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Performance of buried pipelines, subjected to fault movement
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ABSTRACT: Earthquakes have demonstrated the vulnerability of buried pipelines in cases of permanent soil deformations
rather than in ground shaking. A model is proposed, dealing with the analysis of the performance of shallow buried
pipelines, subjected to fault movement. An analysis procedure is presented, applicable to both horizontal and vertical fault
movement, either for strike slip or reverse strike slip fault. Results of the analysis, concerning the influence of parameters
such as angle of pipe crossing the fault, geometric characteristics of pipe etc, are presented and commented. The ductility
demands for the pipelines to resist large fault movement have been calculated.

1 INTRODUCTION

Buried pipelines play an important role in civil life. Their
damage could lead to loss of vital services, communication,
transportation etc and could sometimes result to a major
disaster. Buried structures subject to earthquakes are
particularly infuenced by the deformation of the ground
surrounding them. Deformation of the ground can be
caused by abrupt displacement of an active fault,
liquefaction, landslides and travelling seismic waves.
Among them, fault movement is major cause for pipelines’
damage after severe earthquakes. This was reported after
many significant earthquakes in the last years.

Though the important role of buried pipelines in
human life is worldwide recognized, Earthquake
Regulations do not include much concerning pipelines’
earthquake resistant analysis and design, compared to what
is included about other types of structures. However, a
nipeline system is generally built up over a large territory
and is subject to a variety of possible earthquake induced
hazards; especially in the case of regions with high
seismisity, e.g. Greece, it is almost impossible for a major
pipeline not to cross a number of active faults!

In such cases, the response of buried pipelines to fault
movement is an important part of lifeline earthquake
engineering and its investigation is in line with the modern
aspects on the subject.

2 FORMULATION OF THE PROBLEM

The model used in the present analysis, for the case of
vertical fault movement, is shown in Figure 1 (side view).

A fault movement causes the relative displacement (AV)
of the soil surrounding the pipeline. As the soil at the left
hand side moves downwards, the relative motion of the
pipeline is upwards and the reaction to this movement is
due to the uplift reaction of the soil. As the soil at the
right hand side moves upwards, the relative motion of the
pipeline is downwards and the reaction to this movement
is due to the bearing capacity reaction of the soil. The
total relative motion of the pipeline consists of both parts:
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AV = AV, + AV,

The model is assumed to consist of two curved
segments (AB, and AB,), each one of constant curvature
joined at point A, near the transition zome, and two
semi-infinite segments on elastic foundation, away from
the transition zone. This assumption of an elastic
foundation is permitted by the small value of soil
deformations on the semi-infinite segments of the pipeline.

The described model includes also the assumption that
point A is the first point where a plastic hinge of the
pipeline will occur, as the soil deformation increases.
Relative soil movement causes axial deformation (and,
therefore, axial force) of significant value to the pipeline.

A number of investigations have been conducted, based
on similar models, mainly for horizontal movement and
tensile behaviour of pipelines. Among these are three well-
known procedures: Newmark-Hall (1975) procedure,
Kennedy et al (1977) procedure and Wang-Yeh (1985)
procedure. In such cases, symmetry exists around point A,
therefore there is one parameter less for the analysis.

Frequently, a specific type of ground failure in a fault
zone will cause both tension and compression failures,
depending on the orientation of the pipeline and its
location within the zone of movement. The authors of the
present paper have extended the Wang-Yeh procedure, in
order to include compression phenomena. They have also
included in the model the reduction of flexural stiffness of
the pipe, due to severe axial forces at the large
deformation area. They have come to the conclusion that,
for fault movement larger than 1.0 m, flexural stiffness of
the pipe can be totaly omited from the analysis, without
practically affecting the accuracy of the final solution. This
is valid because a large axial force reduces the values of
the first and the second yield moments of the pipe, causing
decrease of flexural stiffness of the pipe at any point in the
large deformation region. This causes extra deformations
to the pipe, which means extra reduction of the flexural
stiffness. Therefore, a model has been built, by ignoring
the bending stiffness of the pipe. This model is shown in
Figure 1. Detail of large deformation area is shown in
Figure 2. All symbols are referred to the Symbol Table, at
the end of the text.
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Figure 1. Model of pipeline subjected to vertical fault movement (side view).

Some related equations, from a previous paper
(Vougioukas, Theodossis & Carydis (1991)) can be
expressed.

For the part of the model that moves downwards:

2(F) =0
2, =
X, =

Similar equations can be extracted for the other part of
the model, that moves upwards:
==>F ,,cosa, - f, R, sina, +

Z(F) =
P, R, (1-cosa)) -Fg, =0 (4

Z"(Fy) =0 15“Zsmuz + F, R2 (cosa, - 1) +(5)

R, sina, =
XM, =

Balance of a.m'al forces at section A gives:
= Fp, (= Fp)
Companblhty demand reauxres that total " geomemc (AG)
and "permissible” (AP) deformations of the pipe are equal:
AG = AP

AG is calculated from the deformed shape of the model.
AP is calculated from the stress-strain relations of every
part of the model. Determination of AG and AP is given
in detail in the same paper.

Therefore, there is a system of eight equations with
eigth unknowns. It must be noted that, though the
equations are extracted for fault movement causing tension
to the pipeline, they are also valid for compression,
provided that P, and P, are given negative values, if
buckling phcnomena are omitted from the analysis, due to
soil surrounding the pipe.

—vu-F(}lcosczl F R, sina

R(1-Sosky - Bo =0 (D)

==-F,;singq; + F, R (cosa, - 1) +
P, R, sina, = 0 )

2
—F, R, -Fy R -F,R7q =003

== F,,R,-Fg, R,-FR2a, = 0(6)

For the case of horizontal fault movement, ultimate soil

resistance should be given corresponding values, equal to
each other for both parts of the pipeline (symmetry
around point A). In this case, Figures 1 and 2 present top
view of the model. y

Figure 2. Detail of large deformation area of the model.

3 MATERIAL PROPERTIES

Steel X-70 has been mainly used for sample calculations
in this study. Steel St-37, according to German Standards
(DIN), has also been used, for comparison purposes.
Stress-strain curves for X-70 and St-37 are presented in
Figure 3. These curves are approximated by tri-linear
curves, having the initial elastic portion up to the first yield
point o, then a second linear part having a much smaller
slope, up to the constant ultimate yield strength o,. The
slopes of the stress-strain curves are denoted as E; and E,
for the first and the second linear portions, respectwely
The first linear portion is considered as the elastic region
and the second linear portion is considered as the inelastic
region.

Ductility demand for the pipeline to resist fault
movement is defined as the ratio €/e,, where ¢ is the
maximum strain at pomt A and ¢, the strain corresponding
to the first yield point of the material.
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Figure 3. Stress-strain curves for steel X-70 and St-37.

4 SOIL CHARACTERISTICS

The pipe considered in our analysis is buried in a trench
and backfilled with sand. The trench is wide enough, so
that the properties of the sand govern pipe-soil interaction.
These properties, for the sample calculations of this study,
were considered as:

y 17.6 kN/m>

¢ 35.0 deg
9, 20.0 deg

According to Loizos (1977), the bearing capacity of the
soil reaction p, is given by:

Py = CN +y tN, + 05BN,

In our case ¢=0, y;=y,, t=H, B=D, thus:

P, = YHN_+05yDN, per unit pipe area, or

P, = yHN;D + 05y D, N, per unit pipe length

NZ and N, are, according to ISII\{"‘&OI’I, functions of ¢,
(e.g. for p = 35° N, = 333 and N, = 339).

The passive pressure of the soil is given by:
p, = Y H N, per unit pipe areg, or
P, = y H N, D, per unit pipe lenght

N,, according to Trautman et al (1985), is given by:

N, = KH/D tanp + 1 - nD/8H

Away from the transition zone, the reaction of the soil
to the semi-infinite pipe segments, is, according to
Spangler and Handy (1973):

g, = 0.5 (1+k) + YH, per unit pipe area, or

Q, = 0.5 (1+k)D + yHD, per unit pipe length

Note that Q; is different at each side of the pipe, due
to different k.

Friction, anywhere on the pipe, can be found by
multyipling the pressure terms by tang . Thus:

F, = P, tang
Ft = P: tamps
F, = Q, tanp,

All symi)ols are referred to the Symbol Table, at the
end of the text.

5 ITERATIVE PROCEDURE

The given data are the soils characteristics, the geometric
and material properties of the pipe and the characteristics
of the movement induced by a fault: Length of relative
movement AV (horizontal or vertical, causing tension or
compression) and angle B between fault and pipe.
Though the number of the equations equals the number
of the unknowns (8), equation () is a very complicated
function, so an iterative procedure has to be used for the
determination of the final solution, as follows:
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F, is given an initial value and equations (1)-(6) are
usecf\to determine the geometry of deformation (a,, a,, R,
Ry and Fy, Fy, Consequently, AV is divi in two
parts AV, and AV, Then, ecquation (8) is used for
verification of the solution. If equation (8) is not verified,
F, is given a new value, until the procedure converges.
Tﬁe ductility demand for the pipeline (g) to resist any
given fault movement can be calculated at this point, by
dividing the maximum strain that results from the analysis
to the strain that corresponds to the first yield point of the
material that is used for the construction of the pipeline.

A failure criterion could compare the ductility demand
to the available ductility of a pipeline. Values are not, as
yet, provided for this available ductility (gq,) by any
regulations or specifications. Anyhow, parameters of the
design must be chosen in such a way as to conclude to the
lowest possible value for g.

‘Wang and Yeh (1985) have proposed a different failure
criterion, comparing the ’ ' moment to the
’resisting’ moment of the pipe, after the final solution is
reached. This criterion cannot be used here, as the loss of
the bending resisting capacity of the pipe due to axdal
force is already included in the iteration procedure.

6 RESULTS AND CONCLUSIONS

After numerous parametric solutions, we came to the

conclusion that, for the soil characteristics considered, the

ductility demand (q) is mainly affected by six parameters:
~Type of fault movement

-Material of pipe

-Relative displacement between two parts (AV)

-Crossing angle (B)

-Diameter of pipe (D)

-Depth of cover (H)

Given the type of fault movement and the material of
the pipe, the ductility demand can be extracted as a
product of four factors, representing the influence of the
last four parameters:

q=q‘i%quH

6.1 For the case of vertical fault movement (Steel X-70)

g, = 0.28AV + 0.54
g = 0023 B + 349
qp = 1675 D + 0.04
gy = 1365 H - 002

6.2 For the case of horizontal fault movement (Steel X-70)

q, = 046 AV - 0.76
= 0012 B + 1.59 (for B > 65
and g = -0.160 B + 11.30 (for B <= 65°%)
gp = 0474 D + 021
qy = 0.898 H - 0.42

6.3 For the case of horizontal fault movement (Steel St-37)

q, = 0.216 AV + 0.83
gy = -0.026 B + 375



0.650 D + 125

q
D _ 1236 H + 016

9y

In all the above relations AV, D and H are in meters.
Angle B is in degrees. H is measured from the center of
the pipe section to the top of the covering soil. Minimum
value of every g factor (i = V, B, D, H) equals 1.00.

The relations have been extracted for the following
values of parameters:

015 30, 45, 6.0, 7.5, 8.0, 85 for AV.

o 60, 65, 70, 75, 80, 85, 90 for B.

0 0.10, 0.20, 0.30, 0.60, 0.75, 0.90, 1.07, 1.20, 1.50 for D.

002, 03, 0.6, 0.95, 1.2, 1.7 for (H-D/2).

At the parametric solutions performed, two of the
parameters (in every possible combination) kept each time
their "basic” value (the underlined ones). The proposed
formulae are correlated with the actval results of the
parametric solutions by a correlation coefficient from 0.85
to 0.95, depending on the case.

What can mainly be noticed, is that ductility demands
are larger for the case of vertical fault movement than for
the case of horizontal fault movement. That is because soil
resistance to the pipe movement, due to the bearing
capacity of the soil, is larger enough than resistance due
to uplift reaction of the soil. The most vulnerable part of
the pipeline in such a case is the "upper" part, between
points A and By, and it is the ductility demand of this part
that has been calculated.

Some geometric characteristics were found to have the
following average values: a;/a, =4, AV,/AV = 0.3

It can also be noticed that ductility demands are larger
for steel St-37 than X-70. On the other hand St-37 is a
more ductile material than X-70, so the behaviour of each
material has to be judged separetely.

The proposed formulae have been extracted for fault
movement that causes tension to the pipeline. Parametric
solutions were carried out for the case of compression,
using the same values of parameters as in the previous
case. If buckling phenomena are not taken into account,
the ductility demands are less, so the results are not of
much interest.

What can be easily extracted from the formulae is that,
given the type of fault and value of expected fault
movement, angle B should be selected to approach 90° as
much as possible. Unfortunally, angle B is not selectable
for cases of vertical movement. The diameter of the pipe
should be selected as small as possible. Depth of cover
should be minimized as much as possible.

Another parameter that has been examined was angle
of friction between soil and pipe. Though smaller values
of ¢, reduce the ductility demand, this reduction, for ¢
between 15 and 30 degrees, is of relatively small value.
For the proposed formulae of ductility demands (see 6.1,
6.2 and 6.3) its value is assumed to be 20 degrees.

SYMBOL TABLE

A, cross section of pipe

D external diameter of pipe

E secant modulus of elasticity of steel

E, (E,) first (second) modulus of elasticity of steel

Fu (Fap) axial force at point A, upper (lower) part
B1 (FBj axial force at point B, (B,)

F, (f) friction force, per unit length (area) of

pipe, away from the transition zone
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F, () friction force, per unit length (area) of
pipe, due to the relative pipe movement
upwards

F, (f,) friction force, per unit length (area) of
pipe, due to the relative pipe movement
downwards

H depth of soil covering the pipeline

k elastic foundation spring constant

N, bearing capacity factor

P axial force occuring to pipe due to fault
movement

P, (p,) passive pressure of soil per unit length
(area) of pipe

Pw (p(’) bearing capacity of the soil reaction per
unit length (area) of pipe

Q, (g reaction of the soil, away from the
transition zone, per unit length (area) of
pipe

R, Ry radius of curvature of upper (lower) part

B crossing angle

By a, 8, angles,concerning geometry of upper part
(Fig.2)

B, ay, 6, angles,concerning geometry of lower part

Y unit weight of soil

AG total geometric deformation of pipe

AV total relative displacement of soil
surrounding the pipeline, along the fault

AV, (AV,)  relative displacement of pipeline
downwards (upwards), along the fault

¢ internal angle of friction of soil

9 angle of friction between soil and pipe
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ABSTRACT: During the 1971 San Fernando earthquake, large ground deformations occurred at the
Joseph Johnson Filtration Plant along the west side of the Upper Van Norman Reservoir. Recent
analyses of aerial photographs taken before and after the earthquake have provided a compre-
hensive view of lateral and vertical ground movements at the site. Most pipelines in the
utility corridor at the site were not damaged, but some pipelines were damaged by the ground
movements. The object of this study is to show by numerical analyses why some of the pipe-
lines were damaged while others were not. The analyses showed that for in-situ stress and
frictional resistance pertaining to medium dense sand, almost the same magnitudes of stress
as that of the yield stress were estimated at a location where tensile failure occurred for
Grade-B steel pipelines. But lower stress levels were estimated for x-52 steel pipelines,
which sustained the ground movements.

1 AIR PHOTO AND OPTICAL SURVEY MEASUREMENTS for the west side of the Upper Van Norman
Reservoir area (O'Rourke et al. 1989), where

Photogrammetric analyses were performed on large ground displacements occurred during
high quality air photographs taken before the earthquake. The interpretation process
and after the 1971 San Fernando earthquake has been discussed in several publications
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Figure 1. Displacements determined from air photo analyses and optical surveys.
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(e.g. Hamada et al. 1985). The results of
these analyses are shown in Figure 1 as vec-
tors of horizontal movement and measurements
of settlement and heave. Measurement accura-
cy is approximately 10 to 20 mm for lateral
movement and settlement. Optical survey mea-
surements performed by the Metropolitan Wa-
ter District of Southern California (MWD)
are also shown at various locations. For
example, lateral offsets surveyed along the
north-south plant axis and settlements at
several key structures are included in the
figure.

The air photo analyses show lateral ground
movements along the utility corridor, typi-
cally 2 to 3 m, in an easterly direction
toward the reservoir. At the eastern termi-
nus of the Outlet Conduit, air photo mea-
surements show lateral soil movements of 1.3
to 2.2 m, which agree reasonably well with
the total cumulative movement measured on
the ground at this location.

2 PIPELINE DAMAGE AT THE UPPER VAN NORMAN
RESERVOIR

Figure 2 shows a plan view of the area west
of the Upper Van Norman Reservoir on which
are superimposed ground ruptures associated
with liquefaction-induced ground failures in
this locality. The locations of pipeline da-
mage were determined from repair records
provided through the courtesy of the Los
Angeles Department of Water and Power (LAD-
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My Scarp-Hachures on Downward Side
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V¥ Location of Pipeline Repair o

1.5°= Ralative Slip,m —_— .
*3m up, *3m down -Vertical Displacement

LEGEND:

S—
—~

Main Control
Building

///

WP) and the Getty Oil Company. The informa-
tion in the repair records was supplemented
by discussions with utility personnel. The
locations of pipeline repairs are designated
by solid triangles in the figure. Table 1
summarizes = information about the pipelines
and includes dimensions, installation date,
composition, joint type, coating, depth of
soil cover, and nominal operating pressure
at the time of the earthquake. The outside
diameter (0.D.) and wall thickness for each
pipe are listed in the column headed dimen-
sion. Each pipeline is numbered for the pur-
pose of referencing and corresponds to the
numbers used in the Typical Section in Fig-
ure 2. In general, the pipelines were buried
in medium dense and silty sands above the
water table. Transmission pipelines for na-
tural gas, liquid fuel, and water were in-

volved, representing different dimensionms,
joint design, operating pressures, welding
practices, and age. Pipelines operated by

the Los Angeles Department of Water and Po-
wer and the Southern California Gas Company
are prefaced by DWP and SCG, respectively.
Most pipelines in the wutility corridor
were not damaged, including the three lines
operated by the Southern California Gas Com-
pany and one operated by the Mobil 0il Cor-
poration (pipelines 6a, 6b, 7, and 9 in Ta-
ble 1). Some gas pipelines were cut and re-
welded after the earthquake, principally to
relieve residual stresses and make adjust-
ment for deformations caused by the ground
movements. Pipeline 8, operated by the Getty
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Figure 2. Locations of pibeline repairs, west side of the Upper Van Norman Reservoir.
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Table 1. Information summary for pipelines affected by ground movements.

Installatien
) Dupth of ting
Number Pipeline Dimensions Date Composition  Joints Chating Cover xi:m
1 DWP Granada 1260mm 0.D.: 1967 Steel, ASTM Arc welded Cement, 1.0m 0.7-1.4MPa
Trunk Line 6.4mm wall A-283 Grade C slip joints 25.4am
thickness on 9m thick
centers
63, SCG Lines 760m O.D.;
i 3000 < 9. Sem wali 1966 Z::;i. x-52 Arc wel- Aschalt, 1.0-1.2m 1.4=3. 2Pa
3003 thickness fod Hrth  fiber-
joines on glass, as-
12 centers Gestos felt
7 SCG Line 560mm O.D.;
120 3 2 it 1966 :::;i. X-52 Arc vel- Asphalt, 1.0-1.2m 1.4MPa
thicknass da§ girth fiberglas
joints on and asbestos
12m centers felt
8 Getty 0il 170mm 0.D.;
- L. 1966
Company 7.2 mn wall ::e:l.aut Arc v’ldod Coal car 1.0-1.2n 0.7-1.0MPa
Line thickness ade girch joints enamel &
on 12m fiderglas
centers
9 Mobil Oil 400mm 0.D.; 196
1 .0 & -
Corporation 7.9mm wall 1969 g::;l' xSz Mre welded Coal tar 1-0-1.2= No internal
Line thickness od girth joints enamel & pressure at
on 12m fiberulas time of
centers earthquake
10 DWP 1524mm 0.D.; 1370 ASTM
Plant 9. Sem wall :f;;;- Arc welded 0.6m thick 2.0m No internal
Connection thickness Grad slip joints reinforced pressure at
e C on Sm concrete time of
centers encasement earthquake
r§ f 2 anchored at location C in Figure 2, where
_ the pipelines bend to the northwest. Based
s E.A 2 on this assumption, the model shown in Fig-
P=0na:A —-—— > = - — — — —} ure 3 was empoyed to estimate the maximum
Anchor tensile stress, Oaax, in the pipelines at

Figure 3. A model of a pipe for numerical
analyses.

X

t_————-—————
— [ Ex o

PelruA T o e~ — —

T

Figure 4. The equeliburium condition.

location B in Figure 2, where tensile fai-
lure was observed for pipeline 8. The mag-
nitude of §, which is the elongation of the
pipe at the length, [/, was obtained by as-
suming that the pipelines south of location
C were deformed in accordance with the gro-
und displacements shown in Figure 1.

3.1 The relationship between § and O max

The equilibrium condition of part of a pipe-
line of which length is x is given by (see

0il Company, failed in tension across a weld Figure 4);

at the northern boundary of the landslide

area (Point B in Figure 2). The analyses for _ T

pipeline 8 are discussed in the following O=Omax= "X (1

chapter. Detailed discussion of the damage

at other points is given by O'Rourke et al. .

(1990). where, ¢ = stress at X, O=aex= the maximum
stress at the end of the pipe, T = shearing

3 NUMERICAL ANALYSES

In order to interpret the reason why some of
the pipelines were damaged at point B in Fi-
gure 2, while others were not damaged, nume-
rical analyses were performed to evaluate
the response of the pipelines to ground mo-
vements. The pipelines were assumed to be

resistance along the pipe per unit length, A
= area of cross-section of the pipe.

The shearing resistance, T, is assumed to
be a function of the unit weight of soil, 7,
the coefficient of earth pressure at rest,
Ko, the depth of the pipe below the ground
surface, H, the outer diameter of the pipe,
D, and the friction angle between the pipe
and soil, ¥, and is given by;
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Figure 5. The stress-strain curves for
analyzed pipes.

Ko

7 Htangp m D (2)

The relationship between stress and strain
induced in the pipe is expressed by Equation
(3) by assuming the Ramberg-Osgood stress-
strain relationship;

o a g\’
=— + 3
e=2{1 1+r(ay)} (3)
where, ¢ = strain, o0, = the yield stress,

and ¢ and r are dimensionless parameters.

Substituting Equation(l) into (3) we get
the strain at x;
g —-I-x o —-E;x ’
s— =max A 1+ a max A (4)
E "7 1+ ay

The eiongation, 5, is obtained by integra-
ting the strain given by Equation (4) from O
to ; with respect to x, as follows;

5=f;edx
L L aA
TE9T324 E(l+r)(2+1)T 0}
r+2
T\ L.
{(a A‘) } (s)

5456

By assuming that the pipelines were deformed
in accordance with the ground displacements,
the magnitude of elongation at [ = 75 ;@ wag
estimated to be 0.0561 m.

3.2 Stress-strain relationships in the pipes

It is necessary to determine the parameters
@ and r for the analyzed pipes, Grade-B and
X-52 steels. The stress-strain curves shown
in Figure 5 were used for these pipes. The
parameters were @ = 10 and r = 100 for the
Grade-B steel and @ =9 and r = 10 for the
X-52 steel.

The yield stresses of the Grade-B and the
X-52 steels are 228 Mpa (2320 kg/cm2, 33
ksi) and 359 Mpa (3660 kg/cm2, 52 ksi), res-
pectively. After yielding, the Grade-B steel
has a very flat slope, but the X-52 steel
has a steep slope.

3.3 Results

The length, [, was 75 m and the elongation,
&, was 0.0561 m. The depth of the pipes, H,
was determined from Table 1, and the unit
weight of soil was assumed to be 1.8 g/cm3.
For the parameters Ko and #, the values of
0.5, 0.75, 1.0 and 30 35; 40° were assumed.

The maximum tensile stresses normalized by
the yield stress, Omax/0y obtained from Eq-
uation (6) are shown in Figure 6. This fig-
ure shows that the stress ratios for the
Grade-B steel are almost 1, but much smaller
than 1 for the X-52 steel. This means that
these stresses are nominally sufficient to
yield the Grade-B steel but not the X-52
steel. If the Grade-B steel in pipeline 8
had a relatively flat slope in the post yi-
eld portion of its stress-strain curve, as
shown in Figure 5, then such stress would be
sufficient to rupture the line. In contrast,
the X-52 steel in pipelines 6a, 6b, 7 and 9
had both sufficient reserve against yield
and ductility to sustain the ground deforma-
tion imposed on them. This means that the
post-yield slope in the stress-strain curve,
as well as the magnitude of the yield st-
ress is very important, when a buried pipe-
line is subjected to large ground deforma-
tion.

4 CONCLUSIONS

The 1971 San Fernando earthquake provides
the opportunity to relate large ground de-
formation, various soil conditions, and the
response of buried pipelines of different
size, composition, and age. Of particular
interest is the area west of the Upper Van
Norman. Reservoir, where liquefaction—~induced
soil movements subjected six different pipe-
lines to virtually the same pattern of gro-
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Figure 6. The normalized maximum stresses
induced in the analyzed pipes.

und displacement.

A reliable record of pipeline performance
involves both failed pipelines and those
which were able to sustain large differen-
tial movement. In order to understand this
phenomena, numerical analyses were perform-
ed.

The results revealed that the stresses in-
duced in the pipelines were nominally suffi-
cient to yield the Grade-B steel, but not
the X-52 steel. Steels with relatively low
yield stress, particularly those manufac-
tured over 20 to 30 years ago, such as the
Grade-B steel, may be characterized by a
relatively flat slope when tensile stress is
plotted with respect to strain in the post
yield range of axial deformation. In cont-
rast, high stress steels with steeper post-
yield slopes, such as the X-52 steel are
able to accommodate ground movement even
though the magnitude maybe several meters.
This shows that the post-yield slope is cri-
tically important for the level of maximum
strain in the steel as well as the yield
stress when a buried pipeline is subjected
to tensile ground movements.
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