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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand
and disseminate knowledge about earthquakes, improve earthquake-resistant design, and imple­
ment seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis
is on structures in the eastern and central United States and lifelines throughout the country that
are found in zones of low, moderate, and high seismicity.

NCEER's research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus
of work for years six through ten. Element Ill, Demonstration Projects, have been planned to
support Applied Research projects, and will be either case studies or regional studies. Element
IV, Implementation, will result from activity in the four Applied Research projects, and from
Demonstration Projects.

ELEMENT I
BASIC RESEARCH

ELEMENT II
APPLIED RESEARCH

ELEMENT III
DEMONSTRATION IPROJECTS

ELEMENT IV
IMPLEMENTAnON

Case StL:dles
• Active and hybrid control
• Hospi~al and data processing

faclliUes
• Short and medium span

bridges
• Water supply systems In

Memphis and San Francisco
Regional Studies
• New York City
• Mississippi Valley
• San Francisco Bay Area

• The Bridge Project

• The Building Project

• The Nonstructural
Components Project

• The lifelines Project

• SoliS and geotechnical
engineering

• Structures and systems

• Risk and reliability

• Protective and
Intelligent systems

• Societal and economic
Impact program

• SeIsmic hazard and
ground motion

• ConferenceslWorkshops
• EducatlonlTrainlng courses
• Publications
• Public Awareness

Research tasks in the Lifeline Project evaluate seismic performance of lifeline systems, and
recommend and implement measures for mitigating the societal risk arising from their failures
caused by earthquakes. Water delivery, crude oil transmission, gas pipelines, electric power and
telecommunications systems are being studied. Regardless of the specific systems to be con­
sidered, research tasks focus on (1) seismic vulnerability and strengthening; (2) repair and
restoration; (3) risk and reliability; (4) disaster planning; and (5) dissemination of research
products.
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The end products of the Lifeline Project will include technical reports, computer codes and
manuals, design and retrofit guidelines, and recommended procedures for repair and restoration
of seismically damaged systems.

The soils and geotechnical engineering program constitutes one of the important areas of
research in Element I, Lifelines Project. Major tasks are described as follows:

1. Perfonn site response studies for code development.
2. Develop a better understanding of l~rge lateral and vertical permanent ground deforma­

tions associated with liquefaction, and develop corresponding simplified engineering
methods.

3. Continue U.S. - Japan cooperative research in liquefaction, large ground deformation, and
effects on buried pipelines.

4. Perform soil-structure interaction studies on soil-pile-structure interaction and bridge
foundations and abutments, with the main focus on large defonnations and the effect of
ground failure on structures.

5. Study small earth dams and embankments.

This report describes the development of analytical models for the behavior of continuous
pipelines subjected to permanent ground deformation. Buried steel pipelines were subjected to
four idealized patterns of longitudinal permanent ground deformation and their response was
determined. The pipe strains induced by these four patterns were then compared. Recommenda­
tions are provided for the design of new pipelines which must cross areas which will likely be
affected by permanent ground deformation. These recommendations include increasing the pipe
wall thickness, using the smallest allowable soil cover over the top of the pipe, and backfilling
the pipelines trench with lighter weight soils with a low angle ofshearing resistance.
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ABSTRACT

The response of buried steel pipelines to permanent ground displacement is investigated.

Specifically, pipeline response to four different idealized patterns of longitudinal permanent

ground deformation, wherein the non-recoverable soil movement is parallel to the pipeline

axis, is considered. The pipe material is assumed to be linear elastic while the

force-deformation relationship of the soil-pipeline interface is taken to be elasto-plastic

(elastic spring--slider) or rigid-plastic (rigid spring--slider).

The four patterns of longitudinal permanent ground deformation investigated are

idealizations of patterns observed in past earthquakes. They are; (a) uniform ground strain

(Ramp), (b) rigid block movement, (c) uniform ground strain with a free face (Ramp/Step)

and (d) symmetric uniform ground strain (Ridge). For the first two patterns, the exact

response is determined and compared with a simplified model which neglects the elastic

portion of the force-deformation relationship at soil-pipeline interaction. It is found that

the simplified models predict maximum pipeline strains within 5 percent of the exact

values. For the third and fourth patterns of longitudinal permanent ground deformation,

results are presented for the simplified interface model (rigid spring-slider) only.
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SECTION I

INTRODUCTION

The integrity of buried pipelines is a major concern for designers, owners, and users. The

public depends on pipelines to supply gas, oil and water, and for waste removal. Thus

pipelines are the veins and arteries of society. The failure of a pipeline can lead to

economic losses, ecological damage and possible loss of life.

Observed seismic damage to buried welded steel pipelines has been attributed to both wave

propagation and permanent ground deformation (PGD). Seismic wave propagation

damage results from axial and bending strains induced in a pipeline due to transient

earthquake waves travelling along the ground surface. These strains can lead to pinhole

leaks in areas previously weakened by corrosion. If the induced pipeline strains are large

enough, they can cause local buckling and subsequent tearing of the pipe wall. For

example, O'Rourke and Ayala [1] attribute the failure of a 42 in. diameter, x--42 grade,

welded steel water pipeline in Mexico City to seismic wave propagation caused by the 1985

Michoacan earthquake.

Permanent ground deformation refers to nonrecoverable soil movement due to landslides,

surface faulting, settlement, or liquefaction induced lateral spreading. Herein we restrict

our attention to landslides and liquefaction induced lateral spreading. The response of a

buried pipeline to this type of PGD is a function of the pipeline orientation with respect to

the direction of ground movement. In general, a pipeline would be exposed to some

combination of transverse PGD and longitudinal PGD. For transverse PGD the soil

movement is perpendicular to the pipeline axis, while for longitudinal PGD the soil

movement is parallel to the pipeline axis. This type of movement can result in pipeline

failure. For example O'Rourke and Tawfik [2] describe damage to five steel pipelines near

the Upper Van Norman Reservoir due to transverse PGD resulting from the 1971 San

Fernando earthquake.

In this report, the response of linear elastic steel pipe to various idealized patterns of

longitudinal PGD is determined. In section 2, existing information on the magnitude and

spatial extent of liquefaction induced lateral spreading is briefly presented In addition,

observed PGD patterns are reviewed and the four idealized patterns of longitudinal PGD

considered herein are identified. A model for the force deformation relationship at the soil

pipe interface is presented in Section 3. In Section 4, the axial strain in a pipeline

1-1



subjected to a uniform ground strain (Ramp) pattern of longitudinal PGD is presented.

The pipe strain is evaluated using an elastic spring-slider developed in Section 3 to model

the soil-pipe interface as well as a simplified model in which the spring portion of the

spring-slider is assumed rigid. In Section 5, pipeline axial strain is evaluated for a rigid

block pattern of longitudinal PGD. Again, both the complete soil pipeline interfaces model

(elastic spring-slider) as well as a simplified model (rigid spring-slider) are used. In

Section 6 pipeline axial strain resulting from uniform ground strain with a free face

(Ramp/Step) longitudinal PGD patterns is presented. In this section, results are

presented only for the simplified interface model (rigid spring-slider). A symmetric

uniform strain (Ridge) PGD pattern is investigated in Section 7 using the simplified

interface model. Section 8 presents a comparison between the pipeline strains induced by

the four idealized PGD patterns. A summary and the recommendations from the study are

presented in Section 9.

1-2



SECTION 2

PERMANENT GROUND DISPLACEMENT

The strain induced in a buried pipeline is a function of the PGD magnitude, the spatial

extent of the PGD zone and the pattern of ground movements along the pipeline route. In

this section, existing techniques for estimation of the magnitude of PGD are reviewed.

Information on the spatial extent of longitudinal PGD zones is also presented. In addition,

observed patterns of PGD are reviewed. Finally, four idealizations of observed PGD

patterns are identified. The response of a buried pipeline subjected to these idealized

patterns is determined in Section 4 through 7.

2.1 PGD Magnitude

Modeling PGD due to liquefaction induced lateral spreading is an area of ongoing research.

In his state of the art report, Finn [3] summarizes some of the more important

contributions. He cites work by Hamada, Yasuda, Isoyama and Emoto [4] which suggests

PGD induced by liquefaction of sandy soil is closely related to the geometrical

configuration of estimated liquefiable layers. They have proposed a regression formula to

predict the magnitude of horizontal PGD 0, in meters, as a function of the thickness of the

liquefied layer h, in meters, and the slope Og, in percent, of the lower boundary of the

liquefied layer or the ground surface, whichever is larger

2 3
0= 0.75 Jli . Ng (2.1)

Youd and Perkins [5] introduce the concept of a Liquefaction Severity Index (LSI) which is

defined as the amount of PGD, in inches, associated with lateral spreads on gently sloping

ground and poor soil conditions. LSI is arbitrarily truncated at 100. They present an

empirical relationship for LSI as a function of the earthquake magnitude Mw and distance

R to the site, in kilometers, for Western U.S. Earthquakes

log LSI = - 3.49 - 1.86 log R + 0.98 Mw (2.2)

Figure 2-1 shows a comparison between measured LSI and values predicted by eqn. (2.2).

This relationship is not directly applicable to the Eastern U.S. since seismic wave
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EXPLANATION: DATA FROM

o 1906 SAN FRANCISCO
+ 1964 ALASKA
• 1973 PT. MUGU
• 1978 SANTA BAR BAR
o 1979 IMPERIAL VALLEY
X 1981 WESTMORLAND
... 19B3 BORAH PEAK
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1,
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1
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HORIZONTAL DISTANCE FROM SURFACE PROJECTION OF ENERGY SJURCE
R. In km

FIGURE 2-1 LSI from Several Western U.S. Earthquakes and Values
Predicted by Equation 2-2 (after Youd and Perkins, 1987).
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attenuation characteristics in the Western U.S. are significantly different than those in the

Eastern U.S..

More recently Baziar [6] has developed an analytical' relation for the magnitude of PGD, b,

for Western U.S. earthquakes based upon the Newton Sliding Block model. His

relationship is

2

b = 2 Vmax • FAmax
(2.3)

where Vmax = peak ground velocity, Amax = peak ground acceleration and F is a shape

factor which is a function of the ratio of the yield acceleration to the peak ground

acceleration. Figure 2-2 shows a comparison between the Youd and Perkins empirical

relationship for LSI = b given by eqn. (2.2) and the Baziar analytical relationship given by

eqn.2.3.

Finally, Towhata et al. [7] use a variational principle to develop an analytical relation for

the magnitude of liquefaction induced PGD. Figure 2-3 shows measured horizontal PGD

magnitudes in Noshiro City caused by the 1983 Nihonkai-Chubu earthquake as well as the

PGD calculated by the Towaha et al. procedure.

All four methods for estimating the magnitude of PGD are the result of recent research.

The authors are not in a position to recommend any particular method as being the best.

2.2 Spatial Extent of PGD Zones

As will be shown later, the length L of the lateral spread zone (i.e. spatial dimension in the

direction of ground movement) is a key parameter in determining the response of buried

pipeline to longitudinal PGD. Using case history data from the 1964 Niigata Earthquake

and the 1983 Nihonkai Chubu Earthquake, Suzuki and Masuda [8] present empirical

information on the magnitude and extent of the lateral spread zone for longitudinal PGD.

Figure 2-4 shows the PGD patterns observed by Suzuki and Masuda. The upper figure

shows a region of tensile ground strain while the lower figure is compressive. Figure 2-5

shows a plot of observed values of band L. There are a total of 290 data points in this

figure. The 133 data points with positive values of b correspond to :ensile deformations as

shown in Figure 2-4a. The remaining 157 data points below the b = 0 line are compressive
2-3
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(a) Tensile Ground Strain

z

(b) Compressive Ground Strain

FIGURE 2-4 Longitudinal Permanent Ground Deformation Patterns
observed by Suzuki and Masuda (1991).
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FIGURE 2-5 Empirical Data on the Magnitude 0= D
for Longitudinal PGD (after Suzuki and
Masuda, 1991).
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deformation as shown in Figure 2-4b. Note in Figure 2-5 that L ~ 400 m. and 6 ~ 1.5 m.

The average ground strain, a = 6/L, for both tensile and compressive deformations

generally falls in the range 0.002 ~ a ~ 0.03 with typical values being 0.007 or 0.008.

2.3 Observed PGD Patterns

As will be shown later, the pattern of ground deformation (i.e. the distribution of PGD

along the pipeline axis) influences the strain induced in a buried pipeline by longitudinal

PGD. Towhata et al. [7] observed that vertical soil movement occasionally accompany

liquefaction induced lateral spreading. In general, subsidence tends to occur in the upper

portion of the slope and heaving at the lower portion. Herein, these possible vertical soil

movements are neglected and buried pipe response to the horizontal component of PGD

will be determined.

Hamada et al. [9] have studied PGD which resulted from liquefaction during the 1964

Niigata Earthquake and the 1983 Nihonkai-Chubu Earthquake. Figure 2--B shows PGD

observed along six section lines in Niigata City as a result of the 1964 earthquake. In this

figure as well as in Figures 2-7, 2-8 and 2-9, a vertical line with an open circle indicates

permanent movement to the right while a solid circle indicates movement to the left. In

general, at the bank of a river the PGD is towards the river. For example Figure 2--B(c)

shows PGD to the left near the right abutment of the Bandai Bridge, and PGD to the right

near the left abutment. The same pattern is evident at the left bank of the Shinano River

in Figure 2--B(a), the left abutment of the Showa Bridge in Figure 2--B(b) , and the left

abutment of the Yachiyo Bridge in figure 2--B(f). At some distance away from a river,

Hamada et al. [9] note that the direction of PGD appears to be controlled by the slope of

the ground surface or the slope of the bottom of the liquefied layer. For example the PGD

between the Echigo line and the Niigata-Kotsu line in Figure 2--B(a) is away from the

Shinano River because the lower boundary face of the liquefied layer falls away from the

river at that location. Figure 2-7 shows PGD observed along twenty-seven section lines in

Noshiro City as a result of the 1983 Nihonkai-Chubu Earthquake.

As shown in Figure 2--B and 2-7, the observed patterns of longitudinal PGD can be quite

complex. However for some of these case histories, the observed patterns can be idealized.

For example in Figure 2--B(e) , there is a fairly linear variation of PGD with distance from

the right, resulting in a displacement of roughly 3.5 m. about 350 m. to the left of the point

of zero PGD. This corresponds to an average ground strain a = 6/L of roughly 0.01 over
2-6
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the length L of 350 m. A somewhat similar pattern can be observed at the far left hand

side of Figure 2-6(d) when a displacement of roughly 2.0 m. occurs about 60 m to the right

of the zero PGD point. This corresponds to an average ground strain of roughly 0.033 over

a distance of 60 m.

Other examples of fairly linear variation of PGD with distance were observed in Noshiro

City. In Figure 2-7(a), the maximum PGD is roughly 3.5 m, while about 250 m. to the

right the PGD is zero. This results in an average ground strain of 0.014. In the center of

Figure 2-7(b), the maximum PGD is roughly 4 m. but about 140 m. to the right it's zero,

resulting in a ground strain of about 0.029. Finally, towards the center of Figure 2-7(s),

the maximum PGD is roughly 2.5 m and there is no PGD about 280 m. to the right,

leading to an average ground strain of 0.009.

Some of the other case histories for Noshiro City show relatively uniform PGD over various

distances. For example the observed PGD in Figure 2-7(j) has a relatively constant value

of roughly 1.5 m. over a distance of roughly 130 m. Similarly in Figure 2-7(u), the

observed PGD is almost a constant value of 2 m. over a distance of roughly 500 m.

Hamada, Wakamatsu and Yasuda [10] have investigated observed PGD due to liquefaction

occasioned by the 1948 Fukui Earthquake. Figure 2-8 shows PGD near the Yoshino Creek

in the Western part of Morita-eho. The PGD in Figure 2-8 follows the trend noted

previously, that is, at each side of the creek the ground movement was towards the creek.

The maximum PGD was about 3 m. and occurred about 85 m. to the right of the creek.

The ground movement on either side of this maximum PGD point decrease in roughly a

linear fashion, being about zero immediately to the right of the creek and about zero

roughly 190 m. to the right of the creek. The corresponding ground strain on either side of

the point of maximum PGD is roughly 0.035. The ground deformation is tensile to the

right of the point of maximum PGD,and compressive to the left.

On the left hand side of Figure 2-8 the maximum PGD was about 2 m in a direction

towards the creek and occurred about 60 m to the left of the creek. The PGD on either

side of this local maximum decrease in roughly a linear fashion, being about zero

immediately to the left of the creek and about zero roughly 120 m to the left of the creek.

The corresponding ground strain on either side of this local maximum PGD is roughly

0.033, being tensile to the left and compressive to the right.
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A final example of observed PGD is the area between the Ohgata Elementary School and

the Tsusen River in Niigata City which was investigated by Yasuda et al. [11]. Figure 2-9

shows PGD that resulted from the 1964 Niigata Earthquake. In the center of this figure,

the PGD was towards the river, as one might expect based on the trend previously noted

herein. The maximum PGD is roughly 7.5 m and occurs roughly 210 m to the left of the

Ohgata School. Between the school and the point of maximum PGD, there is a fairly

linear variation of PGD with distance from the point of zero PGD at the school. This

corresponds to an average tensile ground strain of rougWy 0.036.

There are olliy two data points in Figure 2-9 between the maximum PGD location in the

center of the figure and the Tsusen River on the left. Figure 2-10 shows the idealized

horizontal soil displacement within 210 m of the Ohgata school and three possible soil

displacement patterns over the 180 m distance to the right of the river.

2.4 Idealized PGD Patterns

In subsequent sections, the axial strain in a buried pipeline subject to four idealized

patterns of longitudinal PGD will be determined. These four idealized patterns are based

upon the observed PGD patterns mentioned above. They are: (a) Ramp PGD, (b) Rigid

Block PGD, (c) Ramp/Step PGD and (d) Ridge PGD.

2.4.1 Ramp paD

The first idealized longitudinal PGD pattern considered herein is Ramp PGD. This

corresponds to uniform ground strain a over a length L as shown in Figure 2-11. The

ground strains on either side of the transition zone are zero. The soil displacement to the

left of the transition zone is zero while the soil displacement to the right of the transition

zone have a constant value of 6 = aL.

The Ramp PGD pattern approximates the patterns quantified by Suzuki and Masuda [8]

and shown in Figure 2-4. It also approximates the PGD pattern shown on the far left

hand side of Figure 2--6(d) and towards the center of Figure 2-7(q). The Ramp pattern

would be an appropriate model for the PGD shown in Figure 2--6(e) if the soil

displacements on the left hand side of the figure have a constant value of about 3.5 m.
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Establishing a coordinate system with an origin at the boundary between the stable soil

region (zero PGD) and the transition zone, the assumed horizontal soil displacement,

ug(x), for Ramp PGD become

Ug(X) = (~
aL

x < 0

O<x<L

x>L

(2.4)

Axial pipeline strain induced by Ramp PGD is determined in Section 4.

2.4.2 Rigid Block PGD

The second idealized longitudinal PGD pattern considered herein is Rigid Block PGD.

This corresponds to a mass of soil having length L, moving as a rigid body down a slight

incline as shown in Figure 2-12. The soil displacement and soil strain at either side of the

landslide or lateral spread zone are zero, while the displacement of the soil within lateral

spread zone is a constant value O. A ground crack or gap occurs at the head of the slide

and a compression mound or berm at the toe.

The idealized Rigid Block pattern would be an appropriate model for the PGD in Figures

2-7(j) and 2-7(u) if the ground displacements on the left and right sides of these figures

were zero. Establishing a coordinate system with an origin at the head of the lateral

spread zone, the assumed horizontal ground displacements for Rigid Block PGD are given

by

x < 0

a < x < L

x > L

(2.5)

Axial pipeline strain induced by Rigid Block PGD is determined in Section 5.

2.4.3 Ramp/Step PGD

The third idealized PGD pattern considered herein is Ramp/Step PGD shown in

Figure 2-13. This pattern could result from lateral spreading near a free face such as a
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river. Soil displacement and soil strain are both zero on either side of the lateral spread

zone, while the soil strain within the zone has a constant value of a.

The Ramp/Step PGD pattern would be an appropriate model for the ground movements

on the right hand side of Figure 2---{)(c) if the ground displacements under the

BandaiBridge were zero, for the ground displacements in Figure 2-7(c) and Figure 2-7(0)

if the ground displacements to the left were zero, and for the postulated pattern shown in

Figure 2-10(c). Establishing a coordinate system with an origin at the beginning of the

ramp, the assumed horizontal ground displacements for Ramp/Step PGD are given by

2.4.4 Ridge paD

x < 0

O<x<L

x>L

(2.6)

The fourth idealized pattern considered herein is Ridge PGD as shown in Figure 2-14. Soil

displacement and soil strain are zero outside the zone of lateral spreading. Within the

lateral spread zone, there is uniform tensile ground strain, a, to the left of the ridge

(i.e. the point of maximum ground movement) and uniform compressive ground strain, a,

to the right of the ridge.

The Ridge PGD pattern might be an appropriate model for the observed ground movement

to the left of the Bandai Bridge in Figure 2---{)(c), for the pattern in Figure 2-7(b), for the

south side of the Yoshino Creek in Figure 2-8 and the postulated pattern shown in

Figure 2-10(b). Establishing a coordinate system with an origin at the left side of the

lateral spread zone, the assumed horizontal ground displacements for Ridge PGD are

o
ax

Ug(x) = a(L-x)

o

x<O

o < x < L/2

L/2 < x < L

x>L

(2.7)

Pipeline axial strain induced by Ridge PGD is determined in Section 7.
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SECTION 3

SOIL - PIPELINE INTERACTION

The stress and strain in a buried pipeline subject to pseudo-static PGD are due to forces at

the soil-pipeline interface. For longitudinal PGD, the key relationship is that between the

force at the soil-pipeline interface and the relative displacement between the pipe and

surrounding soil (i.e. direction of force and displacement parallel to the pipeline axis). The

American Society of Civil Engineers Committee on Gas and Liquid Fuel Lifelines [12]

suggests the use of elasto-plastic or hyperbolic models for this relationship. For simplicity,

the elasto-plastic model (i.e. elastic spring-slider model) shown in Figure 3-1 is adopted

herein.

Tests performed by Colton et al. [13] on a full-scale pipe placed in a trench and backfilled

with cohesionless soil, indicate that the axial force/displacement relationship is linear at

small displacements. The soil force reaches a "plateau" when slippage of the pipe with

respect to the soil occurs. In the plateau or plastic region, the force per unit length exerted

on the pipe is a constant value fm. This is illustrated in Figure 3-2, which shows the

relationship between the axial force per unit length at the soil/pipeline interface, and the

relative axial displacement between the soil and pipeline.

The elasto-plastic model shown in Figure 3-2 is fully defined by two parameters. These

are the maximum axial force per unit length at the soil/pipeline interface, fm, and the axial

stiffness of the soil spring, k. The relative displacement at which slippage occurs, Ds, is

simply the ratio fm/k. Characteristics of these spring-sliders are determined in this section

after review and synthesis of the existing literature.

3.1 Maximum Axial Force Per Unit Length

For the case where the pipeline trench is backfilled with cohesionless soil, the ultimate

force per unit length at the soil/pipeline interface, fro, is simply the product of the

coefficient of friction and the average of the vertical and horizontal forces on the pipeline,

that is:
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fm = J.L • '}'H • (1 + K o) • 1r¢
2

(3.1)

where J.L is the coefficient of friction at or near the soil/pipeline interface, '}' is the unit

weight of the soil, H is the depth to the pipe centerline, Kois the coefficient of lateral earth

pressure and ¢ is the outside diameter of the pipe.

Experimental studies have shown that the coefficient of friction, J.L, between the soil and the

pipeline depends mainly on the nature of the pipe surface, the angularity of the soil grains

and the relative roughness of the pipe surface with respect to the soil grains. Results

obtained by Kulhawy and Peterson [14] show that for rough concrete pipe surfaces,

slippage occurs in the soil near the interface and that J.L ~ tan 0 where () is the angle of

shearing resistance of the soil. For the case of a concrete pipe with smooth surfaces,

slippage occurs at the interface for J.L/tan 0 ranging from 0.8 to 1.0, with a mean value of

0.9 (J.L ~ 0.9 tan 0). Colton et al. [13] noticed that for pipes wrapped with plastic covering,

slippage happens in the soil near the pipe rather than at the interface. The reason is that

the soil grains become partially embedded in the plastic cover at the interface. Brumund

and Leonards [15] also observed that tan (J is an upper bound for J.L, regardless of the rate at

which slippage is initiated. Two types of surfaces were studied: Mortar/Sand and Polished

Steel/Sand. The result for the first surface was similar to Kulhawy and Peterson's result

for concrete surfaces. For the Polished Steel surface, the mean value of J.L is equal to 0.5

tan 0, Based on these experimental results, the coefficient of friction for normal (i.e.

unpolished) steel pipe is taken to be that for concrete pipe with smooth surface, that is

J.L = 0.9 tan 0 (3.2)

The magnitude of Kofor normally consolidated cohesionless soil has been reported to range

from 0.35 to 0.47 (Perloff and Baron [16]). However, because of the backfilling and

compaction of the soil around the pipeline, one expects Ko to be somewhat larger.

O'Rourke et al. [17] recommend Ko= 1.0, as a conservative estimate for most conditions of

pipeline burial.
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3.2 Axial Stiffness

The technical literature contains a number of relations for ~he initial axial stiffness, k. For

the plane strain case, Novak et al. [18] presented the initial axial stiffness as a function of

frequency with values ranging from about 1.50 to 2.75 times the dynamic soil shear

modulus, G (1.50 G ~ k ~ 2.75 G). O'Leary and Datta [19] calculated k at low frequency to

be about two times G. In ~heir comparison of the observed behavior of a tunnel with a

multiple mass-spring model, Shibata et al. [20] have used k = G. In a Japanese design

procedure for buried pipelines, Kuboto Ltd [21] suggests a value of k = 3.0 G. Based upon

an analytical study of piles, O'Rourke and Wang [22] use k = 2.0 G. These analytical

results sugges~ LOG ~ k ~ 3.0 G.

Colton et al. [13] performed full-scale experiments which studied axial. soil-pipe

interaction for buried pipeline. EIHmadi and O'Rourke [23] used the Colton results to back

calculate the equivalent value for k. They found that 1.57G ~ k ~ 1.70 G when G is

evaluated for the expected level of soil strain. Based upon the analytical and experimental

values mentioned above, the initial spring stiffness k is taken herein as twice the soil shear

modulus, or

k = 2.0 G (3.3)

The procedure used to evaluate G for the appropriate level of soil strain follows that in

EIHmadi and O'Rourke [24].

3.3 Relative Axial Displacement for Slippage

As noted previously, the relative axial displacement for slippage at or near the soil-pipe

interface, Ds, is simply fm/k as shown in Figure 3-2. Table 3.1 lists Ds for various values of

the pipe diameter, ¢, and burial depth to the top of the pipe, C = H - ¢/2, evaluated for a

soil unit weight of 100 pcf. Table 3.I(a) is for a coefficient of friction f.t = 0.45 which

corresponds to an angle of shearing resistance of e= 27°. Tables 3.I(b) and 3.I(c) are for

coefficients of friction of 0.60 and 0.75 respectively, which correspond to () = 34° and 40°.

As shown in Table 3-1 the Ds values are increasing functions of f.t, ¢ and C. However, for

what is felt to be a reasonable range of parameters, all Ds yalues are less than 0.075 inches.

Note in this regard that Holloway [25] infers values in the 0.01 to 0.04 in. range for the
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relative displacement at slippage based upon tests of soil/pile interaction.

The small values for Ds suggests a simplified model for soil-pipe interaction. This

simplified model, shown in Figure 3-3, assumes that the soil spring is rigid (k = CIl and

Ds = 0). That is, the spring portion of the spring slider is neglected.

In the next two sections, the response of buried pipelines subject to two idealized patterns

of longitudinal PGD will be evaluated using both the elastic spring/slider model in Figure

3-2 and the rigid spring/slider model in Figure 3-3. In subsequent sections, the rigid

spring/slider model is used to evaluate response for two additional PGD patterns.
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Axial Force Per
Unit Length at Soil
Pipeline Interface

Relative Axial Displacement

FIGURE 3-3 Assumed Axial Force vs. Relative Displacement
Relation for Rigid Spring/Slider Model of the
Soil-Pipeline Interface.

3-6



\.

Burial Depth to Top of Pipe, C (ft)

Pipe
Diameter

¢ (in)

I 3 (.91 m). 6 (1.83 m) 9 (2.74 m)

12 (30.5 em) .004 .007 .0lD

30 (76.2 em) .011 .018 .026

48 (122 em) .020 .032 .044

(a) Coefficient of Friction J.L = 0.45.

Burial Depth to Top of Pipe, C (ft)

Pipe
Diameter

¢ (in)

3 (.91 m) 6 (1.83 m) 9 (2.74 m)

12 (30.5 ern) .005 .009 .013

30 (76.2 ern) .014 .024 .034

48 (122 em) .027 .043 .059

(b) Coefficient of Friction J.L = 0.60.

Burial Depth to Top of Pipe, C (ft)

Pipe
Diameter

¢ (in)

3 (.91 m) 6 (1.83 m) 9 (2.74 m)

12 (30.5 ern) .006 .011 .016

30 (76.2 em) .018 .030 .043

48 (122 em) .033 .054 .074

(c) Coefficient of Friction J.L = 0.75.

Table 3-1 Relative Axial Displacement, Ds, in inches, for Slippa&e at the
Soil/Pipe Interface evaluated for Unit Weight of Soil 'Y = 100 pcf tI610 kg/rn 3).

3-7





SECTION 4

RAMP PGD

The axial strain induced in a continuous steel pipeline due to a Ramp pattern of

longitudinal PGD is determined in this section. As mentioned previously, pipe response to

the horizontal component of PGD parallel to the pipe axis will be determined and any

vertical component (i.e. subsidence and heaving) is neglected. Initially the soil-pipeline

interface is modeled by the elastic spring-slider model shown in Figure 3-2. In addition,

the pipeline strain is also determined using a simplified rigid spring-slider model for the

soil-pipeline interface as shown in Figure 3-3. For the Ramp pattern considered in this

section as well as the other longitudinal PGD patterns investigated in Sections 5, 6 and 7,

the burial depth to the pipeline centerline, H, is assumed to be constant in and around the

PGD zone.

As noted previously the idealized Ramp pattern shown in Figure 2-11 approximates the

PGD patterns quantified by Suzuki and Masuda [8] and shown in Figure 2-4. It may also

be appropriate for the observed PGD patterns shown in Figure 2--6(d), 2--6(e) and 2-7(q).

Results are presented herein for Ramp PGD with tensile ground strain a. However the

results are also applicable with a change in sign, to situations with a compressive ground

strain of magnitude a.

As shown in Figure 4-1, a coordinate system is established with x = 0 at the head of the

transition zone, and the assumed ground movement is given as a function of the axial

coordinate x by Equation 2.4. The length of the transition zone is L. Since the

distribution of pipe strain is symmetric about the center of the transition zone, only the

area x ~ 1/2 is considered.

4.1 Elastic Spring/Slider Model

The solution using the elastic spring/slider model is obtained by dividing the pipeline into

three regions (Region I, II and III) as shown in Figure 4-1. Differential equations

governing the pipe response in each region are derived. The solution for the pipeline as a

whole is then obtained by enforcing equilibrium and continuity at the boundaries between

regions.
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T I I I I

--Region I--!--Region II--l--Region 1I1~1
I I I
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I I I

Ug(X) soil

FIGURE 4-1 Model of Pipeline Subjected to a Ramp pattern
of Longitudinal PGD.
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In Region I (x ~ xa) the displacement of the soil is zero and the relative displacement

between the pipe and soil is small enough so that the soil-pipeline interface behaves as a

linear spring. That is, the interface force is less than fm given by Equation 3.1. Region II

(xa ~ x ~ Xb) is a slip region where the relative displacements between the pipe and soil are

large and the soil-pipeline interface force is a constant equal to fm. In Region III

(Xb ~ x ~ L/2) the soil displacement is a linear function of the coordinate x, but the relative

displacements between the pipe and soil are small and hence the soil-pipeline interface is

again modeled as a linear spring. The values for Xa and Xb are not known a priori, but are

calculated as part of the solution.

4.1.1 Region I (x ~ xa)

Figure 4-2(a) shows the forces acting on a differential length of pipe in Region I. Since the

ground displacement, ug, equals zero, the soil-pipeline interface force is simply the pipe

displacement, up(x), times the spring constant, k given in equation 3.3. Summing forces

we obtain:

A( 0" + dO") = kup(x) dx + AO" (4.1)

where A is the cross sectional area of the pipeline and 0" is the induced stress in the

pipeline. Assuming a linear elastic pipe material (0" = EE) and noting f = dUp/dx, we

obtain:

(4.2)

where E is Young's modulus for the pipe. Thus the differential equation governing the

displacement of the pipe in Region I becomes:

d2dX~x) - ,g2Up(x) = 0

where ,g2 = k/EA.

(4.3)

At x = - CIl the displacement of the pipeline is zero. We define Fa as the force in the pipe

at Xa. Thus, the boundary conditions for Region I are
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A<r I

Cross Sectional kU (X)

Ar··A:~ ~~~=~== _5~~~3--"'A{<r+ d<r)
I I
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I I
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(a)

Cross Sectional
Area = A kJUp{X) - Ue{X)I
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I I
I I

I I
II <Ix II
I I

(b)

FIGCRE 4-2 Forces Acting on a Differential Length of Pipe
in Region I (a) and Region III (b) for a Ramp
pattern of Longitudinal PGD.
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Fa

EA

(4.4)

(4.5)

The solution of the differential equation given by equation (4.3) subject to the boundary

conditions in equations (4.4) and (4.5) is:

Fa l3(x-x )
--e a
EA{3

(4.6)

Since x = Xa is the boundary between the linear spring (Region I) and the "plastic" slider

(Region II), the relative displacement between the pipe and the soil equals Ds at Xa

(i.e. Ug(xa) - up(xa) = Ds which is a property of the soil-pipeline interface as discussed in

Section 3). However, since the soil displacement in Region I is zero:

and

EA{3
(4.7)

() D
13< x-xa)

up x = s e (4.8)

Note that, based on Equation 4.7, the soil-pipe system in Regior:. I can be treated as an

equivalent linear spring with spring constant Ka = EA{3. That is, as shown in Figure 4-3,

the displacement of this equivalent spring is taken as the relative displacement between the

pipeline and soil at x = Xa (i.e. Ds) and the force in this equivalent spring is taken as the

force in the pipe at x = Xa (i.e. Fa).

4.1.2 Region IT (xa ~ x ~ Xb)

The displacement of the pipeline in Region II can be determined from the known

displacement at x = Xa and the distribution of forces on the pipe as shown in Figure 4--4.

Note that the displacement of the pipe at x = Xa is equal to Ds. The force in the pipe in

Region II is the sum of the force at x = Xa (i.e. KaDs) and a contribution due to the
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FIGURE 4-3 Equ~valent Spring for the Soil-Pipe System in
Region I.
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a
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FIGURE 4-4 Forces Acting on Pipe in Region II;
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soil-pipeline interaction force fm:

(4.9)

The displacement of the pipe in Region II then becomes:

x

ff( x)
up(x) = Ds + -- dx

EA
Xa

or

KaD s (x-xa) fm(x - xa)2
up(x) = Ds + + ----

EA 2EA

4.1.3 Region III (Xb ~ x ~ L/2)

(4.10)

(4.11)

Figure 4-2(b) shows the forces acting on a differential length of pipe in Region III.

Equating these forces we obtain:

Au + du) = k(up(x) - ug(x))dx + Au (4.12)

Again for a linear elastic pipe material and noting € = dUp/dx, the differential equation

governing the pipe displacement, up, in Region III becomes:

(4.13)

At the boundary between Region II and III (i .e. x = Xb) the displacement of the pipeline is

equal to the ground displacement plus the relative displacement at which the soil spring

becomes plastic (i.e. relative displacement = Ds).

(4.14)

Noting that ug(x) = ax: in Region III this boundary condition becomes:

4-7



(4.15)

At the center of the transition zone, the displacement of the pipe by symmetry, equals the

displacement of the soil; as shown in Figure 4-1:

up(L/2) = ug(L/2) = aL/2 (4.16)

The solution to the differential equation given in equation (4.13) subject to the boundary

conditions given in equations (4.15) and (4.16) is:

up(x) - Xb ~ x ~ L/2 (4.17)

which is the pipe displacement in Region III.

4.1.4 Continuity

Continuity of the pipe requires that the pipe displacement immediately to the left of

x = Xb (i.e. equation (4.11) evaluated at x = Xb) must match the displacement

immediately to the right (i.e. equation (4.17) evaluated at x = Xb). That is:

(4.18)

Rearranging the terms yields the following:

(4.19)

This can be viewed as a quadratic equation in terms of the quantity Xb- Xa. Since we are

interested in the solution with Xb > Xa, the quadratic equation results in the following

transcendental equation:

4-8



-KaDs/EA + J(KaDs/EA)2 + 2fma:xb/EA

fm/EA

(4.20)

4.1.5 Equilibrium

A second relation for the quantity Xb-Xa can be derived by enforcing equilibrium. The

force in the pipe immediately to the left of x = Xb must equal the force in the pipe

immediately to the right of x = Xb. The force in the pipe immediately to the left is given

by Equation 4.9 evaluated for x = Xb. The force immediately to the right is simply the

pipe axial rigidity EA times the pipe strain in Region III evaluated for x = Xb. Thus:

dup
KaDs + fm(Xb-Xa) = EA - (Xb)

dx

where Up(Xb) is given by equation 4.17. Hence

+ a

(4.21)

(4.22)

Equation (4.22) can be simplified and rearranged to yield a second expression for Xa-Xb:

KaDs [ -I3L + -2~xb ]
Xa - Xb = - -- e e + 1 + EAa/fm

f -2~x b --i3L
m e - e

(4.23)

The right hand side of equations 4.20 and 4.23 can be set equal to each other. This results

in an equation which is solely a function the unknown Xb. Herein, the Newton-Raphson

Method is applied to the resulting equation to determine Xb.

4.1.6 Maximum Pipe Strain

The maximum strain, €, in the pipe occurs at x = L/2. Knowing the value of Xb, € can be

determined by evaluating the derivative of equation (4.17) for x = L/2:
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dUp (Lj2)

dx

= I: = a _ 2{ID se -.B(L/2+xb)

e-.B2xb _ e-{3L
(4.24)

Tables 4-Ia through 4-XXVIIa present the maximum pipe strain, 1:, for a Ramp pattern of

longitudinal PGD evaluated using equation 4.24. In these tables the unit weight of soil, "f,

is taken as 100 pcf and the coefficient of friction of the soil pipe interface, j.L, is taken as

0.75. Results are presented for pipe diameters, ¢, of 12, 30 and 48 inches, pipe wall

thickness, t, of 1/4, 1/2, and 3/4 inch, and soil cover C over the top of the pipe of 3; n. and

9 feet. The range of values for the ground strain, a, and the length of the PGD zone, L, are

based on the work by Suzuki and Masuda [8].

For fixed ground strain, a, the maximum stress in the pipe increases with the length

of the transition zone, L. For fixed L, the maximum pipe strain increases with increasing

soil strain, a. For fixed a and L the pipe strain is an increasing function of the cover over

top of pipe C = H - ¢/2, and a decreasing function of the wall thickness, t. It also appears

to be an increasing function of pipe diameter, ¢.

4.2 Rigid Spring/Slider Model

The results presented in table 4-Ia through 4-XXVIIa cover what is felt to be a reasonable

range for the parameters of interest. However, for situations not covered by these tables,

or for hand calculation, a simplified approach is useful. This simplified approach uses the

rigid spring/slider model for the soil pipe interface shown in Figure 3-3. Figure 4-5 shows

the two possible configurations of such a simplified model. It is assumed that slip occurs

between the soil and pipeline over a length Le on either side of the center of the transition

zone, x = L/2. Beyond Le the relative displacement between the soil and pipe is assumed

to be zero.

In Figure 4-5(a) the slip region extends all the way to the center of the transition zone and

the resulting pipe strain is less than the ground strain a. In Figure 4-5(b), the slip region

exists over a limited length near the ends of the transition zone, and the pipe strain

towards the center of the zone is equal to the ground strain a. That is the maximum pipe

strain for the Ramp pattern is always less than or equal to a. For the configuration in

Figure 4.5(a), the maximum pipe strain (I: < a) can be determined by noting that the

displacement of the pipeline at the center of the transition zone is equal to the

displacement of the soil (i.e. up(L/2) = ug(L/2)). Hence, the stretching of the pipe along
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FIGURE 4-5 Simplified Model of Buried Pipe Subjected to a Ramp
pattern of Longitudinal PGD.
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the length 1 e is due to the constant force per unit length, fm, at the soil pipe interface and

results in a pipe displacement of a1/2 at x = 1/2. The displacement can be calculated by

integration of the pipe strain over the slip length 1 e.

Le

up(L/2) = OiL/2 = J~~s ds =
o

2
f m1e

2EA
(4.25)

Equation (4.25) can be solved for 1 e. The maximum force in the pipe is equal to fmtime Le
since it is assumed that the pipe is not stressed beyond 1 e. The maximum pipe strain, fa,

is then fmLe/EA.

(4.26)

Note for 1 ~ aEA/fm, which corresponds to Figure 4-5(a), the maximum pipe strain is a

function of the length of the transient spread zone, but is less than the ground strain, a.

For 1 ~ aEA/fm, which corresponds to Figure 4-5(b) the maximum pipe strain is

independent of the length, 1, and is equal to the ground strain, a. That is if the length of

the transient zone is large enough the maximum pipe strain and the ground strain are

identical.

Tables 4-lb through 4-XXVIIb present results from equation 4.26 for the maximum pipe

strain using the simplified model. Results are given for the same range of parameters used

with the elastic spring/slider model which were presented in Tables 4-la through

4-XXVIIa. Note that equation (4.26) explains the influence of various parameters on the

maximum pipe strain which were observed previously in relation to the complete interface

model. That is the pipe strain is always an increasing function of the ground strain a. For

situations where L ~ aEA/fm, f is an increasing function of the length L, and cover over the

top of the pipe, C, or the burial depth, H. It is a decreasing function of the wall thickness,

t. Since fmand A are proportional to the pipe diameter, ¢, the maximum pipe strain using

the simplified soil pipe interface model is not directly a function of the pipe diameter.

However, since table 4-1 through 4-XXVII are presented in terms of cover over top of pipe

C, a larger pipe diameter results in a larger burial depth, H = C + ¢/2, and pipe strain is a

function of burial depth.
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4.3 Comparison of Models

Tables 4-Ic through 4-XXVIIc list the percent difference in the maximum pipe strain due

to Ramp PGD evaluated using the complete elastic spring/slider model and the simplified

rigid spring/slider model. Note that both models give very similar results, and the

simplified model is always conservative predicting maximum pipe strain slightly higher

than the complete model. In the cases examined! which represent what is felt to be typical

pipeline conditions, the error between the models does not exceed 4 percent.
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L(m)
a 25 50 100 150 200

0.0025 0.0007745 0.0010961 0.0015505 0.0018989 0.0021919
0.0033 0.0008948 0.0012661 0.0017910 0.0021936 0.0025328
0.0050 0.0010964 0.0015511 0.0021939 0.0026872 0.0031029
0.0100 0.0015512 0.0021940 0.0031028 0.0037996 0.0043864
0.0200 0.0021942 0.0031032 0.0043542 0.0053236 0.0061355

TABLE 4-Ia Maximum Pipe Strain for a Ramp pattern of Longitudinal PGD
using the Complete Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0007759 0.0010973 0.0015518 0.0019005 0.0021945
0.0033 0.0008959 0.0012670 0.0017918 0.0021945 0.0025340
0.0050 0.0010973 0.0015518 0.0021945 0.0026877 0.0031035
0.0100 0.0015518 0.0021945 0.0031035 0.0038010 0.0043891
0.0200 0.0021945 0.0031035 0.0043891 0.0053755 0.0062071

TABLE 4-Ib Maximum Pipe Strain for a Ramp pattern of Longitudinal PGD
using the Simplified Model.
¢ = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.174 0.107 0.079 0.083 0.122
0.0033 0.124 0.073 0.049 0.044 0.047
0.0050 0.077 0.043 0.027 0.022 0.022
0.0100 0.039 0.025 0.025 0.037 0.061
0.0200 0.017 0.010 0.800 0.974 1.167

TABLE 4-Ic Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0008503 0.0012049 0.0017051 0.0020866 0.0023932
0.0033 0.0009834 0.0013929 0.0019712 0.0024143 0.0027866
0.0050 0.0012062 0.0017076 0.0024161 0.0029595 0.0034175
0.0100 0.0017081 0.0024168 0.0034187 0.0041872 0.0048348
0.0200 0.0024170 0.0034190 0.0048358 0.0059228 0.0068392

TABLE 4-IIa Maximum Pipe Strain for a Ramp pattern of Longitudinal PGD
Using the Complete Soil-Pipeline Interface Model.
¢ = 30 in (76.2 em), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0008550 0.0012091 0.0017100 0.0020943 0.0024183
0.0033 0.0009873 0.0013962 0.0019745 0.0024183 0.0027924
0.0050 0.0012091 0.0017100 0.0024183 0.0029618 0.0034199
0.0100 0.0017100 0.0024183 0.0034199 0.0041886 0.0048365
0.0200 0.0024183 0.0034199 0.0048365 0.0059235 0.0068399

TABLE 4-IIb Maximum Pipe Strain for a Ramp pattern of Longitudinal PGD
Using the Simplified Model.
¢ = 30 in (76.2 em), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)

a

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.556 0.353 0.287 0.368 1.045
0.390 0.235 0.167 0.165 0.208
0.241 0.138 0.088 0.074 0.072
0.110 0.061 0.036 0.031 0.035
0.052 0.028 0.015 0.012 0.010

TABLE 4-IIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 30 in (76.2 em), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0009173 0.0013021 0.0018426 0.0022462 0.0024753
0.0033 0.0010627 0.0015073 0.0021340 0.0026126 0.0030089
0.0050 0.0013054 0.0018497 0.0026183 0.0032073 0.0037033
0.0100 0.0018508 0.0026199 0.0037069 0.0045407 0.0052436
0.0200 0.0026204 0.0037075 0.0052444 0.0064236 0.0074175

TABLE 4-IIIa Maximum Pipe Strain for a Ramp pattern of Longitudinal PGn
Using the Complete Soil-Pipeline Interface Model.
¢ = 48 in (122 cm)! t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0009274 0.0013115 0.0018547 0.0022716 0.0025000
0.0033 0.0010708 0.0015144 0.0021416 0.0026230 0.0030287
0.0050 0.0013115 0.0018547 0.0026230 0.0032125 0.0037094
0.0100 0.0018547 0.0026230 0.0037094 0.0045431 0.0052459
0.0200 0.0026230 0.0037094 0.0052459 0.0064249 0.0074189

TABLE 4-IIIb Maximum Pipe Strain for a Ramp pattern of Longitudinal PGn
Using the Simplified Model.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 1.100 0.722 0.656 1.128 0.999
0.0033 0.763 0.472 0.359 0.398 0.660
0.0050 0.467 0.273 0.180 0.160 0.165
0.0100 0.211 0.117 0.070 0.052 0.045
0.0200 0.099 0.053 0.029 0.022 0.018

TABLE 4-IIIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)
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L(m)
n 25 50 100 150 200

0.0025 0.001053,3 0.0014912 0.0021072 0.0024860 0.0025000
0.0033 0.001217'7 0.0017237 0.0024381 0.0029827 0.0033242
0.0050 0.001492'9 0.0021127 0.0029886 0.0036602 0.0042256
0.0100 0.0021131 0.0029892 0.0042284 0.0051790 0.0059802
0.0200 0.0029896 0.0042286 0.0059804 0.0073241 0.0084563

TABLE 4-IVa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
<p = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.82 m)

L(m)
n 25 50 100 150 200

0.0025 0.0010574 0.0014953 0.0021147 0.0025000 0.0025000
0.0033 0.0012209 0.0017267 0.0024419 0.0029906 0.0033333
0.0050 0.0014953 0.0021147 0.0029906 0.0036628 0.0042294
0.0100 0.0021147 0.0029906 0.0042294 0.0051800 0.0059813
0.0200 0.0029906 0.0042294 0.0059813 0.0073256 0.0084588

TABLE 4-IVb Maximum Pipe Strain for a Ramp pattern of Longitudinal PGD
Using the Simplified Model.
<p = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 6 it (1.82 m)

L(m)
n 25 50 100 150 200

0.0025 0.387 0.277 0.355 0.565 0.001
0.0033 0.264 0.173 0.156 0.265 0.276
0.0050 0.159 0.097 0.070 0.069 0.090
0.0100 0.074 0.048 0.024 0.019 0.018
0.0200 0.034 0.020 0.015 0.019 0.030

TABLE 4-IVc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
<p = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.82 m)
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L(m)
Q' 25 50 100 150 200

0.0025 0.0011042 0.0015661 0.0022043 0.0024874 0.0024998
0.0033 0.0012797 0.0018142 0.0025658 0.0031208 0.0033268
0.0050 0.0015721 0.0022271 0.0031518 0.0038596 0.0044510
0.0100 0.0022289 0.0031549 0.0044636 0.0054675 0.0063136
0.0200 0.0031556 0.0044645 0.0063152 0.0077350 0.0089318

.
TABLE 4-Va Maximum Pipe Strain for a Ramp pattern of Longitudinal

PGD Using the Complete Soil-Pipeline Interface Model.
</J = 30 in (76.2 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)

L(m)
Q' 25 50 100 150 200

0.0025 0.0011167 0.0015792 0.0022334 0.0025000 0.0025000
0.0033 0.0012894 0.0018235 0.0025789 0.0031585 0.0033333
0.0050 0.0015792 0.0022334 0.0031585 0.0038683 0.0044668
0.0100 0.0022334 0.0031585 0.0044668 0.0054706 0.0063170
0.0200 0.0031585 0.0044668 0.0063170 0.0077367 0.0089335

TABLE 4-Vb Maximum Pipe Strain for a Ramp pattern of Longitudinal PGD
Using the Simplified Model.
</J = 30 in (76.2 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

1.130 0.840 1.320 0.507 0.009
0.764 0.515 0.508 1.207 0.196
0.456 0.281 0.211 0.227 0.354
0.200 0.114 0.070 0.057 0.053
0.092 0.050 0.029 0.022 0.019

TABLE 4-Vc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
</J = 30 in (76.2 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)
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0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.0011490 0.0016326 0.0022763 0.0024873 0.0024995
0.00133.58 0.0018972 0.0026806 0.0032081 0.0033275
0.00164,53 0.0023340 0.0033044 0.0040441 0.0046472
0.00233'77 0.0033110 0.0046861 0.0057405 0.0066289
0.00331:24 0.0046879 0.0066322 0.0081238 0.0093812

TABLE 4-VIa Ma.ximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
</J = 48 in (122 cm), t = 0.25 in ·(6.4 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0011730 0.0016589 0.0023461 0.0025000 0.0025000
0.0033 0.0013545 0.0019155 0.0027090 0.0033178 0.0033333
0.0050 0.0016589 0.0023461 0.0033178 0.0040635 0.0046921
0.0100 0.0023461 0.0033178 0.0046921 0.0057466 0.0066357
0.0200 0.0033178 0.0046921 0.0066357 0.0081270 0.0093842

TABLE 4-VIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

2.090 1.613 3.066 0.510 0.021
1.400 0.967 1.060 3.421 0.177
0.827 0.518 0.406 0.480 0.967
0.360 0.206 0.129 0.107 0.102
0.165 0.090 0.051 0.039 0.033

TABLE 4-VIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0012698 0.0017973 0.0024580 0.0024999 0.0025000
0.0033 0.0014696 0.0020806 0.0029370 0.0033290 0.0033333
0.0050 0.0018032 0.0025523 0.0036102 0.0044178 0.0049753
0.0100 0.0025538 0.0036132 0.0051110 0.0062600 0.0072283
0.0200 0.0036137 0.0051117 0.0072299 0.0088549 0.0102246

TABLE 4-VIIa Maximum Pipe Strain for a Ramp pattern of Longitudinal PGD
Using the Complete Soil-Pipeline Interface Model.
¢; = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0012783 0.0018078 0.0025000 0.0025000 0.0025000
0.0033 0.0014760 0.0020874 0.0029521 0.0033333 0.0033333
0.0050 0.0018078 0.0025566 0.0036155 0.0044281 0.0050000
0.0100 0.0025566 0.0036155 0.0051131 0.0062623 0.0072310
0.0200 0.0036155 0.0051131 0.0072310 0.0088562 0.0102262

TABLE 4-VIIb Maximum Pipe Strain for a Ramp pattern of Longitudinal PGD
Using the Simplified Model.
¢; = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.668 0.583 1.708 0.003 0.000
0.439 0.326 0.514 0.132 0.000
0.255 0.167 0.147 0.233 0.496
0.110 0.064 0.042 0.036 0.038
0.050 0.027 0.016 0.014 0.016

TABLE 4-VIIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢; = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)
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L(m)
Q' 25 50 100 150 200

0.0025 0.00130:32 0.0018462 0.0024489 0.0024991 0.0025000
0.0033 0.00151<16 0.0021481 0.0030144 0.0033232 0.0033332
0.0050 0.00186·16 0.0026432 0.0037392 0.0045615 0.0049792
0.0100 0.00264'76 0.0037489 0.0053049 0.0064980 0.0075028
0.0200 0.0037504 0.0053071 0.0075077 0.0091960 0.0106191

TABLE 4-VIIIa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Maciel.
¢ = 30 in (76.2 cm), t = 0.25 in .(6.4 mm), C = 9 ft (2.74 m)

L(m)
Q' 25 50 100 150 200

0.0025 0.00132'78 0.0018778 0.0025000 0.0025000 0.0025000
0.0033 0.0015332 0.0021683 0.0030664 0.0033333 0.0033333
0.0050 0.00187'78 0.0026556 0.0037555 0.0045996 0.0050000
0.0100 0.00265S6 0.0037555 0.0053111 0.0065048 0.0075110
0.0200 0.00375!>5 0.0053111 0.0075110 0.0091991 0.0106222

TABLE 4-VIIIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simrlified Model.
¢ = 30 in (76.2 cm , t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)

L(m)
Q' 25 50 100 150 200

0.0025 1.883 1.711 2.087 0.038 0.001
0.0033 1.228 0.937 1.724 0.303 0.006
0.0050 0.707 0.469 0.437 0.834 0.418
0.0100 0.300 0.176 0.117 0.105 0.110
0.0200 0.135 0.075 0.044 0.034 0.029

TABLE 4-VIIIc Percent Difference in Maximum Pipe Strain for Uniform Strain
PGD Between the Complete and Simplified Models.
¢ = 30 in (76.2 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0013306 0.0018854 0.0024424 0.0024975 0.0024999
0.0033 0.0015543 0.0022084 0.0030681 0.0033193 0.0033327
0.0050 0.0019213 0.0027281 0.0038584 0.0046754 0.0049807
0.0100 0.0027367 0.0038785 0.0054905 0.0067256 0.0077646
0.0200 0.0038814 0.0054948 0.0077750 0.0095240 0.0109982

TABLE 4-IXa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0013755 0.0019452 0.0025000 0.0025000 0.0025000
0.0033 0.0015883 0.0022462 0.0031766 0.0033333 0.0033333
0.0050 0.0019452 0.0027510 0.0038905 0.0047649 0.0050000
0.0100 0.0027510 0.0038905 0.0055020 0.0067385 0.0077810
0.0200 0.0038905 0.0055020 0.0077810 0.0095297 0.0110040

TABLE 4-IXb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

3.375 3.174 2.358 0.098 0.004
2.185 1.712 3.535 0.422 0.018
1.246 0.839 0.833 1.913 0.387
0.523 0.309 0.210 0.192 0.211
0.235 0.130 0.077 0.060 0.052

TABLE 4-IXc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0005478 0.0007752 0.0010967 0.0013433 0.0015512
0.0033 0.0006328 0.0008954 0.0012665 0.0015512 0.0017914
0.0050 0.00077.53 0.0010967 0.0015511 0.0018995 0.0021942
0.0100 0.0010969 0.0015514 0.0021942 0.0026873 0.0031029
0.0200 0.0015515 0.0021810 0.0030834 0.0037739 0.0043543

TABLE 4-Xa Ma.ximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
¢> = 12 in (30.5 cm), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0005486 0.0007759 0.0010973 0.0013439 0.0015518
0.0033 0.0006335 0.0008959 0.0012670 0.0015518 0.0017918
0.0050 0.0007759 0.0010973 0.0015518 0.0019005 0.0021945
0.0100 0.0010973 0.0015518 0.0021945 0.0026877 0.0031035
0.0200 0.0015518 0.0021945 0.0031035 0.0038010 0.0043891

TABLE 4-Xb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Sim~lified Model.
¢> = 12 in (30.5 cm , t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.154 0.087 0.053 0.044 0.040
0.111 0.062 0.039 0.037 0.024
0.077 0.047 0.042 0.055 0.013
0.036 0.021 0.015 0.016 0.019
0.017 0.621 0.655 0.721 0.798

TABLE 4-Xc Per::ent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢> = 12 in (30.5 cm), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)
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0.0025
0.0033
0.0050
0.0100
0.0200

25

0.0006017
0.0006957
0.0008531
0.0012079
0.0017091

50

0.0008526
0.0009853
0.0012077
0.0017090
0.0024176

L(m)
100

0.0012070
0.0013945
0.0017088
0.0024175
0.0034795

150

0.0014787
0.0017084
0.0020932
0.0029611
0.0041881

200

0.0017075
0.0019729
0.0024172
0.0034193
0.0048202

TABLE 4-XIa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
¢ = 30 in (76.2 em), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0006046 0.0008550 0.0012091 0.0014809 0.0017100
0.0033 0.0006981 0.0009873 0.0013962 0.0017100 0.0019745
0.0050 0.0008550 0.0012091 0.0017100 0.0020943 0.0024183
0.0100 0.0012091 0.0017100 0.0024183 0.0029618 0.0034199
0.0200 0.0017100 0.0024183 0.0034199 0.0041886 0.0048365

TABLE 4-XIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢ = 30 in (76.2 em), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.483 0.277 0.176 0.149 0.144
0.347 0.194 0.118 0.093 0.084
0.220 0.121 0.071 0.052 0.044
0.104 0.055 0.031 0.023 0.019
0.050 0.026 0.014 0.010 0.339

TABLE 4-XIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 30 in (76.2 em), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

4-24



L(m)
a 25 50 100 150 200

0.0025 0.0006496 0.0009223 0.0013068 0.0016011 0.0018486
0.0033 0.00075:21 0.0010668 0.0015108 0.0018511 0.0021378
0.0050 0.00092:35 0.0013084 0.0018522 0.0022692 0.0026206
0.0100 0.0013089 0.0018528 0.0026214 0.0032111 0.0037081
0.0200 0.00185:30 0.0026217 0.0037085 0.0045423 0.0052452

TABLE 4-XIIa Maximum Pipe Strain for a Ramp pattern of Longitudinal
paD Using the Complete Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.00065.57 0.0009274 0.0013115 0.0016062 0.0018541
0.0033 0.00075'72 0.0010708 0.0015114 0.0018547 0.0021416
0.0050 0.00092'74 0.0013115 0.0018547 0.0022716 0.0026230
0.0100 0.0013115 0.0018547 0.0026230 0.0032125 0.0037094
0.0200 0.00185-17 0.0026230 0.0037094 0.0045431 0.0052459

TABLE 4-XIIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢ = 48 in (122 cm), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.939 0.547 0.361 0.319 0.330
0.0033 0.670 0.380 0.236 0.193 0.180
0.0050 0.423 0.233 0.136 0.105 0.090
0.0100 0.198 0.105 0.058 0.043 0.036
0.0200 0.095 0.049 0.026 0.019 0.015

TABLE 4-XIIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 48 in (122 cm)J t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)
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L(m)
Q' 25 50 100 150 200

0.0025 0.0007453 0.0010553 0.0014933 0.0018289 0.0021109
0.0033 0.0008614 0.0012193 0.0017252 0.0021131 0.0024400
0.0050 0.0010559 0.0014941 0.0021137 0.0025890 0.0029896
0.0100 0.0014943 0.0021139 0.0029898 0.0036616 0.0042276
0.0200 0.0021140 0.0029901 0.0042290 0.0051795 0.0059807

TABLE 4-XIIIa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)

L(m)
Q' 25 50 100 150 200

0.0025 0.0007477 0.0010574 0.0014953 0.0018314 0.0021147
0.0033 0.0008633 0.0012209 0.0017267 0.0021147 0.0024419
0.0050 0.0010574 0.0014953 0.0021147 0.0025900 0.0029906
0.0100 0.0014953 0.0021147 0.0029906 0.0036628 0.0042294
0.0200 0.0021147 0.0029906 0.0042294 0.0051800 0.0059813

TABLE 4-XIIIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Sim~lified Model.
¢ = 12 in (30.5 cm , t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)

L(m)
Q' 25 50 100 150 200

0.0025 0.319 0.193 0.139 0.138 0.179
0.0033 0.226 0.132 0.087 0.076 0.078
0.0050 0.141 0.079 0.048 0.039 0.035
0.0100 0.068 0.039 0.028 0.032 0.044
0.0200 0.032 0.017 0.011 0.010 0.010

TABLE 4-XIIIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢; = 12 in (30.5 cm), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0007825 0.0011104 0.0015726 0.0019255 0.0022181
0.0033 0.000901>9 0.0012845 0.0018189 0.0022281 0.0025723
0.0050 0.00111:~2 0.0015757 0.0022302 0.0027322 0.0031552
0.0100 0.00157!53 0.0022311 0.0031567 0.0038667 0.0044651
0.0200 0.0022314 0.0031570 0.0044656 0.0054697 0.0063160

TABLE 4-XIVa Maxi.mum Pipe Strain for a Ramp pattern of PGD using the
Complete Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.50 in (12.7 rom), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0007896 0.0011167 0.0015792 0.0019342 0.0022334
0.0033 0.0009118 0.0012894 0.0018235 0.0022334 0.0025789
0.0050 0.001lH>7 0.0015792 0.0022334 0.0027353 0.0031585
0.0100 0.0015n)2 0.0022334 0.0031585 0.0038683 0.0044668
0.0200 0.00223iJ4 0.0031585 0.0044668 0.0054706 0.0063170

TABLE 4-XIVb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD using the Sim

0
lified Model.

¢ = 30 in (76.2 cm , t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.916 0.563 0.421 0.453 0.690
0.646 0.381 0.257 0.235 0.256
0.402 0.228 0.140 0.114 0.105
0.185 0.100 0.057 0.043 0.037
0.087 0.046 0.025 0.018 0.014

TABLE 4-XIVc Percent Difference in Maximum Pipe Strain Between the
Complete a.nd Simplified Models.
¢ = 30 in (76.2 cm), t = 0.50 in (12.7 rom), C = 6 ft (1.83 m)

4-27



L(m)
a 25 50 100 150 200

0.0025 0.0008159 0.0011610 0.0016456 0.0020127 0.0023056
0.0033 0.0009467 0.0013451 0.0019063 0.0023353 0.0026945
0.0050 0.0011646 0.0016521 0.0023400 0.0028672 0.0033111
0.0100 0.0016535 0.0023419 0.0033144 0.0040604 0.0046891
0.0200 0.0023424 0.0033151 0.0046900 0.0057448 0.0066339

TABLE 4-XVa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0008295 0.0011730 0.0016589 0.0020317 0.0023461
0.0033 0.0009578 0.0013545 0.0019155 0.0023461 0.0027090
0.0050 0.0011730 0.0016589 0.0023461 0.0028733 0.0033178
0.0100 0.0016589 0.0023461 0.0033178 0.0040635 0.0046921
0.0200 0.0023461 0.0033178 0.0046921 0.0057466 0.0066357

TABLE 4-XVb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
t/J = 48 in (122 cm), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 1.667 1.039 0.810 0.946 1.755
0.0033 1.168 0.696 0.483 0.460 0.539
0.0050 0.722 0.412 0.259 0.215 0.203
0.0100 0.330 0.179 0.103 0.077 0.065
0.0200 0.156 0.082 0.045 0.032 0.026

TABLE 4-XVc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
t/J = 48 in (122 cm), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)

4-28



L(m)
a 25 50 100 150 200

0.0025 0.00089!~3 0.0012740 0.0018025 0.0022039 0.0024761
0.0033 0.0010400 0.0014728 0.0020840 0.0025521 0.0029444
0.0050 0.00127M 0.0018055 0.0025544 0.0031289 0.0036129
0.0100 0.00180130 0.0025552 0.0036143 0.0044269 0.0051117
0.0200 0.00255M 0.0036146 0.0051124 0.0062616 0.0072304

TABLE 4-XVIa Maximum Pipe Strain for a Ramp pattern of Longitudinal
paD Using the Complete Soil-Pipeline Interface Model.
</J = 12 in (30.5 cm), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.00090:39 0.0012783 0.0018078 0.0022140 0.0025000
0.0033 0.00104:37 0.0014760 0.0020874 0.0025566 0.0029521
0.0050 0.0012783 0.0018078 0.0025566 0.0031311 0.0036155
0.0100 0.00180'78 0.0025566 0.0036155 0.0044281 0.0051131
0.0200 0.00255136 0.0036155 0.0051131 0.0062623 0.0072310

TABLE 4-XVIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Sim~lified Model.
</J = 12 in (30.5 cm , t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.512 0.333 0.293 0.459 0.965
0.0033 0.357 0.219 0.163 0.174 0.262
0.0050 0.219 0.128 0.083 0.073 0.073
0.0100 0.099 0.055 0.032 0.027 0.028
0.0200 0.047 0.025 0.014 0.010 0.008

TABLE 4-XVIc Pereent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
</J = 12 in (30.5 cm), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0009257 0.0013154 0.0018616 0.0022645 0.0024750
0.0033 0.0010735 0.0015239 0.0021581 0.0026415 0.0030381
0.0050 0.0013198 0.0018712 0.0026494 0.0032456 0.0037473
0.0100 0.0018727 0.0026516 0.0037522 0.0045964 0.0053080
0.0200 0.0026521 0.0037529 0.0053088 0.0065022 0.0075079

TABLE 4-XVIIa Maximum Pipe Strain for a Ramp pattern of PGD using the
Complete Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.50 in (12.7 nun), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0009389 0.0013278 0.0018778 0.0022998 0.0025000
0.0033 0.0010841 0.0015332 0.0021683 0.0026556 0.0030664
0.0050 0.0013278 0.0018778 0.0026556 0.0032524 0.0037555
0.0100 0.0018778 0.0026556 0.0037555 0.0045996 0.0053111
0.0200 0.0026556 0.0037555 0.0053111 0.0065048 0.0075110

TABLE 4-XVIIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD using the Sim

0
lified Model.

¢ = 30 in (76.2 cm , t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

1.423 0.939 0.868 1.556 1.010
0.985 0.612 0.470 0.532 0.929
0.602 0.353 0.234 0.209 0.220
0.271 0.150 0.088 0.068 0.059
0.129 0.071 0.044 0.039 0.042

TABLE 4-XVIIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 30 in (76.2 cm), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0009487 0.0013528 0.0019139 0.0023076 0.0024740
0.0033 0.0011040 0.0015712 0.0022270 0.0027227 0.0031113
0.0050 0.0013612 0.0019333 0.0027395 0.0033564 0.0038742
0.0100 0.0019361 0.0027438 0.0038845 0.0047592 0.0054962
0.0200 0.00274fiO 0.0038859 0.0054983 0.0067351 0.0077776

TABLE 4-XVIIIa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
</J = 48 in (122 em), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.00097~!6 0.0013755 0.0019452 0.0023824 0.0025000
0.0033 0.00112~11 0.0015883 0.0022462 0.0027510 0.0031766
0.0050 0.00137f15 0.0019452 0.0027510 0.0033693 0.0038905
0.0100 0.0019Mi2 0.0027510 0.0038905 0.0047649 0.0055020
0.0200 0.0027510 0.0038905 0.0055020 0.0067385 0.0077810

TABLE 4-XVIIIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
</J = 48 in (122 em), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 2.519 1.681 1.636 3.243 1.049
0.0033 1.734 1.086 0.861 1.038 2.098
0.0050 1.052 1.620 0.419 0.384 0.420
0.0100 0.471 0.261 0.154 0.120 0.105
0.0200 0.219 0.118 0.066 0.050 0.044

TABLE 4-XVIIIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
</J = 48 in (122 em), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0004473 0.0006330 0.0008955 0.0010969 0.0012666
0.0033 0.0005167 0.0007311 0.0010342 0.0012667 0.0014626
0.0050 0.0006330 0.0008955 0.0012666 0.0015512 0.0017911
0.0100 0.0008956 0.0012668 0.0017916 0.0021943 0.0025337
0.0200 0.0012668 0.0017806 0.0025183 0.0030834 0.0035589

TABLE 4-XIXa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete. Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0004480 0.0006335 0.0008959 0.0010973 0.0012670
0.0033 0.0005173 0.0007315 0.0010345 0.0012670 0.0014630
0.0050 0.0006335 0.0008959 0.0012670 0.0015518 0.0017918
0.0100 0.0008959 0.0012670 0.0017918 0.0021945 0.0025340
0.0200 0.0012670 0.0017918 0.0025340 0.0031035 0.0035837

TABLE 4-XIXb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢ = 12 in (30.5 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.146 ·0.080 0.047 0.036 0.031
0.107 0.058 0.034 0.027 0.026
0.073 0.043 0.032 0.035 0.043
0.035 0.020 0.013 0.012 0.013
0.016 0.633 0.623 0.653 0.696

TABLE 4-XIXc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 12 in (30.5 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0004914 0.0006963 0.0009858 0.0012077 0.0013947
0.0033 0.0005681 0.0008046 0.0011388 0.0013951 0.0016111
0.0050 0.000696,6 0.0009861 0.0013953 0.0017091 0.0019737
0.0100 0.000986,3 0.0013954 0.0019739 0.0024178 0.0027919
0.0200 0.001395.5 0.0019740 0.0027920 0.0034108 0.0039377

TABLE 4-XXa Maximum Pipe Strain for a Ramp pattern of PGD using the
Complete Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.00049313 0.0006981 0.0009873 0.0012091 0.0013962
0.0033 0.0005700 0.0008061 0.0011400 0.0013962 0.0016122
0.0050 0.0006981 0.0009873 0.0013962 0.0017100 0.0019745
0.0100 0.000987:1 0.0013962 0.0019745 0.0024183 0.0027924
0.0200 0.0013962 0.0019745 0.0027924 0.0034199 0.0039490

TABLE 4-XXb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢ = 30 in (76.2 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.456 0.253 0.151 0.118 0.103
0.331 0.180 0.104 0.079 0.067
0.212 0.114 0.064 0.048 0.042
0.101 0.053 0.029 0.021 0.017
0.049 0.025 0.013 0.268 0.288

TABLE 4-XXc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢; = 30 in (76.2 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)
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L(m)
Q' 25 50 100 150 200

0.0025 0.0005307 0.0007535 0.0010676 0.0013083 0.0015111
0.0033 0.0006143 0.0008713 0.0012340 0.0015120 0.0017463
0.0050 0.0007541 0.0010685 0.0015125 0.0018530 0.0021400
0.0100 0.0010688 0.0015128 0.0021405 0.0026219 0.0030278
0.0200 0.0015130 0.0021406 0.0030280 0.0037088 0.0042827

TABLE 4-XXIa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

L(m)
Q' 25 50 100 150 200

0.0025 0.0005354 0.0007572 0.0010708 0.0013115 0.0015144
0.0033 0.0006182 0.0008743 0.0012365 0.0015144 0.0017486
0.0050 0.0007572 0.0010708 0.0015144 0.0018547 0.0021416
0.0100 0.0010708 0.0015144 0.0021416 0.0026230 0.0030287
0.0200 0.0015144 0.0021416 0.0030287 0.0037094 0.0042833

TABLE 4-XXIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢ = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.881 0.494 0.300 0.240 0.217
0.636 0.350 0.205 0.157 0.135
0.406 0.219 0.124 0.091 0.075
0.192 0.101 0.055 0.039 0.031
0.093 0.048 0.025 0.018 0.014

TABLE 4-XXIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)
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L(m)
a 25 50 100 150 200

0.0025 0.00060,87 0.0008619 0.0012196 0.0014939 0.0017251
0.0033 0.00070.34 0.0009957 0.0014088 0.0017257 0.0019927
0.0050 0.00086:22 0.0012200 0.0017259 0.0021140 0.0024412
0.0100 0.00122:)1 0.0017260 0.0024413 0.0029900 0.0034525
0.0200 0.00172;51 0.0024414 0.0034530 0.0042291 0.0048372

TABLE 4-XXIIa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Usin{~ the Complete Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0006105 0.0008633 0.0012209 0.0014953 0.0017267
0.0033 0.00070 119 0.0009969 0.0014098 0.0017267 0.0019938
0.0050 0.00086:33 0.0012209 0.0017267 0.0021147 0.0024419
0.0100 0.0012209 0.0017267 0.0024419 0.0029906 0.0034533
0.0200 0.00172137 0.0024419 0.0034533 0.0042294 0.0048837

TABLE 4-XXIIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simrlified Model.
¢ = 12 in (30.5 cm , t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.296 0.170 0.109 0.092 0.090
0.212 0.120 0.072 0.058 0.052
0.135 0.074 0.043 0.032 0.027
0.065 0.036 0.023 0.022 0.024
0.031 0.017 0.010 0.008 0.961

TABLE 4-XXIIc Percent Difference in Maximum Pipe Strain Between the
Complete a.nd Simplified Models.
¢ = 12 in (30.5 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0006393 0.0009073 0.0012853 0.0015748 0.0018184
0.0033 0.0007400 0.0010492 0.0014858 0.0018204 0.0021023
0.0050 0.0009083 0.0012867 0.0018213 0.0022313 0.0025768
0.0100 0.0012871 0.0018218 0.0025775 0.0031573 0.0036460
0.0200 0.0018220 0.0025777 0.0036462 0.0044660 0.0051571

TABLE 4-XXIIIa Maximum Pipe Strain for a Ramp pattern of PGD using the
Complete Soil-Pipeline Interface Model.
¢; = 30 in (76.2 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0006447 0.0009118 0.0012894 0.0015792 0.0018235
0.0033 0.0007445 0.0010528 0.0014889 0.0018235 0.0021057
0.0050 0.0009118 0.0012894 0.0018235 0.0022334 0.0025789
0.0100 0.0012894 0.0018235 0.0025789 0.0031585 0.0036471
0.0200 0.0018235 0.0025789 0.0036471 0.0044668 0.0051578

TABLE 4-XXIIIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢; = 30 in (76.2 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

0.845 0.491 0.321 0.281 0.286
0.604 0.342 0.211 0.171 0.158
0.382 0.210 0.123 0.094 0.080
0.179 0.095 0.052 0.038 0.031
0.086 0.045 0.024 0.017 0.013

TABLE 4-XXIIIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢; = 30 in (76.2 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)
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L(m)
a 25 50 100 150 200

0.0025 0.000667'0 0.0009493 0.0013464 0.0016500 0.0019045
0.0033 0.00077~:6 0.0010991 0.0015580 0.0019094 0.0022052
0.0050 0.0009513 0.0013494 0.0019113 0.0023420 0.0027049
0.0100 0.0013502 0.0019123 0.0027064 0.0033156 0.0038290
0.0200 0.0019126 0.0027068 0.0038295 0.0046907 0.0054167

TABLE 4-XXIVa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.000677'2 0.0009578 0.0013545 0.0016589 0.0019155
0.0033 0.000782~0 0.0011059 0.0015640 0.0019155 0.0022119
0.0050 0.0009578 0.0013545 0.0019155 0.0023461 0.0027090
0.0100 0.0013545 0.0019155 0.0027090 0.0033178 0.0038311
0.0200 0.00191B,5 0.0027090 0.0038311 0.0046921 0.0054180

TABLE 4-XXIVb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢ = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 1.529 0.895 0.599 0.541 0.579
0.0033 1.088 0.619 0.388 0.322 0.305
0.0050 0.684 0.378 0.223 0.172 0.150
0.0100 0.318 0.170 0.094 0.068 0.056
0.0200 0.152 0.079 0.042 0.030 0.024

TABLE 4-XXIVc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)
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0.0025
0.0033
0.0050
0.0100
0.0200

25

0.0007346
0.0008494
0.0010416
0.0014746
0.0020865

50

0.0010408
0.0012029
0.0014743
0.0020863
0.0029514

L(m)
100

0.0014731
0.0017022
0.0020859
0.0029512
0.0041694

150

0.0018042
0.0020852
0.0025551
0.0036147
0.0051050

200

0.0020823
0.0024077
0.0029506
0.0041740
0.0058926

TABLE 4-XXVa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)

0.0025
0.0033
0.0050
0.0100
0.0200

25

0.0007380
0.0008522
0.0010437
0.0014760
0.0020874

50

0.0010437
0.0012052
0.0014760
0.0020874
0.0029521

L(m)
100

0.0014760
0.0017044
0.0020874
0.0029521
0.0041748

150

0.0018078
0.0020874
0.0025566
0.0036155
0.0051131

200

0.0020874
0.0024103
0.0029521
0.0041748
0.0059041

TABLE 4-XXVb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢ = 12 in (30.5 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)

0.0025
0.0033
0.0050
0.0100
0.0200

25

0.464
0.329
0.206
0.096
0.045

50

0.280
0.192
0.116
0.052
0.024

L(m)
100

0.199
0.125
0.072
0.029
0.130

150

0.195
0.109
0.056
0.022
0.159

200

0.244
0.110
0.050
0.019
0.196

TABLE 4-XXVc Percent Difference in Maximum Pipe Strain for Between the
Complete and Simplified Models.
¢ = 12 in (30.5 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)
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L(m)
Q 25 50 100 150 200

0.0025 0.00075159 0.0010757 0.0015245 0.0018669 0.0021512
0.0033 0.00087'r2 0.0012452 0.0017642 0.0021615 0.0024955
0.0050 0.0010780 0.0015283 0.0021641 0.0026514 0.0030620
0.0100 0.00152B2 0.0021652 0.0030639 0.0037533 0.0043344
0.0200 0.00216S5 0.0030643 0.0043348 0.0053094 0.0061309

TABLE 4-XXVIa Maximum Pipe Strain for a Ramp pattern of PGD using the
Complete Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.75 in (19.1 rom), C = 9 ft (2.74 m)

L(m)
Q 25 50 100 150 200

0.0025 0.00076 156 0.0010841 0.0015332 0.0018778 0.0021683
0.0033 0.00088.52 0.0012518 0.0017704 0.0021683 0.0025037
0.0050 0.0010841 0.0015332 0.0021683 0.0026556 0.0030664
0.0100 0.0015332 0.0021683 0.0030664 0.0037555 0.0043365
0.0200 0.0021683 0.0030664 0.0043365 0.0053111 0.0061327

TABLE 4-XXVIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
¢ = 30 in (76.2 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)

0.0025
0.0033
0.0050
0.0100
0.0200

L(m)
25 50 100 150 200

1.283 0.779 0.567 0.582 0.791
0.906 0.530 0.351 0.313 0.329
0.564 0.318 0.194 0.156 0.142
0.260 0.140 0.079 0.059 0.048
0.125 0.067 0.039 0.031 0.029

TABLE 4-XXVIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
¢ = 30 in (76.2 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)
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L(m)
Q' 25 50 100 150 200

0.0025 0.0007766 0.0011078 0.0015721 0.0019240 0.0022100
0.0033 0.0009027 0.0012849 0.0018225 0.0022333 0.0025775
0.0050 0.0011122 0.0015795 0.0022385 0.0027433 0.0031684
0.0100 0.0015812 0.0022407 0.0031722 0.0038865 0.0044885
0.0200 0.0022414 0.0031730 0.0044896 0.0054995 0.0063508

TABLE 4-XXVIIa Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Complete Soil-Pipeline Interface Model.
<p = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)

L(m)
Q' 25 50 100 150 200

0.0025 0.0007941 0.0011231 0.0015883 0.0019452 0.0022462
0.0033 0.0009170 0.0012968 0.0018340 0.0022462 0.0025937
0.0050 0.0011231 0.0015883 0.0022462 0.0027510 0.0031766
0.0100 0.0015883 0.0022462 0.0031766 0.0038905 0.0044924
0.0200 0.0022462 0.0031766 0.0044924 0.0055020 0.0063532

TABLE 4-XXVIIb Maximum Pipe Strain for a Ramp pattern of Longitudinal
PGD Using the Simplified Model.
<p = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)

L(m)
Q' 25 50 100 150 200

0.0025 2.260 1.380 1.029 1.103 1.635
0.0033 1.587 0.932 0.629 0.575 0.627
0.0050 0.984 0.555 0.343 0.279 0.258
0.0100 0.451 0.244 0.138 0.103 0.086
0.0200 0.213 0.113 0.062 0.045 0.037

TABLE 4-XXVIIc Percent Difference in Maximum Pipe Strain Between the
Complete and Simplified Models.
<p = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)
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SECTION 5

RIGID BLOCK PGD

The axial strain induced in a continuous steel pipeline due to a Rigid Block pattern of

longitudinal PGD is determined in this section. As mentioned previously, pipe response to

the horizontal component of PGD is determined and any vertical component of ground

deformation (i.e. subsidence and heaving) is neglected. It is assumed that the burial depth

of the pipeline is constant in and around the PGD zone. Initially the soil-pipeline

interface is modeled by the elastic spring-slide model shown in Figure 3-2. The pipeline

strain is also determined using a simplified rigid spring-slider model for the soil-pipeline

interface as shown in Figure 3-3.

As mentioned previously, the idealized Rigid Block pattern shown in Figure 2-12

corresponds to a mass of soil having length L, moving down a slight incline. There is little

or no relative displacement within the soil block which overrides a liquefied layer. It may

be an appropriate model for the observed PGD patterns shown in Figure 2-7(j) and

2-7(u).

As noted previously, a. coordinate system is established with x = 0 at the head of the slide.

The assumed ground movement is given, as a function of the axial coordinate x, in

Equation 2.5. The maximum tensile strain in the pipe occurs at x = 0 while the maximum

compressive strain occurs at x = L. The problem is anti-symmetric about the point

x = L/2 where the pipe strain is zero. Results are presented herein for the region x ~ L/2.

However because of the aforementioned anti-symmetry they apply to x > L/2 with a

change of sign.

5.1 Elastic Spring-Slider Model

The solution for the elastic spring-slider model of the soil pipeline interface was obtained

by dividing the pipeline into three regions as shown in Figure 5-1. In Region I (x ~ xa)

and Region III (Xb ~ x ~ L/2) the relative displacement between the pipe and soil are small

and the soil-pipeline interaction behaves as a linear spring. Region II (xa ~ x ~ Xb) is the

slip region where a constant force per unit length, fml acts on the pipe. The values of Xa

and Xb are not known a priori but are calculated as part of the solution. Note, however,

that the magnitude of Xb is always greater than or equal to the magnitude of Xa. This is

due to the fact that Region I is infinite in length while Region III is finite.
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FIGURE 5-1 Model of Pipeline Subjected to Rigid Block PGD.
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5.1.1 Region I (x ~ Xa)

As noted in the previouB section, the soil-pipeline system in Region I can be represented by

an equivalent linear spring with spring constant Ka as shown in Figure 4-3. The pipe

displacement at x = Xa is equal to Ds, and displacement of the pipe in Region I is:

(5.1 )

as shown in Section 4.1.1.

5.1.2 Region III (Xb ~ :x: ~ L/2)

Equating the forces acting on a differential length of pipe in Region III and noting that the

ground displacement, uI~' equals a constant, 0, we obtain:

A(O" + dO") = k(up(x) - 8)dx + AO" (5.2)

Assuming a linear elastic pipe material the differential equation for Region III becomes:

(5.3)

At the boundary between Region II and III (i.e. x = Xb) the relative displacement between

the soil and pipe equals Ds. The displacement of the pipeline is therefore equal to the

ground displacement, 0, minus the relative displacement, Ds:

At the center of the PGD zone the strain in the pipe is zero by symmetry:

~ (L/2) = a

(5.4)

(5.5)

The solution to the djifferential equation (5.3) subjected to the boundary conditions of
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equations (5.4) and (5.5) is simply:

(5.6)

5.1.3 Continuity

The pipe displacements at the beginning and end of Region II are known, as well as the

forces on the pipe in the region. Continuity requires that the displacement of the pipe at

Xb equals the displacement at Xa plus the stretching over the length La + Lb. A relation

for Lb in terms of La can be derived from this requirement:

Rearranging yields:

2 2 [4 2La 2AE8 2]
Lb - (2La + lJ)Lb - - + - - -- + La = a

{32 {3 f m

(5.7)

(5.8)

which can be solved for Lb by noting that equation 5.8 is a quadratic equation in terms of

the unknown Lb.

5.1.4 Equilibrium

2AE8

f m
(5.9)

A second relation can be derived by enforcing equilibrium. The force in the pipe in

Region I plus the net force exerted along the pipe in Region II must equal the force in the

pipe at the start of Region III:

(5.10)
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where Up(Lb) is given by equation (5.6). Hence:

(5.11)

Note that KaDs = fm/tl. Rearranging and simplifying yields a relation for La in terms of

Lb·

(5.12)

The length Lb can now be determined by substitution of equation (5.9) into equation

(5.12):

1 1 1 J 5 4L 2Lb = lJ + [-lJ -lJV + Lb] + + [3a + 2La
[32

which reduces to

!- + V
2

_ 4vLb + 2L~ _ 2AE «5 = 0
f32 [32 [3 f m

where:

V=

2AE«5

f m

(5.13)

(5.14)

(5.15)

The secant method is applied to equation (5.13) to evaluate Lb.

5.1.5 Maximum Pipe Strain

For a Rigid Block pattern of longitudinal PGD, the maximum tensile pipe strain occurs at

the head of the slide (i.e. at x=O). This strain can be evaluated from the force in the pipe
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at this point. The total force is the force in the pipe at x = Xa, which is KaDs from

l<'igure 4-3, plus the friction force per unit length acting over the length La.

(5.16)

The length La is determined by substituting the value of Lb given by equation 5.13 into

equation 5.12.

Tables 5-Ia through 5-XXVIIa present the maximum pipe strain, E, for a Rigid Block

pattern of longitudinal PGD evaluated using equation 5.16. In these tables, the soil and

pipe properties are the same as for Ramp PGD. That is, unit weight of soil 'Y = 100 pcf,

coefficient of friction J.L = 0.75, pipe diameters, cP, of 12, 30 and 48 inches, wall thickness, t,

of 1/4, 1/2, and 3/4 inch, and burial depths to the top of the pipe, C, of 3, 6, and 9 feet. In

the tables the amount of ground movement 8 ranges from 0.1 to 0.7 m, and the length L of

the PGD zone ranges from 200 to 800 m. For a fixed amount of ground movement, 8, the

maximum pipe strain increases with the block length, L, to a certain value and then is

constant for further increases in L. Similarly, for fixed value of the length, L, the pipe

strain is an increasing function of the ground displacement, 8, to a certain value and then is

constant for further increases in 8. As with Ramp PGD, the pipe strain for Rigid Block

PGD is an increasing function of the burial depth and a decreasing function of the pipe wall

thickness. It also appears to be an increasing function of the pipe diameter cP.

5.2 Rigid Spring/Slider Model

The response of a buried pipeline to Rigid Block PGD is determined herein using the

simplified rigid spring/slider model for the soil pipeline interface shown in Figure 3.3. Two

possible configurations are shown in Figure 5-2. For both configurations the pipe strain is

largest at the head and toe of the PGD zone. At the head, x = 0, the strain is tensile. At

the toe, x = L, the strain is compressive but equal in magnitude to that at the head. In

addition the pipe strain is zero at the center of the PGD zone, x = L/2. For small length,

L, of the PGD zone shown in Figure 5-2(a), there is slippage at the soil pipeline interface

over the whole length of the PGD zone but the maximum pipe displacement at the center

of the zone is less than the ground movement 8. Since the force in the pipe by symmetry is

zero at x = L/2, a slip zone of length L/2 exists before the head of the slide zone and

beyond the toe of the slide zone.
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U

Ground and Pipe
Displacement

Force and
Strain in Pipe

t---- L --..-.j.......I---- L ----t

Ug

"'-------~-----.......:l~--_+--~F_----- .. X

U

Slip
t"---J~----"""-"'e!.'~

Ground and Pipe
Displacement

L...-------~~--+----___i-~~--.L...-------;~X
L

Force and
Strain in Pipe

L...-_. "-_~ .._.::-~~------ ... x

(b)

FIGURE 5-2 Simplified Model of Buried Pipe Subjected to Rigid
Block PGD.
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For large length L of the P GD zone shown in Figure 5-2(b), a slip zone of length Le exists

at either side of both the head and toe. However the pipe displacement matches ground

displacement over a region of length L - 2Le within the PGD zone. Assuming that L is

large as shown in Figure 5-2(b), an equation for Le can be determined by enforcing

continuity of the pipe. The displacement due to the stretching of the pipe over the slip

region must equal the displacement of the soil, 6, since relative displacement between the

soil and pipe are assumed to be zero beyond the slip region. Noting that the length Le can

not exceed L/2, we have

and

2EA

jAE6
L e = - ~ L/2

f m

(5.17)

(5.18)

The maximum force in the pipe is equal to the force per unit length times Le. Upon

substitution of the constitutive equations, the maximum pipe strain, f, due to Rigid Block

PGD is:

(5.19)

For L > J45EAffm, the maximum pipe strain is due to friction forces which result in a pipe

displacement of 6 towards the center of the PGD zone. In this case the pipe strain is a

function of b' and Figure 5-2(b) applies.

For L < ./46EAffm, the maximum pipe strain is due to friction forces acting over a distance

of L/2 on either side of both the head and toe of the PGD zone. In this case, the pipe

strain is a fur:ction of L and Figure 5-2(a) applies.

Tables 5-Ib through 5-XXVIIb present results from equation 5.19 for maximum pipe

strain using the simplified rigid spring/slider model. Results are given for the same range
5-8



of parameters used with the complete elastic spring/slider model which were presented in

Table 5-la through 5-XXVIIa. Note that equation 5.19 explains the influence of various

parameters on the maximum pipe strain which were observed previously in relation to the

complete interface model. That is, the maximum pipe strain is always an increasing

function of the burial depth, H, and a decreasing function of the wall thickness t.

For a fixed value of b, the maximum pipe strain is an increasing function of the length of

the PGD zone for L 5 JroF:A/fmand is a constant value of (fmb/EA)t for larger values of L.

Similarly for a fixed value of L, the maximum pipe strain is an increasing function of

amount of ground movement for b 5 (L/4EA)t and is a constant value of fmL/2AE for

larger values of 6. As with Ramp PGD, the maximum pipe strain using the simplified soil

pipe interface model is not directly a function of the pipe diameter ¢. However since

Tables 5-1 through 5-XXVII are presented in terms of the cover over the top of the pipe,

C, a larger pipe diameter results in a larger burial depth H = C + ¢/2 and pipe strain is a

function of burial depth H.

I

The simplified model in Figure 5-2(b) for which the maximum pipe strain is (fmbg/EAf, is

also applicable to an idealized ground displacement pattern

Ug(X) = {~
x<O
x>O (5.20)

This corresponds to the situation of zero soil strain on either side of a tensile ground crack

of width bat the head of a very long landslide as shown in Figure 5-3. It is also applicable

to the corresponding compression situation of an abrupt relative displacement of 6 at the

toe of a very long landslide.

5.3 Comparison of Models

Tables 5-lc through 5--XXVIIc list the percent different in the maximum pipe strain due

to Rigid Block PGD evaluated using the complete elastic spring/slider model and the

simplified rigid spring/slider model. Note that both models give very similar results and

the simplified model is always conservative, predicting maximum pipe strains slightly

higher than the complete model. In the cases examined, which correspond to what is felt

to be typical conditions, the error between the models does not exceed 1.5 percent.
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FIGURE 5-3 Simplified Model of a Buried Pipeline at a
tensile ground crack of width 0
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6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0009632
0.0009632
0.0009632
0.0009632
0.0009632
0.0009632
0.0009632

L(m)
400

0.0009807
0.0013874
0.0016995
0.00'19264
0.0019264
0.0019264
0.0019264

600

0.0009807
0.0013874
0.0016995
0.0019625
0.0021942
0.0024037
0.0025963

800

0.0009807
0.0013874
0.0016995
0.0019625
0.0021942
0.0024037
0.0025963

TABLE 5-Ia Maximum Pipe Strain for a' Rigid Block pattern of
Longitudinal PGD using the Complete Soil-Pipeline Interface
Model. ¢ == 12 in (30.5 cm), t = 0.25 in (6.4 mm),
C = 3 ft (0.HIm)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0009632
0.0009632
0.0009632
0.0009632
0.0009632
0.0009632
0.0009632

L(m)
400

0.0009814
0.0013879
0.0016999
0.0019264
0.0019264
0.0019264
0.0019264

600

0.0009814
0.0013879
0.0016999
0.0019629
0.0021945
0.0024040
0.0025966

800

0.0009814
0.0013879
0.0016999
0.0019629
0.0021945
0.0024040
0.0025966

TABLE 5-Ib Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. ¢> = 12 in
(30.5 cm), t := 0.25 in (6.4 mm), C = 3 ft (0.91 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.0750274
0.0374928
0.0249906
0.0000000
0.0000000
0.0000000
0.0000000

600

0.0750274
0.0374928
0.0249905
0.0187411
0.0148633
0.0123949
0.0106302

800

0.0750274
0.0374928
0.0249905
0.0187411
0.0148633
0.0123949
0.0106302

TABLE 5-Ic Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢> = 12 in (30.5 cm),
t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)
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6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0010790
0.0011696
0.0011696
0.0011696
0.0011696
0.0011696
0.0011696

L(m)
400

0.0010790
0.0015277
0.0018718
0.0021617
0.0023392
0.0023392
0.0023392

600

0.0010790
0.0015277
0.0018718
0.0021617
0.0024172
0.0026481
0.0028604

800

0.0010790
0.0015277
0.0018718
0.0021617
0.0024172
0.0026481
0.0028604

TABLE 5-IIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. </J = 30 in (76.2 cm), t = 0.25 in (6.4 mm),
C = 3 ft (0.91 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0010815
0.0011696
0.0011696
0.0011696
0.0011696
0.0011696
0.0011696

L(m)
400

0.0010815
0.0015294
0.0018732
0.0021630
0.0023392
0.0023392
0.0023392

600

0.0010815
0.0015294
0.0018732
0.0021630
0.0024183
0.0026491
0.0028613

800

0.0010815
0.0015294
0.0018732
0.0021630
0.0024183
0.0026491
0.0028613

TABLE 5-IIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. </J = 30 in (76.2 cm),
t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)

6 L(m)
(m) 200 400 600 800

0.10 0.2334565 0.2282779 0.2282779 0.2282779
0.20 0.0000000 0.1139465 0.1139465 0.1139465
0.30 0.0000000 0.0759216 0.0759216 0.0759216
0.40 0.0000000 0.0570809 0.0569251 0.0569251
0.50 0.0000000 0.0000000 0.0455324 0.0455324
0.60 0.0000000 0.0000000 0.0379394 0.0379394
0.70 0.0000000 0.0000000 0.0325168 0.0325168

TABLE 5-IIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. </J = 30 in (76.2 cm),
t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)
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8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0011680
0.0013760
0.0013760
0.0013760
0.0013760
0.0013760
0.0013760

L(m)
400

0.0011680
0.0016554
0.0020288
0.0023435
0.0026207
0.0027520
0.0027520

600

0.0011680
0.0016554
0.0020288
0.0023435
0.0026207
0.0028713
0.0031016

800

0.0011680
0.0016554
0.0020288
0.0023435
0.0026207
0.0028713
0.0031016

TABLE 5-IIIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. ¢ = 48 in (l22 cm), t = 0.25 in (6.4 mm),
C = 3 ft (0.91 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0011730
0.0013760
0.0013760
0.0013760
0.0013760
0.0013760
0.0013760

L(m)
400

0.0011730
0.0016589
0.0020317
0.0023461
0.0026230
0.0027520
0.0027520

600

0.0011730
0.0016589
0.0020317
0.0023461
0.0026230
0.0028733
0.0031035

800

0.0011730
0.0016589
0.0020317
0.0023461
0.0026230
0.0028733
0.0031035

TABLE 5-IIIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. ¢ = 48 in
(122 cm), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.4335768
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.4309769
0.2148071
0.1430534
0.1072490
0.0878803
0.0000000
0.0000000

600

0.4309769
0.2148071
0.1430533
0.1072331
0.0857592
0.0714508
0.0612343

800

0.4309769
0.2148071
0.1430533
0.1072331
0.0857592
0.0714508
0.0612343

TABLE 5-IIIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 48 in (122 cm),
t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)
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8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0013356
0.0017888
0.0017888
0.0017888
0.0017888
0.0017888
0.0017888

L(m)
400

0.0013356
0.0018901
0.0023155
0.0026740
0.0029898
0.0032753
0.0035378

600

0.0013356
0.0018901
0.0023155
0.0026740
0.0029898
0.0032753
0.0035379

800

0.0013356
0.0018901
0.0023155
0.0026740
0.0029898
0.0032753
0.0035379

TABLE 5-IVa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Complete Soil-Pipeline Interface
Model. ¢ = 12 in {30.5 em), t = 0.25 in (6.4 mm),
C = 6 ft (1.83 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0013375
0.0017888
0.0017888
0.0017888
0.0017888
0.0017888
0.0017888

L(m)
400

0.0013375
0.0018915
0.0023165
0.0026749
0.0029906
0.0032761
0.0035386

600

0.0013375
0.0018915
0.0023165
0.0026749
0.0029906
0.0032761
0.0035386

800

0.0013375
0.0018915
0.0023165
0.0026749
0.0029906
0.0032761
0.0035386

TABLE 5-IVb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Simplified Model. ¢ = 12 in
(30.5 em), t = 0.25 in {6.4 mm), C = 6 ft (1.83 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.1394697
0.0000000
0.0000000
0.8000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.1394696
0.0696627
0.0464258
0.0348133
0.0278478
0.0232061
0.0217990

600

0.1394696
0.0696627
0.0464258
0.0348133
0.0278478
0.0232049
0.0198889

800

0.1394696
0.0696627
0.0464258
0.0348133
0.0278478
0.0232049
0.0198889

TABLE 5-IVc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 12 in (30.5 em),
t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)
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6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0014070
0.0019952
0.0019952
0.0019952
0.0019952
0.0019952
0.0019952

L(m)
400

0.0014070
0.0019937
0.0024434
0.0028223
0.0031560
0.0034577
0.0037351

600

0.0014070
0.0019937
0.0024434
0.0028223
0.0031560
0.0034577
0.0037351

800

0.0014070
0.0019937
0.0024434
0.0028223
0.0031560
0.0034577
0.0037351

TABLE 5-Va MaJdmum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. ¢ = 30 in (76.2 cm), t = 0.25 in (6.4 mm),
C = 6 ft (1.83 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0014125
0.0019952
0.0019952
0.0019952
0.0019952
0.0019952
0.0019952

L(m)
400

0.0014125
0.0019976
0.0024465
0.0028250
0.0031585
0.0034599
0.0037372

600

0.0014125
0.0019976
0.0024465
0.0028250
0.0031585
0.0034599
0.0037372

800

0.0014125
0.0019976
0.0024465
0.0028250
0.0031585
0.0034599
0.0037372

TABLE 5-Vb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Simplified Model. ¢ = 30 in
(76.2 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.3903500
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.3903413
0.1946111
0.1296163
0.0971655
0.0777100
0.0647493
0.0557386

600

0.3903413
0.1946111
0.1296163
0.0971655
0.0777100
0.0647459
0.0554888

800

0.3903413
0.1946111
0.1296163
0.0971655
0.0777100
0.0647459
0.0554888

TABLE 5-Vc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 30 in (76.2 cm),
t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)

5-15



o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0014736
0.0020906
0.0022016
0.0022016
0.0022016
0.0022016
0.0022016

L(m)
400

0.0014736
0.0020912
0.0025641
0.0029625
0.0033133
0.0036303
0.0039219

600

0.0014736
0.0020912
0.0025641
0.0029625
0.0033133
0.0036303
0.0039219

800

0.0014736
0.0020912
0.0025641
0.0029625
0.0033133
0.0036303
0.0039219

TABLE 5-VIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. l/J = 48 in (122 cm), t = 0.25 in (6.4 mm),
C = 6 ft (1.83 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0014838
0.0020984
0.0022016
0.0022016
0.0022016
0.0022016
0.0022016

L(m)
400

0.0014838
0.0020984
0.0025700
0.0029676
0.0033178
0.0036345
0.0039257

600

0.0014838
0.0020984
0.0025700
0.0029676
0.0033178
0.0036345
0.0039257

800

0.0014838
0.0020984
0.0025700
0.0029676
0.0033178
0.0036345
0.0039257

TABLE 5-VIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. ¢ = 48 in
(122 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.6922295
0.3727553
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.6921823
0.3443454
0.2291761
0.1717367
0.1373197
0.1143984
0.0981334

600

0.6921823
0.3443454
0.2291761
0.1717367
0.1373195
0.1143941
0.0980284

800

0.6921823
0.3443454
0.2291761
0.1717367
0.1373195
0.1143941
0.0980284

TABLE 5-VIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 48 in (122 cm),
t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)

5-16



8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.7000

200

0.0016136
0.0022843
0.0026144
0.0026144
0.0026144
0.0026144
0.0026144

L(m)
400

0.0016136
0.0022843
0.0027987
0.0032322
0.0036140
0.0039593
0.0042767

600

0.0016136
0.0022843
0.0027987
0.0032322
0.0036140
0.0039593
0.0042767

800

0.0016136
0.0022843
0.0027987
0.0032322
0.0036140
0.0039593
0.0042767

TABLE 5-VIIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal paD Usin~ the Complete Soil-Pipeline Interface
Model. ¢ = 12 in t30.5 cm), t = 0.25 in (6.4 mm),
C = 9 ft (2.74 m)

8
(m)

0.1000
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0016169
0.0022867
0.0026144
0.0026144
0.0026144
0.0026144
0.0026144

L(m)
400

0.0016169
0.0022867
0.0028006
0.0032338
0.0036155
0.0039606
0.0042779

600

0.0016169
0.0022867
0.0028006
0.0032338
0.0036155
0.0039606
0.0042779

800

0.0016169
0.0022867
0.0028006
0.0032338
0.0036155
0.0039606
0.0042779

TABLE 5-VIIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal paD Using the Simplified Model. ¢ = 12 in
(30.5 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.2040345
0.1019097
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.2040345
0.1018634
0.0678747
0.0508932
0.0407084
0.0339202
0.0290724

600

0.2040345
0.1018634
0.0678747
0.0508932
0.0407084
0.0339202
0.0290724

800

0.2040345
0.1018634
0.0678747
0.0508932
0.0407084
0.0339202
0.0290724

TABLE 5-VIIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. 1> = 12 in (30.5 cm),
t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)
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0 L(m)
(m) 200 400 600 800

0.10 0.0016703 0.0016103 0.0016703 0.0016703
0.20 0.0023687 0.0023687 0.0023687 0.0023687
0.30 0.0028208 0.0029037 0.0029037 0.0029037
0.40 0.0028208 0.0033544 0.0033544 0.0033544
0.50 0.0028208 0.0037514 0.0037514 0.0037514
0.60 0.0028208 0.0041102 0.0041102 0.0041102
0.70 0.0028208 0.0044401 0.0044401 0.0044401

TABLE 5-VIIIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Complete Soil-Pipeline Interface
Model. ¢ = 30 in (76.2 cm), t = 0.25 in (6.4 mm),
C = 9 ft (2.74 m)

0 L(m)
(m) 200 400 600 800

0.10 0.0016795 0.0016795 0.0016795 0.0016795
0.20 0.0023752 0.0023752 0.0023752 0.0023752
0.30 0.0028208 0.0029090 0.0029090 0.0029090
0.40 0.0028208 0.0033590 0.0033590 0.0033590
0.50 0.0028208 0.0037555 0.0037555 0.0037555
0.60 0.0028208 0.0041140 0.0041140 0.0041140
0.70 0.0028208 0.0044436 0.0044436 0.0044436

TABLE 5-VIIIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. f = 30 in
(76.2 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m

0 L(m)
(m) 200 400 600 800

0.10 0.5531722 0.5531719 0.5531719 0.5531719
0.20 0.2759169 0.2754672 0.2754672 0.2754672
0.30 0.0000000 0.1833962 0.1833962 0.1833962
0.40 0.0000000 0.1374539 0.1374539 0.1374539
0.50 0.0000000 0.1099183 0.1099183 0.1099183
0.60 0.0000000 0.0915737 0.0915737 0.0915737
0.70 0.0000000 0.0784765 0.0784765 0.0784765

TABLE 5-VIIIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 30 in (76.2 cm),
t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)
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8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0017234
0.0024489
0.0030012
0.0030272
0.0030272
0.0030272
0.0030272

L(m)
400

0.0017234
0.0024489
0.0030041
0.0034716
0.0038832
0.0042551
0.0045971

600

0.0017234
0.0024489
0.0030041
0.0034716
0.0038832
0.0042551
0.0045971

800

0.0017234
0.0024489
0.0030041
0.0034716
0.0038832
0.0042551
0.0045971

TABLE 5-IXa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. ¢ = 48 in (122 cm), t = 0.25 in (6.4 mm),
C = 9 ft (2.74 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0017399
0.0024606
0.0030136
0.0030272
0.0030272
0.0030272
0.0030272

L(m)
400

0.0017399
0.0024606
0.0030136
0.0034798
0.0038905
0.0042618
0.0046033

600

0.0017399
0.0024606
0.0030136
0.0034798
0.0038905
0.0042618
0.0046033

800

0.0017399
0.0024606
0.0030136
0.0034798
0.0038905
0.0042618
0.0046033

TABLE 5-IXb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. </J = 48 in
(122 cm), t := 0.25 in (6.4 mm), C = 9 ft (2.74 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.9553673
0.4754379
0.4121014
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.9553620
0.4743744
0.3155168
0.2363628
0.1889583
0.1573920
0.1348627

600

0.9553620
0.4743744
0.3155168
0.2363628
0.1889583
0.1573920
0.1348625

800

0.9553620
0.4743744
0.3155168
0.2363628
0.1889583
0.1573920
0.1348625

TABLE 5-IXc Percent difference in Maximum Pipe Strain between
Simplified a:ld Complete Models. </J = 48 in (122 cm),
t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)
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o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0004816
0.0004816
0.0004816
0.0004816
0.0004816
0.0004816
0.0004816

L(m)
400

0.0006935
0.0009632
0.0009632
0.0009632
0.0009632
0.0009632
0.0009632

600

0.0006935
0.0009811
0.0012017
0.0013877
0.0014448
0.0014448
0.0014448

800

0.0006935
0.0009811
0.0012017
0.0013877
0.0015515
0.0016997
0.0018359

TABLE 5-Xa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. ¢ = 12 in (30.5 em), t = 0.50 in (12.7 mm),
C = 3 ft (0.91 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0004816
0.0004816
0.0004816
0.0004816
0.0004816
0.0004816
0.0004816

L(m)
400

0.0006940
0.0009632
0.0009632
0.0009632
0.0009632
0.0009632
0.0009632

600

0.0006940
0.0009814
0.0012020
0.0013879
0.0014448
0.0014448
0.0014448

800

0.0006940
0.0009814
0.0012020
0.0013879
0.0015518
0.0016999
0.0018361

TABLE 5-Xb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. ¢ = 12 In

(30.5 em), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.0750274
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

600

0.0750274
0.0374928
0.0249905
0.0188137
0.0000000
0.0000000
0.0000000

800

0.0750274
0.0374928
0.0249905
0.0187411
0.0149921
0.0124929
0.0106721

TABLE 5-Xc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 12 in (30.5 em),
t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)
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8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0005848
0.0005848
0.0005848
0.0005848
0.0005848
0.0005848
0.0005848

L(m)
400

0.0007630
0.0010802
0.0011696
0.0011696
0.0011696
0.0011696
0.0011696

600

0.0007630
0.0010802
0.0013235
0.0015286
0.0017092
0.0017544
0.0017544

800

0.0007630
0.0010802
0.0013235
0.0015286
0.0017092
0.0018725
0.0020226

TABLE 5-XIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Complete Soil-Pipeline Interface
Model. ¢ = 30 in l76.2 cm), t = 0.50 in (12.7 mm),
C = 3 ft (0.91 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0005848
0.0005848
0.0005848
0.0005848
0.0005848
0.0005848
0.0005848

L(m)
400

0.0007647
0.0010815
0.0011696
0.0011696
0.0011696
0.0011696
0.0011696

600

0.0007647
0.0010815
0.0013245
0.0015294
0.0017100
0.0017544
0.0017544

800

0.0007647
0.0010815
0.0013245
0.0015294
0.0017100
0.0018732
0.0020233

TABLE 5-XIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Simplified Model. ¢ = 30 in
(76.2 em), t = 0.50 in (l2.7 mm), C = 3 ft (0.91 m)

8
(m)

0.10
0.2000
0.30
0.40
0.50
0.60
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.2282778
0.1149243
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

600

0.2282778
0.1139465
0.0759216
0.0569276
0.0478159
0.0000000
0.0000000

800

0.2282778
0.1139465
0.0759216
0.0569251
0.0455324
0.0379394
0.0325169

TABLE 5-XIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ - 30 in (76.2 em),
t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)
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6 L(m)
(m) 200 400 600 800

0.10 0.0006880 0.0008259 0.0008259 0.0008259
0.20 0.0006880 0.0011705 0.0011705 0.0011705
0.30 0.0006880 0.0013760 0.0014346 0.0014346
0.40 0.0006880 0.0013760 0.0016571 0.0016571
0.50 0.0006880 0.0013760 0.0018531 0.0018531
0.60 0.0006880 0.0013760 0.0020301 0.0020303
0.70 0.0006880 0.0013760 0.0020640 0.0021932

TABLE 5-XIIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD USin~ the Complete Soil-Pipeline Interface
Model. ~ = 48 in 122 em), t = 0.50 in (12.7 mm),
C = 3 ft 0.91 m)

6 L(m)
(m) 200 400 600 800

0.10 0.0006880 0.0008295 0.0008295 0.0008295
0.20 0.0006880 0.0011730 0.0011730 0.0011730
0.30 0.0006880 0.0013760 0.0014367 0.0014367
0.40 0.0006880 0.0013760 0.0016589 0.0016589
0.50 0.0006880 0.0013760 0.0018547 0.0018547
0.60 0.0006880 0.0013760 0.0020317 0.0020317
0.70 0.0006880 0.0013760 0.0020640 0.0021945

TABLE 5-XIIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. if; = 48 in
(122 em), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

6 L(m)
(m) 200 400 600 800

0.10 0.0000000 0.4309768 0.4309768 0.4309768
0.20 0.0000000 0.2150886 0.2148071 0.2148071
0.30 0.0000000 0.0000000 0.1430533 0.1430533
0.40 0.0000000 0.0000000 0.1072339 0.1072331
0.50 0.0000000 0.0000000 0.0858555 0.0857592
0.60 0.0000000 0.0000000 0.0805913 0.0714508
0.70 0.0000000 0.0000000 0.0000000 0.0612343

TABLE 5-XIIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. if; = 48 in (122 em),
t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)
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8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0008944
0.0008944
0.0008944
0.0008944
0.0008944
0.0008944
0.0008944

L(m)
400

0.0009444
0.0013365
0.0016373
0.0017888
0.0017888
0.0017888
0.0017888

600

0.0009444
0.0013365
0.0016373
0.0018908
0.0021141
0.0023160
0.0025017

800

0.0009444
0.0013365
0.0016373
0.0018908
0.0021141
0.0023160
0.0025017

TABLE 5-XIIIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. <P == 12 in (30.5 cm), t = 0.50 in (12.7 mm),
C = 6 ft (1.83 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0008944
D.0008944
0.0008944
0.0008944
0.0008944
0.0008944
0.0008944

L(m)
400

0.0009457
0.0013375
0.0016380
0.0017888
0.0017888
0.0017888
0.0017888

600

0.0009457
0.0013375
0.0016380
0.0018915
0.0021147
0.0023165
0.0025022

800

0.0009457
0.0013375
0.0016380
0.0018915
0.0021147
0.0023165
0.0025022

TABLE 5-XIIIb Ma.ximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usinj; the Simplified Model. ¢ = 12 in
(30.5 cm), t := 0.50 in tl2.7 mm), C = 6 ft (1.83 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.6000
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.1394696
0.0696627
0.0464549
0.0000000
0.0000000
0.0000000
0.0000000

600

0.1394696
0.0696627
0.0464258
0.0348133
0.0278478
0.0232049
0.0198926

800

0.1394696
0.0696627
0.0464258
0.0348133
0.0278478
0.0232049
0.0198889

TABLE 5-XIIIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 12 in (30.5 cm),
t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)
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{;

(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0009976
0.0009976
0.0009976
0.0009976
0.0009976
0.0009976
0.0009976

L(m)
400

0.0009949
0.0014098
0.0017277
0.0019952
0.0019952
0.0019952
0.0019952

600

0.0009949
0.0014098
0.0017277
0.0019957
0.0022316
0.0024450
0.0026411

800

0.0009949
0.0014098
0.0017277
0.0019957
0.0022316
0.0024450
0.0026411

TABLE 5-XIVa Maximum Pipe'Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. tP = 30 in (76.2 em), t = 0.50 in (12.7 mm),
C = 6 ft (1.83 m)

{;

(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0009976
0.0009976
0.0009976
0.0009976
0.0009976
0.0009976
0.0009976

L(m)
400

0.0009988
0.0014125
0.0017300
0.0019952
0.0019952
0.0019952
0.0019952

600

0.0009988
0.0014125
0.0017300
0.0019976
0.0022334
0.0024465
0.0026426

800

0.0009988
0.0014125
0.0017300
0.0019976
0.0022334
0.0024465
0.0026426

TABLE 5-XIVb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Simplified Model. ¢ = 30 in
(76.2 em), t = 0.50 in 112.7 mm), C = 6 ft (1.83 m)

{;

(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.3903412
0.1946112
0.1296979
0.0000000
0.0000000
0.0000000
0.0000000

600

0.3903412
0.1946111
0.1296163
0.0971655
0.0777100
0.0647459
0.0554939

800

0.3903412
0.1946111
0.1296163
0.0971655
0.0777100
0.0647459
0.0554888

TABLE 5-XIVc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 30 in (76.2 em),
t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)
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8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0010411
0.0011008
0.0011008
0.0011008
0.0011008
0.0011008
0.0011008

L(m)
400

0.0010420
0.0014787
0.0018131
0.0020946
0.0022016
0.0022016
0.0022016

600

0.0010420
0.0014787
0.0018131
0.0020948
0.0023428
0.0025670
0.0027732

800

0.0010420
0.0014787
0.0018131
0.0020948
0.0023428
0.0025670
0.0027732

TABLE 5-XVa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. ¢= 48 in (122 em), t = 0.50 in (12.7 mm),
C = 6 ft (1.83 m) .

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0010492
0..0011008
0.0011008
0.0011008
0.0011008
0.0011008
0.0011008

L(m)
400

0.0010492
0.0014838
0.0018172
0.0020984
0.0022016
0.0022016
0.0022016

600

0.0010492
0.0014838
0.0018172
0.0020984
0.0023461
0.0025700
0.0027759

800

0.0010492
0.0014838
0.0018172
0.0020984
0.0023461
0.0025700
0.0027759

TABLE 5-XVb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. ¢ = 48 in
(122 em), t := 0.50 in (12.7 mm), C = 6 ft (1.83 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.7730010
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.6921820
0.3443461
0.2292902
0.1803782
0.0000000
0.0000000
0.0000000

600

0.6921820
0.3443454
0.2291761
0.1717367
0.1373195
0.1143943
0.0980332

800

0.6921820
0.3443454
0.2291761
0.1717367
0.1373195
0.1143941
0.0980284

TABLE 5-XVc Percent difference in Maximum Pipe Strain between
Simplified ar.d Complete Models. ¢ = 48 in (122 em),
t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)
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6 L(m)
(m) 200 400 600 800

0.10 0.0011410 C.0011410 0.0011410 0.0011410
0.20 0.0013072 C.0016153 0.0016153 0.0016153
0.3000 0.0013072 C.0019790 0.0019790 0.0019790
0.40 0.0013072 C.0022855 0.0022855 0.0022855
0.50 0.0013072 C.0025555 0.0025555 0.0025555
0.60 0.0013072 C.0026144 0.0027996 0.0027996
0.70 0.0013072 0.0026144 0.0030241 0.0030241

TABLE 5-XVIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. t= 12 in (30.5 em): t = 0.50 in (12.7 mm),
C = 9 ft 2.74 m)

6 L(m)
(m) 200 400 600 800

0.10 0.0011433 C.0011433 0.0011433 0.0011433
0.20 0.0013072 C.0016169 0.0016169 0.0016169
0.30 0.0013072 C.0019803 0.0019803 0.0019803
0.40 0.0013072 C.0022867 0.0022867 0.0022867
0.50 0.0013072 C.0025566 0.0025566 0.0025566
0.60 0.0013072 C.0026144 0.0028006 0.0028006
0.70 0.0013072 C.0026144 0.0030250 0.0030250

TABLE 5-XVIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usinp- the Simplified Model. ¢ = 12 in
(30.5 em), t = 0.50 in 112.7 mm), C = 9 ft (2.74 m)

6 L(m)
(m) 200 400 600 800

0.10 0.2046232 0.2040344 0.2040344 0.2040344
0.20 0.0000000 0.1018634 0.1018634 0.1018634
0.30 0.0000000 0.0678747 0.0678747 0.0678747
0.40 0.0000000 0.0508949 0.0508932 0.0508932
0.50 0.0000000 0.0431363 0.0407084 0.0407084
0.60 0.0000000 0.0000000 0.0339202 0.0339202
0.70 0.0000000 0.0000000 0.0290724 0.0290724

TABLE 5-XVIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 12 in (30.5 em),
t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)
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0 L(m)
(m) 200 400 600 800

0.10 0.0011810 0.0011811 0.0011811 0.0011811
0.20 0.0014104 0.0016749 0.0016749 0.0016749
0.30 0.0014104 0.0020532 0.0020532 0.0020532
0.40 0.0014104 0.0023719 0.0023719 0.0023719
0.50 0.0014104 0.0026526 0.0026526 0.0026526
0.60 0.0014104 0.0028208 0.0029064 0.0029064
0.70 0.0014104 0.0028208 0.0031396 0.0031396

TABLE 5-XVIIa Maximum Pipe Strain for .a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Knterface
Model. t = 30 in (76.2 em), t = 0.50 in (12.7 mm),
C = 9 ft 2.74 m)

0 L(m)
(m) 200 400 600 800

0.10 0.0011876 0.0011876 0.0011876 0.0011876
0.20 0.0014104 0.0016795 0.0016795 0.0016795
0.30 0.0014104 0.0020570 0.0020570 0.002057C
0.40 0.0014104 0.0023752 0.0023752 0.0023752
0.50 0.0014104 0.0026556 0.0026556 0.0026556
0.60 0.0014104 0.0028208 0.0029090 0.0029090
0.70 0.0014104 0.0028208 0.0031421 0.0031421

TABLE 5-XVIIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Simplified Model. </J = 30 in
(76.2 em), t = 0.50 in l12.7 mm), C = 9 ft (2.74 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.5570564
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.5531717
0.2754671
0.1833964
0.1374817
0.1118939
0.0000000
0.0000000

600

0.5531717
0.2754671
0.1833962
0.1374539
0.1099183
0.0915737
0.0784765

800

0.5531717
0.2754671
0.1833962
0.1374539
0.1099183
0.0915737
0.0784765

TABLE 5-XVIIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. </J = 30 in (76.2 em),
t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)

5-27



o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0012185
0.0015136
0.0015136
0.0015136
0.0015136
0.0015136
0.0015136

L(m)
400

0.0012186
0.0017317
0.0021242
0.0024548
0.0027458
0.0030074
0.0030272

600

0.0012186
0.0017317
0.0021242
0.0024548
0.0027458
0.0030088
0.0032506

800

0.0012186
0.0017317
0.0021242
0.0024548
0.0027458
0.0030088
0.0032506

TABLE 5-XVIIIa Maximum Pipe Strain for a Rigid Block Pattern
of Longitudinal paD Using the Complete Soil-Pipeline
Interface Model. ¢> = 48 in (122 cm), t = 0.50 in
(12.7 mm), C = 9 ft (2.74 m)

o
(m)

0.1000
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0012303
0.0015136
0.0015136
0.0015136
0.0015136
0.0015136
0.0015136

L(m)
400

0.0012303
0.0017399
0.0021309
0.0024606
0.0027510
0.0030136
0.0030272

600

0.0012303
0.0017399
0.0021309
0.0024606
0.0027510
0.0030136
0.0032550

800

0.0012303
0.0017399
0.0021309
0.0024606
0.0027510
0.0030136
0.0032550

TABLE 5-XVIIIb Maximum Pipe Strain for a Rigid Block Pattern
of Longitudinal PGD Using the Simplified Model. ¢> = 48 in
(122 cm), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.9637064
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.9553614
0.4743743
0.3155187
0.2364378
0.1908155
0.2041652
0.0000000

600

0.9553614
0.4743743
0.3155167
0.2363628
0.1889583
0.1573920
0.1348625

800

0.9553614
0.4743743
0.3155167
0.2363628
0.1889583
0.1573920
0.1348625

TABLE 5-XVIIIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢> = 48 In (122 cm),
t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)
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8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0003211
0.0003211
0.0003211
0.0003211
0.0003211
0.0003211
0.0003211

L(m)
400

0.0005662
0.0006421
0.0006421
0.0006421
0.0006421
0.0006421
0.0006421

600

0.0005662
0.0008010
0.0009632
0.0009632
0.0009632
0.0009632
0.0009632

800

0.0005662
0.0008010
0.0009812
0.0011330
0.0012668
0.0012843
0.0012843

TABLE 5-XIXa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Complete Soil-Pipeline Interface
Model. ¢ = 12 in t30.5 cm), t = 0.75 in (lg.l mm),
C = 3 ft (0.91 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0003211
0.0003211
0.0003211
0.0003211
0.0003211
0.0003211
0.0003211

L(m)
400

0.0005666
0.0006421
0.0006421
0.0006421
0.0006421
0.0006421
0.0006421

600

0.0005666
0.0008013
0.0009632
0.0009632
0.0009632
0.0009632
0.0009632

800

0.0005666
0.0008013
0.0009814
0.0011333
0.0012670
0.0012843
0.0012843

TABLE 5-XIXb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. ¢ = 12 in
(30.5 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

8
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.0750476
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

600

0.0750274
0.0374928
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

800

0.0750274
0.0374928
0.0249905
0.0187411
0.0158697
0.0000000
0.0000000

TABLE 5-XIXc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 12 in (30.5 cm),
t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)
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0 L(m)
(m) 200 400 600 800

0.10 0.0003899 0.0006230 0.0006230 0.0006230
0.20 0.0003899 0.0007797 0.0008820 0.0008820
0.30 0.0003899 0.0007797 0.0010807 0.0010807
0.40 0.0003899 0.0007797 0.0011696 0.0012481
0.50 0.0003899 0.0007797 0.0011696 0.0013955
0.60 0.0003899 0.0007797 0.0011696 0.0015288
0.70 0.0003899 0.0007797 0.0011696 0.0015595

TABLE 5-XXa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. <P = 30 in (76.2 em), t = 0.75 in (19.1 mm),
C = 3 ft (0.91 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.6000
0.70

200

0.0003899
0.0003899
0.0003899
0.0003899
0.0003899
0.0003899
0.0003899

L(m)
400

0.0006244
0.0007797
0.0007797
0.0007797
0.0007797
0.0007797
0.0007797

600

0.0006244
0.0008830
0.0010815
0.0011696
0.0011696
0.0011696
0.0011696

800

0.0006244
0.0008830
0.0010815
0.0012488
0.0013962
0.0015294
0.0015595

TABLE 5-XXb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Simplified Model. ¢ = 30 in
(76.2 em), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

8 L(m)
(m) 200 400 600 800

0.10 0.0000000 0.2283151 0.2282778 0.2282778
0.20 0.0000000 0.0000000 0.1139466 0.1139465
0.30 0.0000000 0.0000000 0.0763248 0.0759216
0.40 0.0000000 0.0000000 0.0000000 0.0569251
0.50 0.0000000 0.0000000 0.0000000 0.0455375
0.60 0.0000000 0.0000000 0.0000000 0.0405085
0.70 0.0000000 0.0000000 0.0000000 0.0000000

TABLE 5-XXc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 30 in (76.2 em),
t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

5-30



o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0004587
0.0004587
0.0004587
0.0004587
0.0004587
0.0004587
0.0004587

L(m)
400

0.0006743
0.0009173
0.0009173
0.0009173
0.0009173
0.0009173
0.0009173

600

0.0006743
0.0009557
0.0011714
0.0013528
0.0013760
0.0013760
0.0013760

800

0.0006743
0.0009557
0.0011714
0.0013530
0.0015131
0.0016577
0.0017907

TABLE 5-XXla Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal paD Usin~ the Complete Soil-Pipeline Interface
Model. ¢ = 48 in (122 cm), t = 0.75 in (19.1 mm),
C = 3 ft (0.91 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0004587
0.0004587
0.0004587
0.0004587
0.0004587
0.0004587
0.0004587

L(m)
400

0.0006772
0.0009173
0.0009173
0.0009173
0.0009173
0.0009173
0.0009173

600

0.0006772
0.0009578
0.0011730
0.0013545
0.0013760
0.0013760
0.0013760

800

0.0006772
0.0009578
0.0011730
0.0013545
0.0015144
0.0016589
0.0017918

TABLE 5-XXlb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal paD Using the Simplified Model. ¢ = 48 in
(122 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.4310298
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

600

0.4309767
0.2148072
0.1431108
0.1234686
0.0000000
0.0000000
0.0000000

800

0.4309767
0.2148071
0.1430533
0.1072331
0.0857600
0.0715197
0.0656157

TABLE 5-XXlc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 48 in (122 cm),
t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)
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0 L(m)
(m) 200 400 600 800

0.10 0.0005963 0.0007711 0.0007711 0.0007711
0.20 0.0005963 0.0010913 0.0010913 0.0010913
0.30 0.0005963 0.0011925 0.0013368 0.0013368
0.40 0.0005963 0.0011925 0.0015438 0.0015438
0.50 0.0005963 0.0011925 0.0017262 0.0017262
0.60 0.0005963 0.0011925 0.0017888 0.0018910
0.70 0.0005963 0.0011925 0.0017888 0.0020426

TABLE 5-XXIIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. t= 12 in (30.5 cm), t = 0.75 in (19.1 mm),
C = 6 ft 1.83 m)

0 L(m)
(m) 200 400 600 800

0.10 0.0005963 0.0007722 0.0007722 0.0007722
0.20 0.0005963 0.0010920 0.0010920 0.0010920
0.30 0.0005963 0.0011925 0.0013375 0.0013375
0.40 0.0005963 0.0011925 0.0015444 0.0015444
0.50 0.0005963 0.0011925 0.0017267 0.0017267
0.60 0.0005963 0.0011925 0.0017888 0.0018915
0.70 0.0005963 0.0011925 0.0017888 0.0020430

TABLE 5-XXIIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD USin(J the Simplified Model. ¢ = 12 in
(30.5 cm), t = 0.75 in 19.1 mm), C = 6 ft (1.83 m)

0 L(m)
(m) 200 400 600 800

0.10 0.0000000 0.1394696 0.1394696 0.1394696
0.2000 0.0000000 0.0697152 0.0696627 0.0696627
0.30 0.0000000 0.0000000 0.0464258 0.0464258
0.40 0.0000000 0.0000000 0.0348134 0.0348133
0.50 0.0000000 0.0000000 0.0281888 0.0278478
0.60 0.0000000 0.0000000 0.0000000 0.0232049
0.70 0.0000000 0.0000000 0.0000000 0.0198889

TABLE 5-XXIIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 12 in (30.5 cm),
t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)
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6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0006651
0.0006651
0.0006651
0.0006651
0.0006651
0.0006651
0.0006651

L(m)
400

0.0008123
0.0011511
0.0013301
0.0013301
0.0013301
0.0013301
0.0013301

600

0.0008123
0.0011511
0.0014107
0.0016294
0.0018221
0.0019952
0.0019952

800

0.0008123
0.0011511
0.0014107
0.0016294
0.0018221
0.0019963
0.0021565

TABLE 5-XXIIIa Maximum Pipe Strain for a Rigid Block Pattern
of Longitudinal paD Using the Complete Soil-Pipeline
Interface Model. </J = 30 in (76.2 cm), t - 0.75 in
(19.1 mm), C = 6 ft (1.83 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0006651
0.0006651
0.0006651
0.0006651
0.0006651
0.0006651
0.0006651

L(m)
400

0.0008155
0.0011533
0.0013301
0.0013301
0.0013301
0.0013301
0.0013301

600

0.0008155
0.0011533
0.0014125
0.0016310
0.0018235
0.0019952
0.0019952

800

0.0008155
0.0011533
0.0014125
0.0016310
0.0018235
0.0019976
0.0021577

TABLE 5-XXIIIb Maximum Pipe Strain for a Rigid Block Pattern
of Longitudinal PGD Using the Simplified Model. </J = 30 in
(76.2 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.3903412
0.1949784
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

600

0.3903411
0.1946111
0.1296163
0.0971666
0.0778696
0.0000000
0.0000000

800

0.3903411
0.1946111
0.1296163
0.0971655
0.0777100
0.0647459
0.0554888

TABLE 5-XXIIIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. </J = 30 in (76.2 cm),
t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)
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6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0007339
0.0007339
0.0007339
0.0007339
0.0007339
0.0007339
0.0007339

L(m)
400

0.0008508
0.0012073
0.0014677
0.0014677
0.0014677
0.0014677
0.0014677

600

0.0008508
0.0012073
0.0014804
0.0017104
0.0019129
0.0020959
0.0022016

800

0.0008508
0.0012073
0.0014804
0.0017104
0.0019129
0.0020960
0.0022643

TABLE 5-XXIVa Maximum Pipe Strain for a Rigid Block Pattern
of Longitudinal PGD Using the Complete Soil-Pipeline
Interface Model. ¢ = 48 in (122 em), t - 0.75 in
(19.1 mm), C = 6 ft (1.83 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0007339
0.0007339
0.0007339
0.0007339
0.0007339
0.0007339
0.0007339

L(m)
400

0.0008567
0.0012115
0.0014677
0.0014677
0.0014677
0.0014677
0.0014677

600

0.0008567
0.0012115
0.0014838
0.0017133
0.0019155
0.0020984
0.0022016

800

0.0008567
0.0012115
0.0014838
0.0017133
0.0019155
0.0020984
0.0022665

TABLE 5-XXIVb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Simplified Model. ¢ = 48 in
(122 em), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.6921828
0.3448828
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

600

0.6921819
0.3443454
0.2291761
0.1717393
0.1374388
0.1182981
0.0000000

800

0.6921819
0.3443454
0.2291760
0.1717367
0.1373195
0.1143941
0.0980284

TABLE 5-XXIVc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 48 in (122 em),
t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)
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6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0008715
0.0008715
0.0008715
0.0008715
0.0008715
0.0008715
0.0008715

L(m)
400

0.0009316
0.0013189
0.0016158
0.0017429
0.0017429
0.0017429
0.0017429

600

0.0009316
0.0013189
0.0016158
0.0018661
0.0020866
0.0022859
0.0024691

800

0.0009316
0.0013189
0.0016158
0.0018661
0.0020866
0.0022859
0.0024692

TABLE 5-XXVa Maximum Pipe Strain for a Rigid Block Pattern
of Longitudinal paD Using the Complete Soil-Pipeline
Interface Model. ¢ = 12 in (30.5 cm), t = 0.75 in
(19.1 mm), C = 9 ft (2.74 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0008715
0.0008715
0.0008715
0.0008715
0.0008715
0.0008715
0.0008715

L(m)
400

0.0009335
0.0013202
0.0016169
0.0017429
0.0017429
0.0017429
0.0017429

600

0.0009335
0.0013202
0.0016169
0.0018670
0.0020874
0.0022867
0.0024699

800

0.0009335
0.0013202
0.0016169
0.0018670
0.0020874
0.0022867
0.0024699

TABLE 5-XXVb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal paD Using the Simplified Model. ¢ = 12 in
(30.5 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.2040344
0.1018634
0.0682110
0.0000000
0.0000000
0.0000000
0.0000000

600

0.2040344
0.1018634
0.0678747
0.0508932
0.0407084
0.0339204
0.0291722

800

0.2040344
0.1018634
0.0678747
0.0508932
0.0407084
0.0339202
0.0290724

TABLE 5-XXVc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 12 in (30.5 cm),
t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)
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o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0009403
0.0009403
0.0009403
0.0009403
0.0009403
0.0009403
0.0009403

L(m)
400

0.0009643
0.0013676
0.0016764
0.0018805
0.0018805
0.0018805
0.0018805

600

0.0009643
0.0013676
0.0016764
0.0019367
0.0021659
0.0023730
0.0025635

800

0.0009643
0.0013676
0.0016764
0.0019367
0.0021659
0.0023730
0.0025635

TABLE 5-XXVIa Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Using the Complete Soil-Pipeline Interface
Model. <P = 30 in (76.2 cm), t = 0.75 in (19.1 mm),
C = 9 ft (2.74 m)

o
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0009403
0.0009403
0.0009403
0.0009403
0.0009403
0.0009403
0.0009403

L(m)
400

0.0009697
0.0013713
0.0016795
0.0018805
0.0018805
0.0018805
0.0018805

600

0.0009697
0.0013713
0.0016795
0.0019393
0.0021683
0.0023752
0.0025655

800

0.0009697
0.0013713
0.0016795
0.0019393
0.0021683
0.0023752
0.0025655

TABLE 5-XXVIb Maximum Pipe Strain for a Rigid Block Pattern of
Longitudinal PGD Usin~ the Simplified Model. ¢ = 30 in
(76.2 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)

o
(m)

0.10
0.20

·0.30
0.40
0.50
0.60
0.70

200

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.5531716
0.2754703
0.1843005
0.0000000
0.0000000
0.0000000
0.0000000

600

0.5531716
0.2754671
0.1833962
0.1374539
0.1099184
0.0915774
0.0786115

800

0.5531716
0.2754671
0.1833962
0.1374539
0.1099183
0.0915737
0.0784765

TABLE 5-XXVIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 30 in (76.2 cm),
t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)
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6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0009922
0.0010091
0.0010091
0.0010091
0.0010091
0.0010091
0.0010091

L(m)
400

0.0009950
0.0014139
0.0017344
0.0020029
0.0020181
0.0020181
0.0020181

600

0.0009950
0.0014139
0.0017344
0.0020043
0.0022419
0.0024567
0.0026541

800

0.0009950
0.0014139
0.0017344
0.0020043
0.0022419
0.0024567
0.0026541

TABLE 5-XXVIIa Maximum Pipe Strain for a Rigid Block Pattern
of Longitudinal PGD Using the Complete Soil-Pipeline
Interface Model. ¢ = 48 in (122 cm), t = 0.75 in
(19.1 mm), C = 9 ft (2.74 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

0.0010045
0.0010091
0.0010091
0.0010091
0.0010091
0.0010091
0.0010091

L(m)
400

0.0010045
0.0014206
0.0017399
0.0020090
0.0020181
0.0020181
0.0020181

600

0.0010045
0.0014206
0.0017399
0.0020090
0.0022462
0.0024606
0.0026577

800

0.0010045
0.0014206
0.0017399
0.0020090
0.0022462
0.0024606
0.0026577

TABLE 5-XXVIIb Maximum Pipe Strain for a Rigid Block Pattern
of Longitudinal PGD Using the Simplified Model. ¢ = 48 in
(122 cm), t := 0.75 in (19.1 mm), C = 9 ft (2.74 m)

6
(m)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

200

1.2395555
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

L(m)
400

0.9556748
0.4743957
0.3169429
0.3081560
0.0000000
0.0000000
0.0000000

600

0.9556747
0.4743743
0.3155167
0.2363628
0.1889589
0.1574030
0.1350279

800

0.9556747
0.4743743
0.3155167
0.2363628
0.1889583
0.1573920
0.1348625

TABLE 5-XXVIIc Percent difference in Maximum Pipe Strain between
Simplified and Complete Models. ¢ = 48 in (122 cm),
t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)
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SECTION 6

RAMP/STEP PGD

The axial strain induced in a continuous buried steel pipeline due to a Ramp/Step pattern

of longitudinal PGD is determined in this section. As with the other idealized PGD

patterns, the burial depth of the pipeline is assumed to be constant in and around the PGD

zone and any vertical component of PGD (i.e. subsidence and heaving) is neglected. As

shown in Table 3-1 the value of Ds, the relative displacement for slippage at the soil

pipeline interface, is quite small and as a result the simplified interface model yields

accurate results for the idealized PGD patterns investigated in Sec~ions 4 and 5. In this

section the simplified model for the soil pipeline interface, that is the rigid spring-slider

model shown in Figure :J-3, is used.

As mentioned previous:.y, the idealized Ramp/Step pattern shown in Figure 2-13 could

result from a lateral spread near a free face such as a river bank. It would be an

appropriate model for the postulated soil displacement pattern shown in Figure 2-10(c)

and might be appropria.te for the observed PGD patterns shown on the right hand side of

Figure 2--6(c), as well as in Figures 2-7(c) and 2-7(0).

As shown in Figure 2--13, a coordinate system is established at the head of the lateral

spread zone which has a length L. The soil strains on either side of the zone are zero.

Since the Ramp/Step pattern is most likely to occur at a free face, the soil movement

would probably be towards the free face resulting in tensile soil strain within the lateral

spread zone. Herein, the tensile soil strain is assumed to have constant value of Q.

6.1. Possible Configurations

There are two possible configurations for pipeline response to Ramp/Step PGD using the

simplified rigid spring-slider model. The first configuration is shown in Figure 6-1 and

corresponds to the case where the maximum tensile strain in the pipe is less than the

ground strain Q. The second configuration is shown in Figure 6-2 where the tensile strain

in the pipe is equal to the ground strain, Q, over a length L 2. Both configurations are

considered herein.
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u

Ground and Pipe
Displacement

L..----_~-==:~:......j..-.::..!:......-+---.....ez==--------.... x

Pt. A Pt. B Pt. C Pt. 0 Pt. E

Force and
Strain in Pipe
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FIGURE 6-1 Simplified Model for Ramp/Step PGD with pipe strain less
than ground strain.
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FIGURE 6-2 Simplified Model for Ramp/Step PGD with tensile pipe strain
equal to ground strain.
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6.2. Tensile Pipe Strain. Less Than ct

Figure 6.1 shows the case where the pipe strain is less than a. The pipe strain is zero at

points A, C and E. The maximum tensile force in the pipe occurs at point B where the

pipe displacement matches the ground displacement. The maximum axial displacement of

the pipe occurs at poin.t C. The pipe forces to the right of point C, are symmetric about

point D. The maximum compressive force in the pipe equal in magnitude to the maximum

tensile force, occurs at Point D (i.e., at the free face step). Since the slippage force per unit

length is a constant, the separation distances between points A through E is also a

constant, Le. The length Le can be determined by recalling that the pipe displacement

equals the ground displacement at point B. That is

Up(B) = Ug(B) = a(L-2Le) (6.1)

This pipe displacement at point B is due to a force per unit length fm acting over a length

Le, that is

L e

= f ~nS ds =
o EA. 2EA

(6.2)

Equations 6.1 and 6.2 can be solved for the length Le

J4a2 + 2f m aL/EA - 2a
Le = (6.3)

which, of course, is always a positive quantity. The maximum pipe strain, tension at point

B and compression at point D is then

E = fmLe/ AE = j4a2 + 2fmaL/EA - 2a (6.4)

The configuration in Figure 6-1 holds if the maximum pipe strain is less than the ground

strain a. Setting E < :Ck in equation 6.4 yields L < 5aEA/2fm. Hence the configuration in

Figure 6-1 is applicable if L < 5aEA/2fm•
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6.3 Tensile Pipe Strain Equals a

For an idealized Ramp/Step pattern of longitudinal PGD, the configuration in Figure 6.2

holds if L > 5o.EA/2fm• The pipe strain is zero at points F, I and K. The tensile pipe

strain equals a over a length L2 between points G and H, when the pipe displacement

matches exactly the assumed ground displacement. The maximum compressive strain in

the pipe occurs at point J.

As mentioned above, the force in the pipe at point F is zero. Since the slippage force per

unit length between points F and G is a constant, the force in the pipe is a linear function

of distance and the pipe axial displacement is a parabolic function of distance between

points F and G. Since the pipe strain matches the ground strain at point G, the point of

zero ground strain bisects the line segment between F and G as showIJ, in Figure 6.3.

The force in the pipe is zero at point I, and the force per unit length between H and I

(decreasing) equals that between F and G (increasing). Hence the distance between Hand

I must equal L1. Similarly, the distance between points I and J matches the distance

between points J and K. This distance is denoted herein as L3.

The axial displacement of the pipe equals o.LI/2 at point G and o.(LI/2 + L2) at point H.

Since the pipe displacement is zero at point F and the force in the pipe between F and I is

symmetric about the midpoint of segment FI, the pipe displacement at point I is o.(L 1 +
L2). Similarly, the axial displacement of the pipe at point J equals 0.(1 1 + L2)/2.

For the configuration in Figure 6-2, the maximum tensile pipe strain is o.. The maximum

compressive pipe strain is determined herein by enforcing continuity. Recall that the pipe

displacement at point G equals the assumed ground displacement at that point

Up(G) = Ug(G) = ~ (6.5)

The pipe displacement at this point is -due to a force per unit length fm acting over a

distance of Lb hence
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LI

f f mS
-ds

o EA 2EA
(6.6)

Hence, from equations 6.5 and 6.6, we have

aEA
L 1=-­

f m

(6.7)

The pipe displacement at point J must equal the pipe displacement at point H plus the

stretching and/or compression over the distance from H to J.

J

f f( s)
Up(H) + -- ds =

H EA

or
Ll+L 3

j(" [L I f m f m S]
-- -- ds

o EA EA

which reduces to

f m 2 2
-[L3- L d
aEA

Finally, note that the total length of the lateral spread zone L is

(6.8)

(6.9)

(6.10)

(6.11)

Combining equations (6.7), (6.10) and (6.11) results in the following expression for the

length L3

1 -1
(6.12)
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The maximum compressive strain in the pipe, which occurs at point J, is simply

, - fmL,/EA - ~[ j 4~X - l' -1 ] (6.13)

For L > 5exEA/2fm which applies to the situation in Figure 6-2, the maximum compressive

strain in the pipe, by equation (6.13), is larger than the tensile ground strain ex.

6.4 Maximum Pipe Strain

Tables 6-1 through l3-XXVII present the maximum compress:ve pipe strain for an

idealized Ramp/Step pattern of longitudinal PGD. Results are calculated using

equation (6.4) for L < 5exEA/2fm, and using equation (6.13) for L > 5exEA/2fm.

As with the tables in Sections 4 and 5, the unit weight of the soil, 'Y, is taken as 100 pcf and

the coefficient of friction of the soil pipeline interface, j.L, is taken as 0.75. Results are

presented for pipe diameters, <P, of 12, 30 and 48 inches, pipe wall thicknesses, t, of 1/4,

1/2 and 3/4 inches and for 3, 6 and 9 feet of soil cover, C, over the the top of the pipe.

The range of values for the ground strain, ex, and the length of the lateral spread zone L are

the same as those usee. for the Ramp pattern in Section 4. That is, ex and L are based upon

the work of Suzuki and Masuda [8].

For a fixed value of the ground strain, ex, pipe strain is an increasing function of the length

of the lateral spread zone L. For a fixed value of L, the pipe strain is an increasing

function of ex. For fixed ex and L, pipe strain is an increasing function of the burial depth

H, or C, and a decreasing function of the wall thickness t. For a fixed burial depth to the

pipe centerline H, the pipe strain is not a function of the pipe diameter <p. This results

from the fact that both the slippage force, fm, and the pipe cross-sectional area, A, are

proportional to the pipe diameter, <p
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L(m)
a 25 50 100 150 200

0.0025 0.0001190 0.0002353 0.0004604 0.0006766 0.0008849
0.0033 0.0001193 0.0002366 0.0004654 0.0006870 0.0009022
0.0050 0.0001197 0.0002380 0.0004705 0.0006980 0.0009208
0.0100 0.0001200 0.0002394 0.0004759 0.0007098 0.0009411
0.0200 0.0001202 0.0002401 0.0004787 0.0007160 0.0009519

TABLE 6-1 Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Sim~lified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.25 in 6.4 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001441 0.0002843 0.0005541 0.0008114 0.0010577
0.0033 0.0001446 0.0002863 0.0005612 0.0008260 0.0010818
0.0050 0.0001451 0.0002882 0.0005686 0.0008418 0.0011082
0.0100 0.0001457 0.0002903 0.0005765 0.0008588 0.0011373
0.0200 0.0001459 0.0002913 0.0005806 0.0008678 0.0011530

TABLE 6-11 Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Sim~lified Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.25 in 6.4 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001691 0.0003329 0.0006462 0.0009431 0.0012258
0.0033 0.0001698 0.0003356 0.0006557 0.0009625 0.0012574
0.0050 0.0001705 0.0003383 0.0006658 0.0009836 0.0012925
0.0100 0.0001713 0.0003411 0.0006766 0.0010067 0.0013317
0.0200 0.0001716 0.0003425 0.0006822 0.0010190 0.0013531

TABLE 6-111 Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0002188 0.0004288 0.0008261 0.0011981 0.0015489
0.0033 0.0002200 0.0004331 0.0008413 0.0012284 0.0015974
0.0050 0.0002212 0.0004376 0.0008576 0.0012620 0.0016523
0.0100 0.0002224 0.0004423 0.0008752 0.0012994 0.0017152
0.0200 0.0002230 0.0004447 0.0008846 0.0013198 0.0017505

TABLE 6-IV Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longi~udi~lal PGD using the ~im~lified Soil-Pipeline Interface Model.
¢ = 12 In (.30.5 em), t = 0.25 In 6.4 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0002435 0.0004761 0.0009140 0.0013217 0.0017046
0.0033 0.0002449 0.0004814 0.0009324 0.0013581 0.0017623
0.0050 0.0002464 0.0004869 0.0009523 0.0013986 0.0018281
0.0100 0.0002479 0.0004927 0.0009739 0.0014443 0.0019045
0.0200 0.0002486 0.0004957 0.0009855 0.0014694 0.0019478

TABLE 6-V Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of LongitudiIlial PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in (j'6.2 cm), t = 0.25 in l6.4 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0002680 0.0005230 0.0010007 0.0014430 0.0018568
0.0033 0.0002697 0.0005294 0.0010224 0.0014857 0.0019240
0.0050 0.0002715 0.0005360 0.0010461 0.0015336 0.0020013
0.0100 0.0002733 0.0005430 0.0010721 0.0015881 0.0020922
0.0200 0.0002743 0.0005467 0.0010861 0.0016185 0.0021441

TABLE 6-VI Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0003168 0.0006157 0.0011702 0.0016789 0.0021515
0.0033 0.0003192 0.0006244 0.0011993 0.0017350 0.0022386
0.0050 0.0003216 0.0006335 0.0012314 0.0017990 0.0023405
0.0100 0.0003242 0.0006433 0.0012671 0.0018731 0.0024628
0.0200 0.0003255 0.0006483 0.0012865 0.0019150 0.0025341

TABLE 6-VII Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simp'lified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.25 in t6.4 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0003410 0.0006614 0.0012533 0.0017938 0.0022944
0.0033 0.0003437 0.0006714 0.0012863 0.0018570 0.0023918
0.0050 0.0003466 0.0006819 0.0013229 0.0019295 0.0025066
0.0100 0.0003495 0.0006932 0.0013639 0.0020142 0.0026458
0.0200 0.0003511 0.0006991 0.0013864 0.0020624 0.0027278

TABLE 6-VIII Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Si~lified Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.25 in 6.4 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0003651 0.0007068 0.0013353 0.0019068 0.0024345
0.0033 0.0003682 0.0007181 0.0013723 0.0019772 0.0025424
0.0050 0.0003715 0.0007301 0.0014137 0.0020585 0.0026706
0.0100 0.0003749 0.0007430 0.0014603 0.0021544 0.0028273
0.0200 0.0003766 0.0007498 0.0014860 0.0022094 0.0029206

TABLE 6-IX Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0000598 0.0001190 0.0002353 0.0003490 0.0004604
0.0033 0.0000599 0.0001193 0.0002366 0.0003519 0.0004654
0.0050 0.0000600 0.0001197 0.0002380 0.0003549 0.0004705
0.0100 0.0000601 0.0001200 0.0002394 0.0003580 0.0004759
0.0200 0.0000602 0.0001202 0.0002401 0.0003596 0.0004787

TABLE 6-X Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
if; = 12 in (~IO.5 cm), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000726 0.0001441 0.0002843 0.0004209 0.0005541
0.0033 0.0000727 0.0001446 0.0002863 0.0004250 0.0005612
0.0050 0.0000728 0.0001451 0.0002882 0.0004294 0.0005686
0.0100 0.0000730 0.0001457 0.0002903 0.0004339 0.0005765
0.0200 0.0000730 0.0001459 0.0002913 0.0004362 0.0005806

TABLE 6-XI Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal paD using the Simplified Soil-Pipeline Interface Model.
if; = 30 in ('76.2 cm), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000853 0.0001691 0.0003329 0.0004918 0.0006462
0.0033 0.0000855 0.0001698 0.0003356 0.0004974 0.0006557
0.0050 0.0000856 0.0001705 0.0003383 0.0005033 0.0006658
0.0100 0.0000858 0.0001713 0.0003411 0.0005095 0.0006766
0.0200 0.0000859 0.0001716 0.0003425 0.0005127 0.0006822

TABLE 6-XII Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal paD using the Simplified Soil-Pipeline Interface Model.
if; = 48 in (122 cm), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0001106 0.0002188 0.0004288 0.0006310 0.0008261
0.0033 0.0001109 0.0002200 0.0004331 0.0006401 0.0008413
0.0050 0.0001112 0.0002212 0.0004376 0.0006497 0.0008576
0.0100 0.0001115 0.0002224 0.0004423 0.0006599 0.0008752
0.0200 0.0001116 0.0002230 0.0004447 0.0006653 0.0008846

TABLE 6-XIII Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 em), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001232 0.0002435 0.0004761 0.0006993 0.0009140
0.0033 0.0001236 0.0002449 0.0004814 0.0007104 0.0009324
0.0050 0.0001239 0.0002464 0.0004869 0.0007221 0.0009523
0.0100 0.0001243 0.0002479 0.0004927 0.0007347 0.0009739
0.0200 0.0001245 0.0002486 0.0004957 0.0007413 0.0009855

TABLE 6-XIV Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in (76.2 em), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001358 0.0002680 0.0005230 0.0007668 0.0010007
0.0033 0.0001362 0.0002697 0.0005294 0.0007800 0.0010224
0.0050 0.0001367 0.0002715 0.0005360 0.0007941 0.0010461
0.0100 0.0001371 0.0002733 0.0005430 0.0008092 0.0010721
0.0200 0.0001374 0.0002743 0.0005467 0.0008172 0.0010861

TABLE 6-XV Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 em), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0001608 0.0003168 0.0006157 0.0008995 0.0011702
0.0033 0.0001614 0.0003192 0.0006244 0.0009173 0.0011993
0.0050 0.0001621 0.0003216 0.0006335 0.0009365 0.0012314
0.0100 0.0001627 0.0003242 0.0006433 0.0009575 0.0012671
0.0200 0.0001631 0.0003255 0.0006483 0.0009687 0.0012865

TABLE 6-XVI Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simp-lified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.50 in l12.7 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001733 0.0003410 0.0006614 0.0009647 0.0012533
0.0033 0.0001740 0.0003437 0.0006714 0.0009850 0.0012863
0.0050 0.0001748 0.0003466 0.0006819 0.0010071 0.0013229
0.0100 0.0001755 0.0003495 0.0006932 0.0010312 0.0013639
0.0200 0.0001759 0.0003511 0.0006991 0.0010442 0.0013864

TABLE 6-XVII Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.50 in 112.7 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001857 0.0003651 0.0007068 0.0010293 0.0013353
0.0033 0.0001866 0.0003682 0.0007181 0.0010522 0.0013723
0.0050 0.0001874 0.0003715 0.0007301 0.0010772 0.0014137
0.0100 0.0001883 0.0003749 0.0007430 0.0011047 0.0014603
0.0200 0.0001888 0.0003766 0.0007498 0.0011195 0.0014860

TABLE 6-XVIII Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0000400 0.0000796 0.0001580 0.0002353 0.0003114
0.0033 0.0000400 0.0000798 0.0001586 0.0002366 0.0003137
0.0050 0.0000401 0.0000799 0.0001593 0.0002380 0.0003161
0.0100 0.0000401 0.0000801 0.0001599 0.0002394 0.0003185
0.0200 0.0000401 0.0000802 0.0001602 0.0002401 0.0003198

TABLE 6-XIX Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Sim~lified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.75 in l19.1 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000485 0.0000965 0.0001913 0.0002843 0.0003757
0.0033 0.0000486 0.0000968 0.0001922 0.0002863 0.0003791
0.0050 0.0000486 0.0000970 0.0001931 0.0002882 0.0003825
0.0100 0.0000487 0.0000972 0.0001940 0.0002903 0.0003861
0.0200 0.0000487 0.0000973 0.0001945 0.0002913 0.0003880

TABLE 6-XX Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.75 in l19.1 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000570 0.0001134 0.0002243 0.0003329 0.0004394
0.0033 0.0000571 0.0001137 0.0002255 0.0003356 0.0004439
0.0050 0.0000572 0.0001140 0.0002268 0.0003383 0.0004486
0.0100 0.0000573 0.0001143 0.0002280 0.0003411 0.0004535
0.0200 0.0000573 0.0001145 0.0002287 0.0003425 0.0004561

TABLE 6-XXI Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0000740 0.0001469 0.0002897 0.0004288 0.0005644
0.0033 0.0000741 0.0001474 0.0002917 0.0004331 0.0005717
0.0050 0.0000743 0.0001480 0.0002938 0.0004376 0.0005795
0.0100 0.0000744 0.0001485 0.0002959 0.0004423 0.0005876
0.0200 0.0000745 0.0001488 0.0002970 0.0004447 0.0005919

TABLE 6-XXII Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 12 in (:30.5 em), t = 0.75 in (19.1 mm), C = 6 ~t (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000825 0.0001636 0.0003222 0.0004761 0.0006259
0.0033 0.0000826 0.0001642 0.0003246 0.0004814 0.0006348
0.0050 0.0000828 0.0001649 0.0003272 0.0004869 0.0006443
0.0100 0.0000830 0.0001656 0.0003298 0.0004927 0.0006544
0.0200 0.0000830 0.0001659 0.0003312 0.0004957 0.0006596

TABLE 6-XXIII Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the SimOlified Soil-Pipeline Interface Model.
¢ = 30 in ('76.2 em), t = 0.75 in 19.1 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000909 0.0001802 0.0003544 0.0005230 0.0006867
0.0033 0.0000911 0.0001810 0.0003574 0.0005294 0.0006974
0.0050 0.0000913 0.0001818 0.0003604 0.0005360 0.0007087
0.0100 0.0000915 0.0001826 0.0003636 0.0005430 0.0007209
0.0200 0.0000916 0.0001830 0.0003653 0.0005467 0.0007273

TABLE 6-XXIV Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 em), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0001078 0.0002133 0.0004182 0.0006157 0.0008064
0.0033 0.0001081 0.0002144 0.0004224 0.0006244 0.0008209
0.0050 0.0001083 0.0002155 0.0004266 0.0006335 0.0008365
0.0100 0.0001086 0.0002167 0.0004311 0.0006433 0.0008533
0.0200 0.0001088 0.0002173 0.0004334 0.0006483 0.0008622

TABLE 6-XXV Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Sim.rlified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.75 in t19.1 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001162 0.0002298 0.0004499 0.0006614 0.0008654
0.0033 0.0001165 0.0002311 0.0004546 0.0006714 0.0008819
0.0050 0.0001169 0.0002324 0.0004596 0.0006819 0.0008998
0.0100 0.0001172 0.0002337 0.0004647 0.0006932 0.0009191
0.0200 0.0001174 0.0002344 0.0004674 0.0006991 0.0009295

TABLE 6-XXVI Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.75 in (l9.1 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001246 0.0002462 0.0004814 0.0007068 0.0009237
0.0033 0.0001250 0.0002477 0.0004868 0.0007181 0.0009424
0.0050 0.0001253 0.0002492 0.0004924 0.0007301 0.0009627
0.0100 0.0001257 0.0002507 0.0004983 0.0007430 0.0009848
0.0200 0.0001259 0.0002515 0.0005014 0.0007498 0.0009966

TABLE 6-XXVII Maximum Compressive Pipe Strain for a Ramp/Step Pattern
of Longitudinal PGD using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)
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SECTION 7

RIDGE PGD

The axial strain indueed in a continuous steel pipeline due to a Ridge pattern of

longitudinal PGD is determined in this section. As with the other idealized paD patterns,

the burial depth of the pipeline is assumed to be constant in and around the paD zone and

any vertical component of paD (i.e. subsidence and heaving) is neglected. As shown in

Table 3.1 the value oJ Ds, the relative displacement for slippage at the soil pipeline

interface, is quite small and as a result the simplified interface model yields accurate results

for the idealized paD patterns investigated in Sections 4 and 5. As in Section 6, the

simplified model for the soil pipeline interface, that is the rigid spring-slider model shown

in Figure 3-3, is used herein to evaluate pipe strains.

As mentioned previously, the idealized Ridge pattern shown in Figure 2-14 may be an

appropriate model for the observed paD patterns to the left of the Bandai Bridge in

Figure 2--6(c), in Figures 2-7(b) and on the south side of the Yoshino Creek in Figure 2-8.

As shown in Figure 2--14, a coordinate system is established at the head of the lateral

spread zone which has a length 1. The soil strains on either side of the zone are zero.

Within the lateral spread zone, there is uniform tensile ground strain, Q, to the left of the

ridge and uniform compressive ground strain, Q, to the right of the ridge.

7.1. Possible Configurations

There are two possible configurations for pipeline response to Ridge paD using the

simplified rigid spring--slider model. The first configuration is shown in Figure 7-1 and

corresponds to the case where the maximum strain in the pipe is less than the ground

strain Q. The second configuration is shown in Figure 7-2 where the strain in the pipe is

equal to the ground strain Q over a limited distance on each side of the ridge. Both

configurations are considered herein.
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FIGURE 7-1 Simplified Model for Ridge PGD with pipe strain less
than ground strain.
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FIGURE 7-2 Simplified Model for Ridge PGD with maximum pipe strain equal
to ground strain.
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7.2. Tensile Pipe Strain. Less Than a

Figure 7.1 shows the case where the pipe strain is less than a. The pipe strain is zero at

points A, C and E. The maximum tensile and compressive strains in the pipe occur at

points Band D respecti.vely. The pipe displacement matches the ground displacement at

these points. The maxi:num axial displacement of the pipe occurs directly under the ridge,

at point C. To the left and right of point C, the pipe force is symmetric about points B

and D respectively. Since the slippage force per unit length is a constant, the separation

distances between points A through E is also a constant Le . The length Le can be

determined by recalling that the pipe displacement equals the ground displacement at

point B.

(7.1 )

This pipe displacement at point B is due to a force per unit length fm acting over a length

Le,

Le

J f mS
--ds =

o EA 2EA
(7.2)

Equations 7.1 and 7.2 can be solved for the length Le

L
e

= Ja2 + f mL alEA - a

f m/EA

(7.3)

which, of course, is alwa,ys a positive quantity. The maximum pipe strain, tension at point

B and compression at point D is then

J a2 + fmLalEA - a
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The configuration in Figure 7-1 holds if the maximum pipe strain is less than the ground

strain a. Setting f < a in equation 7.4 yields L < 3aEA/fm• That is, the configuration in

Figure 7-1 is applicable if L < 3aEA/fm.

7.3 Tensile Pipe Strain Equals a

For an idealized Ridge pattern of longitudinal PGD, the configuration in Figure 7-2 holds

if L > 3aEA/fm• For this case, the mmmum tensile pipe strain equals the ground strain a

over a limited distance somewhere to the left of point C while the maximum compressive

pipe strain equals the ground strain, a, over a limited distance somewhere to the right of

point C.

7.4 Maximum Pipe Strain

Tables 7-1 through 7-XXVII present the maximum pipe strain for an idealized Ridge

pattern of longitudinal PGD. Results are calculated using equation (7.4) for L < 3aEA/fm•

For L > 3aEA/fm the maximum pipe strain equals the ground strain a.

As with the tables in Sections 4 through 6, the unit weight of the soil, "f, is taken as 100 pcf

and the coefficient of friction at the soil pipeline interface, f..L, is taken as 0.75. Results are

presented for pipe diameters, <P, of 12, 30 and 48 inches, pipe wall thicknesses, t, of 1/4,

1/2 and 3/4 inches and for 3, 6 and 9 feet of soil cover, C, over the the top of the pipe.

The range of values for the ground strain, a, and the length of the lateral spread zone, L,

are the same as those used for the Ramp pattern in Section 4 and the Ramp/Step pattern

in Section 6.

For a fixed value of the ground strain a, pipe strain is an increasing function of the length

of the lateral spread zone for L ~ 3aEA/fm• For lengths beyond that value the pipe strain

is a constant. For a fixed value of L, the pipe strain is an increasing function of the burial

depth, H or C, and a decreasing function of the pipe wall thickness t. For a fixed burial

depth to the pipe centerline, H, the pipe strain is not a function of the pipe diameter <p.
This results from both fm and A being proportional to the pipe diameter <p.
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L(m)
a 25 50 100 150 200

0.0025 0.0001176 0.0002302 0.0004424 0.0006404 0.0008266
0.0033 0.0001183 0.0002327 0.0004511 0.0006575 0.0008538
0.0050 0.0001190 0.0002353 0.0004604 0.0006766 0.0008849
0.0100 0.0001197 0.0002380 0.0004705 0.0006980 0.0009208
0.0200 0.0001200 0.0002394 0.0004759 0.0007098 0.0009411

TABLE 7-1 Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGn
Using the Simplified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001422 0.0002770 0.0005289 0.0007613 0.0009782
0.0033 0.0001431 0.0002806 0.0005409 0.0007848 0.0010150
0.0050 0.0001441 0.0002843 0.0005541 0.0008114 0.0010577
0.0100 0.0001451 0.0002882 0.0005686 0.0008418 0.0011082
0.0200 0.0001457 0.0002903 0.0005765 0.0008588 0.0011373

TABLE 7-11 Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGn
Using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001665 0.0003231 0.0006129 0.0008779 0.0011235
0.0033 0.0001678 0.0003279 0.0006287 0.0009083 0.0011705
0.0050 0.0001691 0.0003329 0.0006462 0.0009431 0.0012258
0.0100 0.0001705 0.0003383 0.0006658 0.0009836 0.0012925
0.0200 0.0001713 0.0003411 0.0006766 0.0010067 0.0013317

TABLE 7-111 Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGn
Using the Simplified Soil-Pipeline Interface Model.
if; = 48 in (122 em), t = 0.25 in (6.4 mm), C = 3 ft (0.91 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0002144 0.0004131 0.0007744 0.0010997 0.0013979
0.0033 0.0002166 0.0004207 0.0007987 0.0011450 0.0014663
0.0050 0.0002188 0.0004288 0.0008261 0.0011981 0.0015489
0.0100 0.0002212 0.0004376 0.0008576 0.0012620 0.0016523
0.0200 0.0002224 0.0004423 0.0008752 0.0012994 0.0017152

TABLE 7-IV Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0002381 0.0004570 0.0008523 0.0012057 0.0015281
0.0033 0.0002407 0.0004662 0.0008811 0.0012587 0.0016076
0.0050 0.0002435 0.0004761 0.0009140 0.0013217 0.0017046
0.0100 0.0002464 0.0004869 0.0009523 0.0013986 0.0018281
0.0200 0.0002479 0.0004927 0.0009739 0.0014443 0.0019045

TABLE 7-V Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in (76.2 em), t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0002615 0.0005003 0.0009284 0.0013087 0.0016543
0.0033 0.0002647 0.0005112 0.0009620 0.0013698 0.0017449
0.0050 0.0002680 0.0005230 0.0010007 0.0014430 0.0018568
0.0100 0.0002715 0.0005360 0.0010461 0.0015336 0.0020013
0.0200 0.0002733 0.0005430 0.0010721 0.0015881 0.0020922

TABLE 7-VI Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm)J t = 0.25 in (6.4 mm), C = 6 ft (1.83 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0003078 0.0005851 0.0010757 0.0015067 0.0018957
0.0033 0.0003122 0.0005997 0.0011193 0.0015843 0.0020090
0.0050 0.0003168 0.0006157 0.0011702 0.0016789 0.0021515
0.0100 0.0003216 0.0006335 0.0012314 0.0017990 0.0023405
0.0200 0.0003242 0.0006433 0.0012671 0.0018731 0.0024628

TABLE 7-VII MaJdmum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 12 in (iW.5 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0003307 0.0006267 0.0011472 0.0016022 0.0020115
0.0033 0.0003357 0.0006432 0.0011959 0.0016881 0.0021363
0.0050 0.0003410 0.0006614 0.0012533 0.0017938 0.0022944
0.0100 0.0003466 0.0006819 0.0013229 0.0019295 0.0025066
0.0200 0.0003495 0.0006932 0.0013639 0.0020142 0.0026458

TABLE 7-VIII Ma:ximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in ('76.2 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0003534 0.0006676 0.0012173 0.0016955 0.0021245
0.0033 0.0003591 0.0006862 0.0012712 0.0017899 0.0022606
0.0050 0.0003651 0.0007068 0.0013353 0.0019068 0.0024345
0.0100 0.0003715 0.0007301 0.0014137 0.0020585 0.0026706
0.0200 0.0003749 0.0007430 0.0014603 0.0021544 0.0028273

TABLE 7-IX Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.25 in (6.4 mm), C = 9 ft (2.74 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0000595 0.0001176 0.0002302 0.0003383 0.0004424
0.0033 0.0000597 0.0001183 0.0002327 0.0003435 0.0004511
0.0050 0.0000598 0.0001190 0.0002353 0.0003490 0.0004604
0.0100 0.0000600 0.OC01197 0.0002380 0.0003549 0.0004705
0.0200 0.0000601 0.0001200 0.0002394 0.0003580 0.0004759

TABLE 7-X Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000721 0.0001422 0.0002770 0.0004057 0.0005289
0.0033 0.0000723 0.0001431 0.0002806 0.0004130 0.0005409
0.0050 0.0000726 0.0001441 0.0002843 0.0004209 0.0005541
0.0100 0.0000728 0.0001451 0.0002882 0.0004294 0.0005686
0.0200 0.0000730 0.0001457 0.0002903 0.0004339 0.0005765

TABLE 7-XI Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000846 0.0001665 0.0003231 0.0004715 0.0006129
0.0033 0.0000849 0.0001678 0.0003279 0.0004813 0.0006287
0.0050 0.0000853 0.0001691 0.0003329 0.0004918 0.0006462
0.0100 0.0000856 0.0001705 0.0003383 0.0005033 0.0006658
0.0200 0.0000858 0.0001713 0.0003411 0.0005095 0.0006766

TABLE 7-XII Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.50 in (12.7 mm), C = 3 ft (0.91 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0001094 0.0002144 0.0004131 0.0005990 0.0007744
0.0033 0.0001100 0.0002166 0.0004207 0.0006142 0.0007987
0.0050 0.0001106 0.0002188 0.0004288 0.0006310 0.0008261
0.0100 0.0001112 0.0002212 0.0004376 0.0006497 0.0008576
0.0200 0.0001115 0.0002224 0.0004423 0.0006599 0.0008752

TABLE 7-XIII Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 em), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001217 0.0002381 0.0004570 0.0006609 0.0008523
0.0033 0.0001225 0.0002407 0.0004662 0.0006790 0.0008811
0.0050 0.0001232 0.0002435 0.0004761 0.0006993 0.0009140
0.0100 0.0001239 0.0002464 0.0004869 0.0007221 0.0009523
0.0200 0.0001243 0.0002479 0.0004927 0.0007347 0.0009739

TABLE 7-XIV Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in (713.2 em), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001340 0.0002615 0.0005003 0.0007215 0.0009284
0.0033 0.0001349 0.0002647 0.0005112 0.0007428 0.0009620
0.0050 0.0001358 0.0002680 0.0005230 0.0007668 0.0010007
0.0100 0.0001367 0.0002715 0.0005360 0.0007941 0.0010461
0.0200 0.0001371 0.0002733 0.0005430 0.0008092 0.0010721

TABLE 7-XV Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (1~~2 em), t = 0.50 in (12.7 mm), C = 6 ft (1.83 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0001584 0.0003078 0.0005851 0.0008395 0.0010757
0.0033 0.0001596 0.0003122 0.0005997 0.0008675 0.0011193
0.0050 0.0001608 0.0003168 0.0006157 0.0008995 0.0011702
0.0100 0.0001621 0.0003216 0.0006335 0.0009365 0.0012314
0.0200 0.0001627 0.0003242 0.0006433 0.0009575 0.0012671

TABLE 7-XVI Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 12 in (30.5 cm), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001705 0.0003307 0.0006267 0.0008969 0.0011472
0.0033 0.0001719 0.0003357 0.0006432 0.0009285 0.0011959
0.0050 0.0001733 0.0003410 0.0006614 0.0009647 0.0012533
0.0100 0.0001748 0.0003466 0.0006819 0.0010071 0.0013229
0.0200 0.0001755 0.0003495 0.0006932 0.0010312 0.0013639

TABLE 7-XVII Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in (76.2 cm), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001825 0.0003534 0.0006676 0.0009534 0.0012173
0.0033 0.0001841 0.0003591 0.0006862 0.0009886 0.0012712
0.0050 0.0001857 0.0003651 0.0007068 0.0010293 0.0013353
0.0100 0.0001874 0.0003715 0.0007301 0.0010772 0.0014137
0.0200 0.0001883 0.0003749 0.0007430 0.0011047 0.0014603

TABLE 7-XVIII Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.50 in (12.7 mm), C = 9 ft (2.74 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0000398 0.0000790 0.0001557 0.0002302 0.0003027
0.0033 0.0000399 0.0000793 0.0001568 0.0002327 0.0003069
0.0050 0.0000400 0.0000796 0.0001580 0.0002353 0.0003114
0.0100 0.0000401 0.0000799 0.0001593 0.0002380 0.0003161
0.0200 0.0000401 0.0000801 0.0001599 0.0002394 0.0003185

TABLE 7-XIX Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 12 in (:30.5 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000483 0.0000956 0.0001879 0.0002770 0.0003634
0.0033 0.0000484 0.0000961 0.0001895 0.0002806 0.0003694
0.0050 0.0000485 0.0000965 0.0001913 0.0002843 0.0003757
0.0100 0.0000486 0.0000970 0.0001931 0.0002882 0.0003825
0.0200 0.0000487 0.0000972 0.0001940 0.0002903 0.0003861

TABLE 7-XX Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in ('76.2 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000567 0.0001122 0.0002197 0.0003231 0.0004229
0.0033 0.0000568 0.0001128 0.0002219 0.0003279 0.0004308
0.0050 0.0000570 0.0001134 0.0002243 0.0003329 0.0004394
0.0100 0.0000572 0.0001140 0.0002268 0.0003383 0.0004486
0.0200 0.0000573 0.0001143 0.0002280 0.0003411 0.0004535

TABLE 7-XXI Ma.ximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 3 ft (0.91 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0000735 0.0001449 0.0002822 0.0004131 0.0005383
0.0033 0.0000737 0.0001459 0.0002859 0.0004207 0.0005508
0.0050 0.0000740 0.0001469 0.0002897 0.0004288 0.0005644
0.0100 0.0000743 0.0001480 0.0002938 0.0004376 0.0005795
0.0200 0.0000744 0.0001485 0.0002959 0.0004423 0.0005876

TABLE 7-XXII Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
if; = 12 in (30.5 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000818 0.0001611 0.0003129 0.0004570 0.0005944
0.0033 0.0000821 0.0001623 0.0003174 0.0004662 0.0006094
0.0050 0.0000825 0.0001636 0.0003222 0.0004761 0.0006259
0.0100 0.0000828 0.0001649 0.0003272 0.0004869 0.0006443
0.0200 0.0000830 0.0001656 0.0003298 0.0004927 0.0006544

TABLE 7-XXIII Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
if; = 30 in (76.2 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)

L(m)
a 25 50 100 150 200

0.0025 0.0000901 0.0001772 0.0003434 0.0005003 0.0006495
0.0033 0.0000905 0.0001787 0.0003487 0.0005112 0.0006671
0.0050 0.0000909 0.0001802 0.0003544 0.0005230 0.0006867
0.0100 0.0000913 0.0001818 0.0003604 0.0005360 0.0007087
0.0200 0.0000915 0.0001826 0.0003636 0.0005430 0.0007209

TABLE 7-XXIV Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
if; = 48 in (122 cm), t = 0.75 in (19.1 mm), C = 6 ft (1.83 m)
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L(m)
a 25 50 100 150 200

0.0025 0.0001067 0.0002091 0.0004032 0.0005851 0.0007569
0.0033 0.0001072 0.0002112 0.0004105 0.0005997 0.0007802
0.0050 0.0001078 0.0002133 0.0004182 0.0006157 0.0008064
0.0100 0.0001083 0.0002155 0.0004266 0.0006335 0.0008365
0.0200 0.0001086 0.0002167 0.0004311 0.0006433 0.0008533

TABLE 7-XXV Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Si:nplified Soil-Pipeline Interface Model.
¢ = 12 in (:W.5 em), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001149 0.0002249 0.0004327 0.0006267 0.0008093
0.0033 0.0001155 0.0002273 0.0004410 0.0006432 0.0008355
0.0050 0.0001162 0.0002298 0.0004499 0.0006614 0.0008654
0.0100 0.0001169 0.0002324 0.0004596 0.0006819 0.0008998
0.0200 0.0001172 0.0002337 0.0004647 0.0006932 0.0009191

TABLE 7-XXVI Maximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 30 in ('76.2 em), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)

L(m)
a 25 50 100 150 200

0.0025 0.0001231 0.0002407 0.0004619 0.0006676 0.0008609
0.0033 0.0001238 0.0002434 0.0004712 0.0006862 0.0008902
0.0050 0.0001246 0.0002462 0.0004814 0.0007068 0.0009237
0.0100 0.0001253 0.0002492 0.0004924 0.0007301 0.0009627
0.0200 0.0001257 0.0002507 0.0004983 0.0007430 0.0009848

TABLE 7-XXVII Ma.ximum Pipe Strain for a Ridge Pattern of Longitudinal PGD
Using the Simplified Soil-Pipeline Interface Model.
¢ = 48 in (122 em), t = 0.75 in (19.1 mm), C = 9 ft (2.74 m)
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SECTION 8

COMPARISON OF PATTERNS

In the preceding sections, the response of a buried steel pipeline to four idealized patterns

of longitudinal paD was determined. In this section, the pipe strains induced by the four

patterns will be compared.

8.1 Normalized Pipe Strain

To facilitate the comparison of pipe strain, we define an embedment length, Lern , as the

length over which the constant slippage force frn must act to induce a pipe strain f equal to

the ground strain a.

fmL ern
f a ---

AE

or

Lern
aEA
1;

(8.1)

(8.2)

Table 8-1 lists Lern in meters for various values of the ground strain, a, the pipe wall

thickness, t, and the burial depth to the centerline of the pipe H. In Table 8-1 the unit

weight of the soil, "I, is taken as 100 pcf and the coefficient of friction at the soil pipe

interface ranges from 0.45 to 0.75. Note that since both the slippage force, frn, and the pipe

cross-sectional area, A, are proportional to the pipe diameter, ¢, the embedment length

Lern is independent of pi.pe diameter.

For a Ramp pattern of longitudinal PGD, the pipe strain using the simplified interface

model is given by Equation (4.26). Utilizing the embedment length, Lern , given by

Equation (8.2) yields

L < Lern

L> Lern
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For the Rigid Block pattern of longitudinal PGD, the pipe strain using the simplified

model is given by Equation (5.18). Defining an "equivalent" ground strain for this pattern

as

we get

a - 6/L

[

aL
"2"L;m

,= "IL/L,m

L < 4 Lem

L > 4 Lem

(8.4)

(8.4)

For a Ramp/Step pattern of longitudinal PGD, the pipe strain using the simplified model

is given by Equation (6.4) for L < 5aEA/2fm and by Equation (6.13) for L > 5aEA/2fm.

Introducing the embedment length Lem , we get

E =!aU 4 + 2L/Lem
- 2]

~[J#: - 1 - 1]2 Lem

L < 2.5Lem

L > 2.5Lem

(8.5)

For the Ridge pattern, the pipe strain is given by Equation (7.4) for L < 3aEA/fm and is

simply a for L > 3aEA/fm. Utilizing the embedment length, Lem , we get

L < 3Lem

L > 3Lem

(8.6)

The pipe strain, E, for each PGD pattern, normalized by the ground strain, a, is plotted in

Figure 8-1 as a function of the normalized length of the lateral spread zone, L/Lem . For

both the Ramp and Ridge patterns of longitudinal PGD, the pipe strain is always less than

or equal to the pipe strain a. However for the Rigid Block and Ramp/Step patterns, the

pipe strain is larger than the ground strain for L > 2Lem and L > 2.5Lem respectively. For

a given value of the ground strain, a, the Ramp pattern of longitudinal PGD leads to the

largest pipe strains for L < 2Lem , while the Rigid Block pattern leads to the largest pipe

strains for L > 2Lem .
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8.2 Example Calculation

Figure 8-1 and Table 8-1 can be used to estimate pipe strain induced by any of the four

patterns of longitudinal PGD considered. As an example, we consider a pipeline subject to

the Ramp/Step pattern of longitudinal PGD shown in Figure 2-10(c). That is, the length

of the lateral spread zone L = 390 m and the ground strain (} = 7.5/210 = 0.036. The

burial depth to the pipe centerline, H, is taken as 6 ft, the unit weight of the soil is taken

as 100 pcf, the pipe wall thickness is 1/4 inch and the coefficient of friction at the soil

pipeline interface is 0.~75 which from Equation (3.2) corresponds to an angle of shearing

resistance (J = 40" .

From Equation (8.2) or extrapolating from Table 8-1 the embedment length for the pipe,

Lem , is 2120 m. Hence the normalized length of the lateral spread zone L/Lem = 390/2120

= 0.184 and from Figure 8-1 the normalized pipe strain for Ramp/Step PGD f./ (} ~ 0.09.

Hence the strain in the pipe induced by this pattern of longitudinal PGD is 0.00324.
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H = 3 ft (0.91 m)
a II t=1/4" t=1/2" t=3/4"

(6.4mm) (12.7mm) (19.1mm)

H = 3 ft (0.91 m)
a II t=1/4" t=1/2" t=3/4"

(6.4mm) (12.7mm) (19.1mm)

· H = 3 ft (0.91 m)
a II t=1/4" t=1/2" t=3/4"

(6.4mm) (12.7mm) (19.1mm)

0.002
0.005
0.010
0.020
0.030

0.002
<Xl 0.005
t'n 0.010

0.020
0.030

0.002
0.005
0.010
0.020
0.030

236
589

1178
2356
3533

294
736

1472
2944
4417

392
981

1963
3926
5889

471
1178
7356
4711
7066

588
1472
2944
5889
8833

785
1963
3926
7852

11778

707
1767
3533
7066

10600

883
2208
4417
8833

13250

1178
2944
5889

11778
17667

H = 6 ft (1.83 m) H = 9 ft (2.74 m)
t=1/4" t=1/2" t=3/4" t=1/4" t=1/2" t=3/4"

(6.4mm) (12.7mm) (19.1mm) (6.4mm) (12.7mm) (19.1mm)

118 236 353 78.5 157 236
294 589 883 196 393 589
588 1178 i767 393 785 1178

1177 2356 3533 785 1570 2356
1767 3533 5300 1178 2356 3533

(a) J-L = 0.75

H = 6 ft ~1.83 m) H = 9 ft (2.74 m)
t=1/4" t=1/2 I t=3/4" t=1/4" t=1/2" t=3/4"

(6.4mm) (12.7mm) (19.1mm) (6.4mm) (12.7mm) (19.1mm)

147 294 442 98.1 196 294
368 736 1104 245 491 736
736 1472 2208 491 981 1472

1472 2944 4417 981 1963 2944
2208 4417 6625 1472 2944 4416

(b) J-L = 0.60

H = 6 ft p.83 m) H = 9 ft (2.74 m)
t=1/4" t=1/2 I t=3/4" t=1/4" t=1/2" t=3/4"

(6.4mm) (12.7mm) (19.1mm) (6.4mm) (12.7mm) (19.1mm)

196 392 589 131 262 393
491 981 1472 327 654 981
981 1963 2944 654 1308 1963

1963 3926 5889 1308 2617 3926
2944 5889 8833 1963 3926 5889

(c) J-L = 0.45

TABLE 8-1 Embedment Length Lern , in meters, as a function of ground strain a, for a unit weight of soil equal to
100 pd and various values of the burial depth H to pipe centerline, pipe wall thickness t, and coefficient of
friction J-L.





SECTION 9

SUMMARY AND RECOMMENDATIONS

9.1 Summary

The response of an ela.stic buried steel pipeline to four idealized patterns of longitudinal

PGD were determined herein. The four patterns of horizontal ground movement

considered (i.e. Ramp, Rigid Block, Ramp/Step and Ridge) are idealizations of ground

movement patterns observed after earthquakes in Japan. Vertical components of PGD

resulting from subsidence or heaving are neglected and the horizontal PGD is assumed

parallel to the pipeline axis. In addition, the burial depth of the pipeline in and around the

PGD zone is assumed to be constant.

Two models for the force-deformation relationship in the axial direction at the soil pipeline

interface are considered. The complete model shown in Figure 3-2 consists of a linear

elastic soil spring in se:~ies with a slider. The simplified model shown in Figure 3-3 consists

of simply a slider. The stiffness of the soil spring and the force per unit length for the

slider were developed using information available in the technical literature. The relative

axial displacement at the soil pipeline interface corresponding to slippage, Ds, (i.e. relative

displacement beyond ¥rhich the slider is effective) is shown in Table 3-1 to be an increasing

function of the pipe diameter, <p, the burial depth to the top of the pipe, C, and the

coefficient of friction at the soil pipe interface, J.L. However, for what is felt to be a

reasonable range for the parameter of interest, Ds is less than 0.075 inches.

For the Ramp pattern and the Rigid Block pattern, the maximum pipe strain was

evaluated using both the complete elastic spring/slider model for the soil pipe interface as

well as the simplified rigid spring/slider model. Tables 4-I(c) through 4-XXVII(c) for the

Ramp pattern and Ta.bles 5-I(c) through 5-XXVII(c) for the Rigid Block pattern show

that the simplified interface model gives results which are no more than 4% larger than the

complete interface model. This is likely due to the fact that the ground displacement

magnitudes considered are quite large compared to Ds.

The simplified interfaee model is used to evaluate the maximum pipe strain for both the

Ramp/Step pattern an.d the Ridge pattern of longitudinal PGD. The maximum pipe strain

E, for all four patterns normalized by the ground strain, 0, is plotted as a function of the

normalized length of the PGD zone in Figure 8-1. The length of the PGD zone is
9-1



normalized by the embedment length, Lem , which is defined as the length over which the

constant slippage force fm must act to induce a pipe strain equal to the ground strain (x. As

shown in Table 8-1, the embedment distance Lem is an increasing function of the ground

strain, (x, and the pipe wall thickness t. It is a decreasing function of the coefficient of

friction at the soil pipe interface, 1-", and the burial depth to the pipe centerline H.

For both the Ramp and Ridge patterns of longitudinal PGD, the pipe strain is an

increasing function of the length of the PGD zone for L < Lem and L < 3Lem respectively

and equal to the ground strain beyond. However for the Rigid Block and Ramp/Step

patterns, the pipe strain is larger than the ground strain for L > 2Lem and L > 2.5Lem

respectively. For a fixed value of the ground strain (x, the Ramp patterns leads to larger

pipe strains for L < 2Lem , while the I?gid Block pattern leads to the largest pipe strain for

L > 2Lem .

9.2 Recommendations

For the design of new pipelines, areas susceptible to PGD due to landslides or liquefaction

induced lateral spreading should be avoided if possible. However, if right-of-way

considerations require that the pipeline route cross an area of potential PGD, the following

actions would reduce the level of buried pipe strain, induced by horizontal PGD, by

increasing the embedment length, Lem .

• increase the pipe wall thickness.

• use the smallest allowable soil cover over the top of the pipe.

• backfill the pipeline trench with lighter weight soils having a low angle of shearing

resistance.

If design calculations suggest that the above listed actions still result in an unacceptable

level of pipe stress, consideration should be given to the following:

• soil replacement or soil improvement through dynamic compaction, stone columns,

etc. to avoid liquefaction all together.

• if economically possible, support the pipeline on battered piles which penetrate

down to a firm bearing layer.

• install block valves, possibly remote controlled or automatic shutoff, at each side of

the potential PGD zone.
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