-locked Joint 3cm 5°
TR FLEX Telescoping Sleeve 2D D-Pipe Diameter
Restrained Expansion Joint 25 cm 5°
XTRA FLEX Coupling 20°
Ball Joint 15°

For localized abrupt PGD offsets, such as at a fault crossing,
Ford (1983) suggests, the use of rotationally flexible ball joints in
combination with an expansion joint, as shown in Figure 13.7. As
noted above, ball (rotation) and slip (axial contraction) joints in
combination with a segmented sacrificial culvert are currently en-
visioned for the Hayward Fault crossing. This combined rotation
and extension/contraction flexibility could also be useful at other
locations when differential movements are expected. Examples
of such locations include the margins of areas with variable sub-
surface conditions and inlet/outlet to stiff structures, such as tanks
and buildings. In the offshore environment, an expansion loop
or “dogleg” is often used to connect the horizontal seafloor pipe
with a fixed riser, such as at a platform. The expansion loop/ dog-
leg serves to isolate the riser pipe from seabed pipe displacement
caused by operating pressure and temperature loads. Similarly,
the loop isolates the riser from PGD induced movement of the
seafloor pipe.
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ANCHOR POINTS AND SOFT
JOINT SPRINGS

For the longitudinal PGD hazard discussed in Chapter 6, the
axial friction forces over the length of the PGD zone are equili-
brated by axial tension at the head and axial compression at the
toe of the zone. All things being equal (i.e., uniform soil, uni-
form burial depth, etc.), the pipe tensile strain at the head exactly
matches the pipe compressive strain at the toe. However, as noted
in Chapter 4, the allowable axial tension strain is usually signifi-
cantly larger than the allowable axial compression strain. Hence,
it would be beneficial to redistribute the soil friction force such
that a larger percentage was taken by axial tension at the head.

One way to accomplish this redistribution is by installing a
fixed anchor point immediately upslope of the head of the PGD
zone. Figure 13.8 shows such an anchor point a bit upslope of a
longitudinal PGD zone having length L and ground movement
8. Figure 13.8(a) shows the ground displacement u (x), as well as
the pipe displacement up(x), while Figure 13.8(b) shows the axial
force in the pipe. The pipe displacement is zero at Point A due to
the presence of the pipe anchor. The displacement is maximum
at Point B where the axial force in the pipe is zero. The peak pipe
displacement is:

2
s =1Ll
2

: 13.2
max AE ( )
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W Figure 13.8 Pipe Displacement and Axial Force for an Anchor Point Upslope of a Longitudinal
PGD Zone

where as before t is the axial friction force per unit length at the
soil pipe interface, AE is the pipe axial rigidly and £, is the length
over which the pipe is stretching (distance from A to B).

The pipe is in axial compression between Points B and D,
resulting in zero pipe displacement of Point D. Hence:

1t07
0 ax —2[5ﬁ}=0 (13.3)

where £_is the distance from Point B to Point C, as well as the
distance from Point C to Point D. Noting that £, + £_equals the
length of the PGD zone, Equation 13.3 can be solved for the
length £, and £ :

¢ =0.591L (13.4)

and

£ = 0411 (13.5)
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Hence, an anchor point just beyond the head of the PGD
zone is effective in redistributing the axial forces in the pipeline.
The peak axial tension force F, increases from 0.5L t to 0.59L ¢t ,
while the peak compressive force F_reduces from 0.5L t to 0.41L
t , about an 18% reduction.

Notice for the anchor point approach to work, the peak dis-
placement § _ needs to be less than the ground movement §&.

Although an anchor point results in a reduction in the peak
compression force, the reduction is only 18%. Larger reductions
are possible by placing a soft spring just beyond the toe of the
PGD zone. Figure 13.9 shows such as soft spring downslope of a
longitudinal PGD zone again having length L and ground move-
ment . Figure 13.9(a) shows the ground u (x) and pipe u (x) dis-
placements, while Figure 13.9(b) shows the axial forces in the
pipe. The peak pipe displacement § = occurs at Point C where the
pipe axial force is zero. The peak displacement is due to tensile
stretching from Point A to Point C. As such:

1¢02| tr?
Opax = 2 [5#} Aé (13.6)

tu Spring with Stiffness K

a) Ground and Pipe Displacement

F
1 ! 1
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W Figure 13.9 Pipe Displacement and Axial Force for a Soft Spring Downslope of a Longitudinal
PGD Zone
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The pipe displacement at the toe of the PGD zone, §, is the
peak displacement reduced by the axial compression between
Points C and D, or:

0.=0,, — ——= (13.7)

If the soft spring at Point D (just beyond the toe) has stiffness
K, then the axial force at the toe:

F=K-8, (13.8)
which, from equilibrium, matches the friction force per unit length
acting over the distance £_(distance from C to D) or:

K-8 =t ¢ (13.9)

Again, nothing that £, + £_equals the length of the zone L
results in the following relation for the normalized length of the
axial compression region:

¢ 2
<=2+ - 2+4p+p (13.10)

L

where § is a ratio of pipe to spring stiffness B = AF/LK.

Table 13.2 presents the resulting normalized length of the com-
pression region for various values of B. Note = 0 corresponds to
an anchor point at the base or toe of the PGD zone. This results in
the undesirable condition where there is an increase in the peak
compressive force (£_ = 0.59L compared to £_ = 0.5L). However,
for B larger than roughly 0.5 the desired reduction in the peak
compressive force occurs. Also, note that unlike the anchor point
approach (fixed reduction of 18%) one can achieve any desired
reduction in the peak compressive force by decreasing the spring
stiffness. Chapter 14 contains an example of the application of
these concepts.

Note that the anchor point and soft joint spring concepts are
only effective when the pipe compressive strain limit is signifi-
cantly less than the tensile strain limit (pipe with high D/t ratios).
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Furthermore, there concepts require fairly accurate information
on the location of the head and toe of the PGD zone. For exam-
ple, the situation could well be worse if the anchor point happens

to be located within the PGD zone.

W Table 13.2 Variation of Normalized Length of Compression Region for Various Stiffness Ratios

Stiffness Ratio Normalized Compression
B = AEKL Zone Length £ /L

0 0.59

0.5 0.43
1.0 0.35
2.0 0.258
5.0 0.144
10.0 0.084
20.0 0.045
50.0 0.019
100.0 0.010

COUNTERMEASURES TO MITIGATE SEISMIC DAMAGE

313






DESIGN EXAMPLES

This final chapter presents three design examples which il-
lustrate the application of relations and procedures introduced in
earlier chapters.

RETROFIT: WATER PIPELINE
CROSSING LATERAL SPREAD ZONE

An 18-inch-diameter water pipe with Welded Slip Joints
(WSJs) crosses a lateral spread zone (longitudinal PGD). The pipe
wall thickness is 74 in and the external welds are nominal " in
with E70 electrodes. The pipe is Grade B steel with a yield stress
of 35 ksi. The length of the curved bell for the slip joints is 2 in.

The top of the pipe is buried 4 ft below the ground surface
in soil with an effective unit weight y = 105 pcf and ¢ =33°. The
project geotechnical engineer estimates the length of the PGD
zone to be L = 600 ft, while the expected ground displacement is
8=25ft

The problem is to evaluate the vulnerability of the existing
line and propose retrofit options as appropriate.

Evaluate Existing Line
The force per unit at the soil-pipe interface is given by
Equation 5.1:

1+ k

t, =mDyH < 5 ") tan k¢

The existing condition at the soil-pipe interface (i.e., smooth
or rough) is unknown. Herein, we use the upper bound value of k
= 0.8 from Table 5.1, which is conservative. As per suggestions in
Chapter 5, we use k. = 1.0.
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7 18in
t == 105 pcf)(4.75ft)(1+1)-tan(0.8%x33°
! 2(12in/ftJ( be )< )( " ) an( X )

=1,176 plf

For uniform soil properties and burial depth for the whole
PGD zone, we have the same axial tension at the head of the lat-
eral spread zone as the axial compression at the toe.

As noted in Chapter 6, there are two possible scenarios for a
continuous buried pipe subject to longitudinal PGD. If the peak
pipe displacement is less than the ground displacement §, we
have Case |, as sketched in Figure 6.5.

For our case:

o 1 t,(4)
Peak pipe displacement = pf —.«12/
pIp p |:2 Y: ]

2
1,176 plf 6020ﬂ

(1 8)(l)- 29,000,000 psi

=0.258 ft

which is less than the expected ground movement (§ = 2.5 ft).
Hence, we have Case | with:

—C =t .L/=1176lby/[000f
Toa = Coa =1, - 4 =1,176 A( :

=353 kips

Tensile Capacity at Head
The capacity is given by Equation 4.16 for a WS) with a Y4-inch
fillet weld:

Capacity =1.33(0.6f,,,)(0.707t,,)-nD

=1.33(0.6 - 70ksi)(0.707 - 1)- 7 - 18"
=558kips
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Hence, the WS) pipe in tension can carry its share of the fric-
tion force along the PGD zone. As a matter of fact, the pipe in
axial tension can carry:

558¢
1.175kIf (6001t)

or about 80% of the total friction force.

Compressive Capacity at Toe
The capacity is a function of the D/t ratio and the //t ratio at the
WS]J. For our case, with an exterior weld and:

18
D/t= A =72
2
%=Z=8

Figure 4.9 indicates that the joint efficiency is about 0.55.
Hence, the axial compression capacity is:

Capacity = Joint Efficiency x =Dt F,
=0.55(7 -18-1-35ksi)
=272kips

Since the axial compression capacity of the WSJ line (272
kips) is less than the peak compressive force for the unretrofitted
WS) pipe (353 kips), the line needs to be retrofitted.

Retrofit Approach #1
The axial tension and axial compression force induced in the

pipe by the lateral spread can be reduced by lowering the force
per unit length at the soil-pipe interface. This can be accomplished
by replacing the backfill with low-density expanded polystyrene
(EP) blocks. Using this approach, the effective unit weight over
the 600-ft length of the PGD zone needs to be less than:

_ 272"

7 <105 pcf T 81pcf

3k
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so that the axial compressive capacity of the WS pipe is not
exceeded. A geotechnical engineer would need to determine
the placement of EP blocks to effectuate this reduction in soil
friction force.

Retrofit Approach #2

The axial compression capacity of existing WS) pipeline can
be improved by replacing a portion of the line with butt welded
pipe with the same diameter and wall thickness. Consider a re-
placement with X-42 steel pipe with a yield stress of 42 ksi and
Ramberg-Osgood parameters n = 15 and r = 32, as given in Table
4.1. From Figure 6.5 the peak compressive strain is:

L LY
geak:ﬂL 141 Bt
p 2F 1+r| 20,

where the pipe burial parameter is:

By

uyH _tan kg (105pcf)(4.756) (16t )
ot 0.25in 12in

=6.91pci

For our lateral spread with L = 600 ft:

8peak - H '
2(29,000,000 pSl) 33 2-42,000
=0.00086

_(6.91pci)(600ft x 12 in/ft)[1+ 15 (6.91 X 600 x 12]32]

Alternately, since the pipe strains are well below yield, the peak
strain is simply the stress divided by the modulus of elasticity:

o L2 353
P AE T 1(18)(.25)(29,000ksi)
=0.00086

This peak compressive strain now needs to be compared to
the allowables in Table 4.3. Using the lower bound in the 1984
ASCE guidelines:
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_03G) =0.0041

That is, the compressive strain capacity is roughly five times
the demand. Hence, the replacement with X-42 butt-welded pipe
is feasible. If the capacity were closer to the demand, one might
consider the other more complex capacity relations in Table 4.3.

The replacement is needed only in the toe region where the
WSJ pipe is inadequate. That is, the existing WSJ pipe is okay
where the compressive force is 272 k or less. Since the soil friction
force is 1.176 k/ft, the replacement X-42 pipe is needed within:

k k
353" =272 —69 ft
1.176 k/ft

each side of the toe of the PGD zone. That is, the X-42 replace-
ment pipe needs to be at least 138 ft in length and centered at the
toe of the PGD zone.

Retrofit Approach #3

As noted in Chapter 13, the peak axial compression in the
pipeline can be reduced by installation of an anchor point at the
head of the PGD zone. The peak tensile force increases to 0.59
t L, while the peak compressive force decreases to 0.41 ¢t L or:

Coae =0.41¢,L=0.41(1.17k(f)(6001t)
=287

Unfortunately, this peak compressive force is still larger than
the axial capacity of the WSJ pipe. Hence, an anchor at the head
of the zone is not a viable option.

Retrofit Approach #4

A soft spring at the toe of the PGD zone is another way to
reduce the peak compressive force in the pipeline. For our case,
the spring needs to be soft enough that the axial compression is
limited to 272%. Hence, the desired maximum normalized length
of the compression zone is the WSJ capacity divided by the total
friction force over the PGD Zone.

k
Leg 272 =0.39 or 39%
L~ 600ft(1.17k(f)
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This results in the normalized length of the tension zone being:

% =1-0.39=0.610r61%

As demonstrated above, the existing WS) pipe is capable of tak-
ing 79% of the total friction force. Hence, the soft spring approach
is feasible. A design in which the tension zone takes 67% and the
compression zone takes 33% results in comparable factors of safety
at both the head (0.79/0.67 = 1.18) and toe (.39/.33 = 1.18).

From Table 13.2, the stiffness ratio needs to be somewhat
larger than 1.0 for the normalized compression zone //L = 0.33.
Iterating with Equation 13.10 gives 8 = 1.20, hence, the stiffness
of the soft spring at the toe should be:

_AE_ x(18)(:25)(29,000 ksi)
LB 600 ft(*5")(1.2)
= 47.4k/in

The soft spring would likely consist of an expansion loop
within a vault, as sketched in Figure 14.1. The vault penetration
for the entering pipe (PGD side of vault) needs to allow axial
movement of the pipe. Beyond the expansion loop, the outgoing
pipe needs to be rigidly attached to the vault allowing no transfer
of axial compression beyond the vault.

Q
o |.° .
v |
Qe Anchor Point
= o \ |
0 § -4 !
. - -
o
2z
Ly | S 5
<} >< ﬁ
L
R PR Vault | =

W Figure 14.1 Plan View of Expansion Loop Vault for Soft Spring Retrofit
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A detailed analysis of the effective stiffness of the expansion
loop needs to be undertaken. However, the feasibility of the soft
spring/expansion loop retrofit can be determined by investigating
a simple upper bound case.

The effective stiffness of the loop (18-inch-diameter pipes,
Ya-inch wall thickness, full penetration butt welds) will be some-
what less than that for two built-in beams where the loaded end
can translate but not rotate. For such a beam, the deflection at the
end for a unit load is L*/12El. The total deflection is twice that for
one leg of the loop, hence, the effective stiffness is:

_12E
21,

where L, is the length of each leg in Figure 14.1. Hence, an upper
bound for L, is given by:

4745, 12(29,000)(r -18°-0.25/8)
. in — 2L/3

or
[,=126.9in=10.6 ft

This upper bound leg length seems feasible.

RISK ASSESSMENT: WATER SUPPLY
NETWORK SUBJECT TO WAVE
PROPAGATION

The Seismic City Water District (SCWD) is interested in an
estimate of likely earthquake damage to its system. There are two
specific issues. First, SCWD would like an estimate of the expect-
ed number of repairs to the 400 km of segmented water pipe in
its system, the majority of which is 6-inch-diameter, lead-caulked
Cast Iron (ClI) pipe. Secondly, SCWD would like a probabilistic
estimate of damage to the 3.2 km of 24-in ClI pipe, which con-
nects BK & M Industries (Seismic City’s main employer) to its wa-
ter source located directly to the west of the BK & M plant.
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The only seismic source in the area is the XYZ fault shown in
Figure 14.2. According to the project seismologists, the epicenter
of the design event is equally likely to be located anywhere along
the 87 km length of the active portion of the fault. As shown in
Figure 14.2, the XYZ fault runs north-south. The starting point for
the active portion of the fault is located 18 km east and 10 km
south of the center of Seismic City.

/|46
750‘\\(//
’/"\/ //I §
/ \\\#5 =
! l’ ' @
S — " :
769° | =
S /)\: ! m
____________ A ; oy E
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Seismic City / / :
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é 17LH ! = R
- 1T
| 18km L
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M Figure 14.2 Seismic City and XYZ Fault

Seismic City is fairly flat and, hence, seismically induced
landslides are unlikely. Also since the surfacial soils are clay, lig-
uefaction and lateral spreading are not expected. Hence, the only
seismic hazard of interest is wave propagation.

Since one expects differences in propagation velocity for seis-
mic waves from “near” and “far” sources, peak ground veloc-
ity from the USGS Probablistic Seismic Hazard Analysis (PSHA)
cannot be used directly. The PSHA peak ground velocity is due
to both near and far sources and cannot be disaggregated based
upon distance.

The boundary between the “near” and “far” sources is based
upon the 1984 ASCE Guidelines, which suggest that body waves
are expected for seismic sources within five focal depths of the
site (i.e., within 25 km of Seismic City for the 5 km expected focal
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depth associated with events on the XYZ fault). The project geo-
technical earthquake engineer estimates a PGV (V) of 28 cm/
sec for near (body wave) sources and 18 cm/sec for far (surface
wave) sources.

Finally, the project geotechnical estimates the average shear
wave velocity in the top 50 m of soil between the fault and Seis-

mic City to be 350 m/sec.

Expected Repairs in SCWD

The ground strains due to the “near” fault segment (assumed
body waves) and the “far” fault segment (assumed surface waves)
need to be evaluated.

As noted in Chapter 3, the peak ground strain for body wave
propagation (assumed 45° angle of attack) can be estimated using
Equation 3.7 with C_ = 1,000 m/sec:

o Vi 0.28m/sec
% 2C, 21,000 m/sec)
=1.4x10"

Again from Chapter 3, ground strain due to surface wave (spe-
cifically, R-waves) can be estimated using Equation 3.5 with the
propagation velocity C, taken as twice the shear wave velocity of
the top 50 m of soil:

V 0.18 m/sec

max

Ssun‘ace = =
C, 2(350m/sec)

=2.6x10"

From Figure 12.5, the relation between repairs per kilometer
(RR) and ground strain is:

log(RR) = 1.12 log(e) + 3.28
For a ground strain € of 1.4 x 10, we get:
log(RR) = 1.12 log(1.4 x 104) + 3.28
=-1.036

or
RR = 0.092 repairs per km
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For a ground strain of 2.6 x 10, the repair rate is 0.18 repairs
per km. For the 400 km SCWD network, this results in 37 and 74
repairs, respectively.

Hence, SCWD can expect roughly 40 to 80 repairs to their
system (one repair for every 5 to 10 km of pipeline) given the
occurrence of the design event in the near or far fault regions,
respectively.

BK & M Industries Water Line

For the SCWD network, the direction of the traveling waves
was not a major concern since, presumably, there were compa-
rable amounts of east-west pipe and north-south pipe. However,
the BK & M Industries line runs in one specific direction (east-
west) and, hence, the direction of wave travel can strongly impact
the resulting ground strain.

The 27 km length of the “near” fault segment is subdivided
into three 9 km subsegments. The center of the southern most sub-
segment (Subsegment #1) is 18 km east and 5.5 km south of Seis-
mic City. That is, the southern subsegment is located ESE of Seis-
mic City and the body wave angle of attack would be at 17° with
respect to the east-west axis of the BK & M pipeline. The angles
between the BK & M pipeline and the propagation directions for
the other two near fault subsegments are presented in Table 14.1.
As noted in Chapter 10 (Section 10.1.1), Equation 10.1 provides
the body wave ground strain for an arbitrary angle of attack:

- V. a SINY COSY
body =T~

N

For V. =0.28 m/sec and C_ = 1,000 m/sec the body wave

max

ground strain parallel to the pipe axis for a 17° angle of attack is:

(0.28 m/sec)-sin17°-cos17°
1,000 m/sec

=7.8x107

Epody =

The body wave ground strains for the other two near fault
subsegments are presented in Table 14.1. The resulting number
of repairs per kilometer from Figure 12.5 are 0.0477, 0.030 and
0.0839, respectively.
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M Table 14.1 Ground Strain and Repair Rates for BK & M Industries Pipeline

Subsegment Peak Attack Ground Repair Rate
Ground Angle Strain Figure 12.5
Strain g, Il to pipe g, (rep/km)
Near Fault 1 1.4 %x10* 17° 7.8 x 10° 0.0477
2 1.4 %x10* 11° 5.2 x10° 0.0303
3 1.4 x10* 34° 1.29 x 10° 0.0834
Far Fault 4 2.6 x 10* 56° 8.1 x 10° 0.049
5 2.6 x 10* 69° 3.3x10° 0.018
6 2.6 x 10* 75° 1.7 x 10° 0.009

A similar analysis is undertaken for the far fault segment. The
northern most of the three far fault subsegments has its midpoint
at 18 km east and 67 km north of Seismic City, and thus has an
angle of attack of 75° with respect to the BK & M pipeline.

Direction of
Surface Wave
Propagation

W Figure 14.3 Surface Wave Ground Strain Along Pipeline Axis

The relation for the ground strain along a pipe axis for surface
waves traveling at an angle of attack y is developed in Figure 14.3.
The peak ground strain is along the direction of wave propaga-
tion. The displacement at a distance L is A = € - L. The correspond-
ing length along the pipeline, is L = L/cos y. The component of
ground displacement parallel to the pipe is:

ApzA-cosy

DESIGN EXAMPLES 325



Hence, the ground strain parallel to the pipeline axis is:

A A
¢ = p _ACOSy

or "L, " L/cosy

€,=¢€-C0Os"y

Hence, for a surface wave ground strain parallel to the di-
rection of propagation of 2.6 x 10, the ground strain along the
pipeline of a 75° angle of attack is:

g,=2.6x10"(cos75°)’
=1.7x107

The parallel to the pipe ground strains for the other two far
fault subsegments are presented in Table 14.1. From Figure 12.5,
the resulting expected repair rates for a ground strain of 1.7 x 10~
is 0.0091 repairs per km. Expected repair rates for other far fault
subsegments are presented in Table 14.1.

From Table 14.1, the average expected rate for sources in
the near fault region is 0.054, while rate in the far fault region
is 0.0252. Since the probability is the same for the design event
originating from any given point along the whole fault, the weight
average expected repair rate from Figure 12.5 is:

_ 60km(0.0252) + 27km(0.054)
- 87 km

RR

=0.034

This expected repair rate specifically applies to the pipe di-
ameter database upon which Figure 12.5 is based. The most com-
mon pipe in that database was 6-inch-diameter CI pipe. Since
this happens to be the same pipe as the majority of the SCWD
system, no correction was applied when determining expected
repair rates for the SCWD system as a whole. However, the BK &
M Industries pipe has a larger diameter (24 in) and joint embed-
ment distance than the typical 6-inch-diameter pipe upon which
Figure 12.5 was based. According to Table 4.7, the embedment
distance for 24-inch Cl pipe is 4.0 in, while the corresponding
value for 6-inch CI pipe is 3.5 in. A larger embedment distance
requires a larger ground strain for a joint pull-out or a joint crush-
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ing failure. Given the near linear relation between repair rate and
ground strain, it is reasonable to reduce the 6-inch pipe expected
repair rate by the ratio of embedment distances. Hence, the ex-
pected number of repairs along the 3.2 km length of the BK & M
pipeline is:

0.034rep 3. 2km- 3.51'n
km 4.0in
=0.095

Expected # repairs =

That is there is roughly a 10% probability of damage to the BK
& M line given the design event.

ORIENTATION FOR OFFSHORE
PIPELINE IN MISSISSIPPI RIVER DELTA

A 10-inch-diameter (10.75 O.D.) offshore pipeline will be
used to transport crude oil across the Mississippi River Delta
(MRD) where landslides are frequently triggered by hurricanes
or earthquakes. X-60 grade steel pipe with a 0.5-inch (0.0127-m)
wall thickness are selected based upon the internal design pres-
sure and external hydro-static pressure. A 1-meter burial depth is
required for the pipeline since water depth is less than 200 ft (61
m). The shear strength of the frictionless soil at the seabed is 50
psf (2.4 kN/m?) with an 8.0 psf per ft (1.26 kN/m? per m) increase
with depth. The deposition rate for soil is estimated to be 1 to 2 ft/
year (0.3 to 0.6 m/year). The length (or drag length) of the block of
soil, which moves downslope (spatial extent of the design land-
slide parallel to the direction of movement), is expected to be
820 ft (250 m), while the width (i.e., spatial extent perpendicular
to the direction of movement) is expected to be 1,000 ft (310 m).
Finally, the expected amount of ground movement is 80 ft (18 m).
Hence, the run-out distance (distances from the head of the slid-
ing block before movement to the toe of the sliding block after
movement) is 900 ft (820 + 80). The problem is to determine the
most favorable pipeline orientation with respect to the direction
of landslide movement.
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Design Data

Due to the high deposition rate, the burial depth of the pipe
increases significantly over the course of its 30-year design life.
Since the soil shear strength increases with depth, the strength of
the soil immediately surrounding the pipe, as well as the force
induced in the pipe by a given landslide, similarly increases
with age.

The design engineer has recommended and the pipeline own-
ers have approved a design based upon deposition rate of 2 ft per
year (high end of expected range) and a landslide occurring at 15
years (the midpoint of the 30-year design life).

Hence, the burial depth at the time of the landslide is esti-
mated to be the initial 3.2-foot burial depth plus 15 years worth
of 2 ft per year of new seabed deposition, or a total of 33.2 ft (10
m). Note that according to Gilbert et al. (2007), the thickness of
the sliding block (depth to sliding interface) is 50 to 100 ft (15 to
30 m) for landslides in the MRD. Hence, the pipeline is expected
to still be within the moving soil mass. The shear soil strength at
this 33.2-foot depth is:

S, =50psf+8.0pf—?c(33.2 ft) = 315psf

The peak soil resistance to axial movement of the pipe is giv-
en in Equation 5.3:

tuzn-D-a-Su

where the adhesion factor a from Figure 5.2 is about 1.0 for
such a low shear strength. Hence, the resistance to axial move-
ment is:

. 7(10.75in)(1.0)(315 psf)

. - = 888 Ibs/ft
12 in/ft

The peak resistance to transverse movement is given in
Equation 5.9:

pu:‘su./\lch.D

where the horizontal bearing capacity factor for clay from Figure
5.6(b) is N, = 7 for H/D greater than ten. Hence:
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107500 _ 1 oo Ibs
120 ft

Py =Fa=F,=(315psf)(7)

For the X-60 steel pipe, the Ramberg-Osgood parameters are
o, =60 ksi (414 MPa), n = 10, r = 12 from Table 4.1.

Parallel Orientation

The ground movements associated with offshore landslides
are typically large, and pipe behavior is controlled by the spatial
extent of the landslide zone (plan dimension parallel to the direc-
tion of ground movement). Assuming the soil drag force is shared
equally between tension at the head and compression at the toe,
peak tensile and peak compressive pipe strains € and displace-
ment for Case | in Figure 6.5 are calculated from Equations 6.3
and 6.4 with x = /2.

For the offshore pipe in question with D/t = 21.5, the tensile
capacity (taken to be 2.0% strain) is comparable to the com-
pressive capacity (taken to be 0.5 /D — 0.0025 or 2.1% from
Equation 4.10).

The pipe burial parameter is calculated using Equation 6.7:

S
B, =a-=

or
B,=1.0(315psf)(122)/0.5in=7.6 kips per ft’

The critical landslide length, which causes a peak pipe strain
of 2%, is calculated from Equation 6.3. That is:

e(L/Z):ﬁ LN |
2F T+r| 20,

7.6k (%) ., 10 7.6kt (L) N
2x60 ksi- (12in/ft)’

or

0.02= i
29.000 ksi-(12in/ft)" |~ 1+12
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The critical landslide length is 2,749 ft (838 m), beyond which
the peak pipe strain would exceed the design strain limit of 2%.

At the critical landslide length, the peak pipe displacement is
calculated from Equation 6.4, again with x = L/2:

s B0 {H 2 n [ﬁ”
P E 2+r 1+r| 20,

or

s 76KC(L374R)° | 2 10 (7.6kC01,374f0)
P 729,000 ksi(144in/f7) | 2412 T+12|  60ksi(144)

§,=6.94ft

which is less than the expected amount of ground movement.
That is, the assumption of Case | behavior is confirmed. Hence,
in a parallel orientation, the pipe can accommodate an offshore
landslide with a length of 2,750 ft.

For offshore pipe with shallow burial, one expects the land-
slide behavior to be controlled by tension at the head of the slide
with Euler or beam buckling (but no local buckling and potential
tearing of the pipe wall) at the toe of the slide.

Perpendicular Orientation

When subjected to transverse PGD as shown in Figure 7.32,
the pipe will experience both bending and axial strain. The axial
strain from Equation 7.28 is:

). a1
£, == 34— | —o—
AE| "1+r| Ao,

or

L T, 1,10 T, ’
"~ 7(10.75in)(0.5in)(29,000ksi) | 1+12| 7(10.75)(0.5) (60 ksi)

The pipe bending strain from Equation 7.29 is:

SNl

P
8b: T_
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or

. _ (10.75in) 198 k/ft
"T2(12in/ft) T,

o

The critical value of the peak tensile force within the PGD
zone, T, for which the combine strain is 2.0%,

€ g = 0.02

can be determined by iteration to be T = 1,217 kips (5,520 kN).
The critical width—that is, the value for 2W, for which T_= 1,217
kips (total strain = 2%)—can be determined by equating the
change in length from Equation 7.25:

AL :%sz W (1+QJ/TO2
u2

or

1.98%,

1 )
AL =—(1.98%) -W*| 1+
3( ) 1( 1.98%;

)/ (1217 k)’
with the corresponding value from Equation 7.26:

2
AL =%(1+1)+ I, [1+L;¢)

AE AL\ 241
where
_n (1)
“ 1+r Aay
or
~ 1217k 1217k 2
A= (1075 m)(051n)(29,000 k) [2W1 (I x)+ 0.89§(1+ 2+12 l)]
and
10 1217k "
X = - - - =6.95
1+12| 7(10.75in)(0.5in)(60 ksi)
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Iteration results in W, = 201 ft. Hence, the maximum width
of the landslide zone, for which the pipe strain is no more than
2.0%, is 2 W, = 402 ft.

The corresponding peak lateral displacement of the pipe (at
center of landslide) is given by Equations 7.20 and 7.21:

’Du1W12 + 'l:)mVVz2

Or=0t 0 =Ty

or

1.98% 2
S =2{—“ (201) ]=65.6 fi
2(1,217k)

Since this pipe displacement is less than the expected land-
slide movement of 80 ft, the result is consistent with the assump-
tion of the model.

In summary, since the expected drag length (820 ft) of the de-
sign landslide (plan dimension parallel to the direction of ground
movement) is less than the 2,749 ft length, which results in 2%
pipe strain, the parallel crossing is feasible. However, since the
expected width (1,000 ft) of the design landslide (plan dimension
perpendicular to the direction of ground movement) is more than
the 402 ft width, which results in 2% pipe strain, the perpendicu-
lar crossing is not feasible. An oblique crossing (neither parallel
nor perpendicular) would be worse. Hence, the parallel orienta-
tion is preferred.
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