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Earthquake-induced Permanent Ground Deformation (PGD) can affect significantly underground gas or water
pipelines. This paper describes large-scale experiments to investigate the effect of PGD on buried steel pipelines
with elbows, and to validate and calibrate Finite Element (FE) modeling. There is good agreement between both
the magnitude and distribution of measured strains and deformation and those modeled with FE analyses. The
analytical models are able to simulate real performance in a reliable way for dry sand, and for partially saturated
sand with an adequate correction factor. Using the analytical model, recommendations are proposed for
enhancing the earthquake-resistance of buried pipelines with elbows subjected to PGD.
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1. INTRODUCTION

Earthquake-induced Permanent Ground
Deformation (PGD), occurring as surface fault
deformation, liquefaction-induced soil movements,
and landslides, can affect significantly underground
lifelines, such as buried gas and water pipelines.
There is substantial evidence of gas and water
supply pipeline damage caused by PGD from past
major earthquakes, such as ‘the 1906 San
Francisco?, the 1964 Niigata”, the 1971 San
Fernando® ¥, the 1979 Imperial Valley™ 9, the 1983
Nihonkai-chubu”, the 1989 Loma Prieta®, the 1994
Northridge® %, and the 1995 Hyogoken-nanbu'®
earthquakes. More recent earthquakes, including the
1999 Kocaeli and Duzce earthquakes in Turkey, and
the 1999 Chi-chi earthquake in Taiwan', have
provided additional evidence of the importance of
liquefaction, faults and landslides through their
effects on a variety of electrical, gas and water
supply lifelines.

Gas and other types of pipelines must often be
constructed to change direction rapidly to avoid

other underground facilities or to adjust to the shape
of roads under which the pipelines are buried. In
such cases the pipeline is installed with an elbow
that can be fabricated for a change in direction from -
90 to a few degrees. Because elbows are locations
where flexural and axial pipeline deformations are
restrained, concentrated strains can easily accumu-
late at elbows in response to PGD.

The response of pipeline elbows, deformed by
adjacent ground rupture and subject to the
constraining effects of surrounding soil, is a
complex interaction problem. A comprehensive and
reliable solution to this problem requires laboratory
experiments on elbows to characterize their
three-dimensional response to axial and flexural

loadings, an analytical model that embodies
soil-structure interaction combined with three-
dimensional elbow response, and full-scale

experimental calibration and validation of the
analytical model.

Yoshizaki et al.'"® ' have shown a favorable
comparison between the results of in-plane bending
experiments with elbows and the analytical results
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of Finite Element (FE) modeling for strains as high
as 30%. A modeling technique, named HYBRID
MODEL, was also developed for simulating
large-scale pipeline and elbow response to
PGD'"'?. The model uses shell elements for the
elbow where large, localized strains occur. Shell
elements are located over a distance of 40 times the
pipe diameter from the center point of the elbow.
The shell elements are linked to beam elements that
extend beyond this distance. Soil-pipeline
interaction under PGD is modeled with spring
elements in the axial and lateral directions.

Design guidelines'® refer to the analytical
modeling technique for evaluation of pipelines
subjected to PGD. Validation of the model is
required because high levels of strain can be
generated in pipeline elbows by PGD and such
levels of strain were not verified experimentally.
Suzuki and Ohba'” investigated cyclic fatigue
behavior of a 150-mm-diameter pipeline with an
elbow buried with compacted sand subjected to soil
displacement of 5 cm, which is specified in design
guidelines against earthquakes for gas distribution
pipelines'®. The strain generated by this
displacement was 2.5 %. Full-scale experimental
calibration of the model was therefore undertaken to
achieve reliable  design  procedures  for
earthquake-resistance against PGD that utilizes the
full ductility of the steel.

The objectives of this paper are to describe the
results of laboratory full-scale experiments of PGD
effects on steel pipelines with elbows, and to refine
and validate analytical models so that complex
soil-pipeline interactions can be numerically
simulated with the precision and reliability
necessary for planning and design.

2. LARGE SCALE EXPERIMENTS OF
PGD EFFECTS ON PIPELINES

(1) Experimental facility

One of the deformation conditions of interest is
illustrated in Fig. 1 (a) that shows a pipeline with an
elbow subjected to PGD consistent with lateral
spread and/or landslides. Although lateral spreads
and landslides involve complex patterns of soil
movement, the most severe deformation associated
with these phenomena occurs at the elbows and near
the margins between the displaced soil mass and
adjacent, more stable ground. The deformation
along this boundary can be simplified as abrupt,
planar soil displacement. Pipelines that can be
designed and sited for abrupt lateral displacement

Permanent Ground Deformation
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(a) PGD effect of buried pipelines with elbows
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(b) Experimental concept
Fig. 1 Experimental concept for PGD effects on buries pipelines
with elbows

will be able to accommodate patterns of
deformation in the field that frequently involve
more gradual distribution of movement across the
pipeline. Abrupt soil displacement also represents
the principal mode of deformation at fault crossings.

Fig. 1 (b) illustrates the concept of the
large-scale experiments. A steel pipeline with an
elbow is installed under the actual soil, fabrication,
and compaction procedures encountered in practice,
and then subjected to lateral soil displacement. The
scale of the experimental facility is chosen so that
large soil movements are generated, inducing
soil-pipeline  interaction unaffected by the
boundaries of the test facility in which the pipeline
is buried. The ground deformation simulated by the
experiment represents deformation conditions
associated with lateral spread, landslides, and fault
crossings. In addition, the experimental data and
analytical modeling products are of direct relevance
for underground gas, water, petroleum, and
electrical conduits.

Fig. 2 shows a plan view of the experimental
setup that consisted of five main components,
including a test compartment (A and C in the figure),
pulley loading system (G), sand storage bin (H),
sand container hoisted from storage bin to test
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Fig. 2 Plan view of experimental setup

Table 1 Physical properties of Cornell sand

Dl() 0.2 mm
Ds() 0.7 mm
Deo 0.9 mm
Cu 4.6
Cc 0.9
Classification SP
Optimum water content 10.1 %
Specific gravity, Gs 2.71
Maximum dry unit weight, Yar max 17.4 kN/m®
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Fig. 3 Grain size distribution of Cornell Sand

compartment (not shown), and data acquisition
system (I). The test compartment was composed
of a movable box (A) and fixed box (C) within
which the instrumented pipeline was installed and
backfilled. The L-shaped movable box had inside
dimensions of 4.2 m by 6 m by 1.5 m deep. It was
constructed on a base of steel I-beams positioned
over Teflon sheets that were fixed to the floor. The
Teflon sheets provided a low-friction surface on
which the moveable box was displaced by a pulley
loading system. The fixed box, which was anchored
to the floor, was designed to simulate stable ground
adjacent to a zone of PGD similar to that illustrated
in Fig. 1.

(2) Experimental conditions :

A 100-mm-diameter pipeline with 4.1-mm wall
thickness was used in the tests. It was composed of
two straight pipes welded to a 90-degree elbow (F).
The short section of straight pipe (D) was 5.4 m
long, whereas the longest section (E) was 9.3 m.
Both ends of the pipeline were bolted to reaction
Wwalls. The elbows were composed of STPT 370
steel (Japanese Industrial Standard, JIS-G3456)
with a specified minimum yield stress of 215 MPa
and a minimum ultimate tensile strength of 370
MPa. The straight pipe was composed of SGP steel
(JIS-G3452) with a minimum ultimate tensile
strength of 294 MPa. About 150 strain gauges were
installed on the pipe to measure strain during the

tests. Extensometers, load cells, and soil pressure

meters were also deployed throughout the test setup.

The pipeline was installed at a 0.9 m depth to
top of pipe in each of two experiments. In each
experiment soil was placed at a different water
content and in situ density. Both experiments were
conducted to induce opening-mode deformation of
the elbow. They were conducted with an internal
nitrogen pressure of 0.1 MPa in the pipeline.

As mentioned above, both ends of the pipeline
were bolted to reaction walls so that relatively
severe conditions of axial constraint were simulated.
Such conditions may occur when a pipeline is
effectively anchored by additional elbows, tees, or
tie-ins located near the elbow subjected to abrupt
soil movement. By calibrating the analytical models
for such severe conditions of deformation, the
resulting computational tools can be used to
simulate wide-ranging field conditions.

Approximately 60 tons of sand were moved
from the storage bin into the test compartment for
each experiment with a container that was hoisted
with the overhead conveyor. The sand is called
“Cornell Sand”, which is a clean sand
(approximately 3% by weight of fines). The
properties are summarized in Table 1 and satisfy
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Table 2 Experimental condition of sand

Test 1 Test 2
Water content, w (%) 0.5 3.1
Wet unit weight, Y, (KN/m®) 184 17.0
Dry unit weight, Yar, (KN/m®) 18.3 16.7

Friction angle from triaxial
compression tests with a strain 49 40
rate of 0.1%/min (degree)
Friction angle from triaxial
compression tests with a strain 51 43
rate of 5%/min, (degree)

0.1%/min DOw=0% Xw=23% Aw=10%
5%/min Bw=0% AW=10%
60
g <5%/min> A,
§’ i ¢ = 3.98y4y - 22.20
~ 2
<50 F R°=0.79
¢ ™ n
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Fig. 4 Relationship between dry unit weight and internal
friction angle

the standard for backfill sand specified by Bureau of
Construction of Tokyo Metropolitan Government.
The grain size curve for the sand is shown in Fig. 3.
The water content of 0.5% for Test 1 is the
hygroscopic water content of the soil, the lowest
value possible without oven drying. Hence, the soil
in Test 1 is dry sand, and is comparable to the dry
sand used in previous soil-pipe interaction tests™”.
In contrast, Test 2 was performed with sufficiently
large water contents to investigate the effects of
partial saturation. The tests were performed under
carefully controlled conditions of moisture and
compaction.

The sand was placed and compacted in 150-mm
lifts with strict controls on water content and in situ
density, which are summarized in Table 2. In this
table, internal friction angles obtained from triaxial
compression tests with strain rates of 0.1%/min and

" 5%/min were determined from dry unit weight
using the relationship shown in Fig. 4. Here, the
0.1%/min is a typical strain rate selected for triaxial
compression tests, whereas 5%/min is the maximum

strain rate achieved with the test machine to see the
effect of dynamic loading on the results. The
relationship between dry unit weight and internal
friction angle was the same regardless of water
content, as indicated by the triaxial compression test
results plotted in Fig. 4.

The movable box was pulled by an overhead
crane with an 8 to 1 mechanical advantage obtained
through the pulley system shown in the figure. The
maximum capacity of the loading system was 1 m
of lateral displacement and 784 kN. The rate of
displacement of the movable box was
approximately 16mm/s, which was 1/8 of the speed
of the crane wire.

(3) Experimental results

Fig. 5 shows the ground surface of the test
compartment before and after Test 1. Surficial
heaving and depression could be seen in the area
near the pipeline elbow and the abrupt displacement
plane between the movable and fixed boxes after
the test. In all cases, planes of soil slip and cracking
reached the ground surface, but did not intersect the
walls of the test compartment to any appreciable
degree. 110 mm of surface depression and 95 mm of
surface heave were measured after the test.

Fig. 6 shows an overhead view of the test
compartment after soil excavation to the pipeline
following Test 1. Leakage occurred at the
connecting part between the elbow and the shorter
straight pipe when the ground displacement was
0.78 m, and full circumferential rupture of the pipe

" occurred when the displacement was 0.94 m. Fig. 7-

(a) is a macrographic photograph of the fracture.
Necking was observed in the pipe metal outside the
heat-affected zone, but close to the crack. Fig. 7 (b)
is a SEM (Scanning Electron Microscope)
photograph of the fractured surface. Dimples are
clearly observed in the surface, which indicates a
ductile fracture. The transverse cross-section of the
elbow was oval in shape, which is remarkably
consistent with the shape, which was observed in
the bending experiments for elbows described in the
previous work by Yoshizaki et al.' 19

Table 3 summarizes test results including
ground displacement at both leakage and full pipe
rupture, and maximum load at each end of the
experimental pipeline. The inequality sign with the

. maximum reaction force at the end of the long leg

for Test 1 indicates the load cell capacity of 135.3
kN. Leakage occurred during Test 2, but a full
circumferential rupture of the pipe did not occur.
The change in bend angle of the elbow measured
after the test was -40 degrees. Test 1, in which the
soil had a higher friction angle than that of Test 2,
also had higher values for reaction forces at both
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(b) After experiment
Fig. 5 Overhead view of test compartment before and after the
experiment (Test 1)

Fig. 6 Overhead view of deformed pipeline (Test 1)

ends of the pipe, and smaller ground displacement
when leakage or rupture occurred.

3. FINITE ELEMENT ANALYSES FOR
THE LARGE-SCALE EXPERIMENTS

(1) Analytical model

Finite element analyses (hereafter, “FEA™) were
conducted to calibrate and validate the analytical
model. The FEA results also help to clarify key

Girth weld

Fig. 7 Macrographic photograph and SEM photograph of the
fractured surface

Table 3 Experimental results

Test 1 Test 2
Ground displacement at 0.78 0.85
leakage, &, |cakage (M)
Ground displacement at 0.94 (N iphure)
rupture, O, rypiure (M)
Maximum reaction force at
the edge of the short leg, 144.3 132.6
Fpons (KN)
Maximum reaction force at
the edge of the long leg, >135.3 128.0
Fiong, (KN)

aspects of the pipeline and elbow response to abrupt
lateral displacement.

The pipeline was modeled with isotropic shell
elements with reduced integration points. Average
values of the actual thickness measured with an
ultrasonic thickness meter were used for bend and
straight pipes in the model. True stress — true strain
relationships from tension test data were
approximated by multi-linear trends for elbow and
straight pipe, as plotted in Fig. 8. From the results
of the previous work'” ', seventy-two elements
were employed around the pipe circumference, and
the aspect ratio for the elbow and the straight pipes
near the elbow was 1:1 in the axial direction.
ABAQUS Version 5.8 was used as a solver for the
analyses with geometric nonlinearity and large
strain formulation. The von Mises criterion and
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Fig. 10 Soil-pipe interaction for Test 1

associated flow rule were applied to the model.
Since the straining is in the same direction in strain
space throughout the analyses, isotropic hardening
was used in the model. An internal pipe pressure of
0.1 MPa was also applied in the model. ,
Soil-pipe interaction was modeled with spring
elements, which were allocated at the top and
bottom of the pipeline as shown in Fig. 9. The
force-displacement relationships were modeled in
accordance with JGA guideline’® and the data
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(6,=0.78 m)

Fig. 11 Comparison Between Analytical and Experimental
Results

presented by Trautmann and O’Rourke™. Although
the strain rate of the soil during the tests with 16
mm/s of the ground velocity is difficult to obtain,
the internal friction angle obtained from the triaxial
compression tests with 5%/min of strain rate was
used to calculate the soil-pipe interaction. Fig. 10
(a) shows the force per unit area vs. relative
displacement plot used to model soil-pipe
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interaction in the axial direction. Fig. 10 (b) shows
the force per unit projected area vs. relative
displacement plot in the lateral direction.

(2) Analytical results for Test 1

Fig. 11 (a) compares the deformed pipeline
shape of the analytical model with measured
deformation of the experimental pipeline for Test 1
when the ground displacement was 0.94 m. There is
excellent agreement between the two, as well as
close agreement between the analytical deformation
and the overhead view of the deformed pipeline in
Fig. 6. .

Fig. 11 (b) shows the measured and predicted
longitudinal strains - under maximum ground
deformation on both the extrados and intrados
surfaces along the pipeline when the ground
displacement was 0.78 m. In this figure, the data
point with a special label that indicates the
maximum strain measured when electrical contact
with the gage was lost during the experiment. The
disconnection occurred  before = maximum
deformation of the elbow so that the actual strain
was larger than the value plotted. Fig. 11 (c) shows
the measured and analytical strains around the pipe
circumference in which the angular distance is
measured from extrados to intrados of pipe,
corresponding to 0 and 180 degrees, respectively.
Overall, there is good agreement for both the
magnitude and  distribution of measured and
analytical strains and deformation, and the
analytical model was able to simulate the observed
performance in a reliable way.

(3) Effect of water content

The soil deformation patterns adjacent to the
pipeline were different for the dry and partially
saturated sands. During PGD, the dry sand in Test 1
tended to flow around the experimental pipeline,
filling the spaces behind it as relative horizontal
movement of the pipe increased. In contrast, the
partially saturated sand in Test 2 possessed apparent
cohesion because of surface tension generated by
interstitial moisture among the sand particles. As a
result, relative movement of the pipe generated
rupture surfaces rather than flow in the adjacent soil,
which was evident in more abrupt and pronounced
surface deformation after Test 2. The generation of
discreet rupture surfaces in partially saturated sand
would be expected to result in lateral pipe forces
larger than those related to the shear flow
conditions of Test 1, provided that PGD occurred
under similar conditions of soil dry density and
pipeline depth. To consider the difference in failure
mechanism for partially saturated sand, a correction
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Q
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Fig. 12 Definition of correction factor of K for soil-pipe
interaction in the lateral direction
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Fig. 13 Comparison between analytical results with correction
factors for partially saturated sand and experimental
results when the change in bend angle of the elbow is -
40 degrees

factor x was adopted in the following formula:

Ucr_wcl =K ’acr_zlry

where o, ,, and O, ,, are the critical force
per unit projected area in the lateral direction for
partially saturated and dry sand, respectively, as
shown in Fig. 12. Fig. 13 shows the analytical
results using a correction factor of 1.3 with the
results of the large scale experiments. The
“corrected” analytical results show better agreement
with those of the large-scale experiments than those
without the correction factor.

Fig. 13 illustrates an important finding of this
work in that partially saturated soils develop
discreet and well-pronounced rupture patterns for
the conditions represented by the experiments. This
rupture pattern appears to be accompanied by
increased reaction forces on buried pipelines during
PGD relative to those that are generated by dry sand
with similar dry density and friction angle.
Comparison of the analytical and experimental
results allows for the estimation of a correction
factor. This factor may be used to adjust the lateral
force vs displacement relationships developed from
tests using dry sand to predict similar relationships
for partially saturated conditions that are more
representative of field performance.
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4. RECOMMENDATIONS FOR EN-
HANCEMENT OF EARTHQUAKE
RESISTANCE OF BURIED PIPE-
LINES WITH ELBOWS

Using the calibrated analytical model,
recommendations are proposed for enhancing the
resistance of buried pipelines with elbows against
PGD during earthquakes. Since concentrated strains
can easily accumulate at elbows in response to PGD,
the earthquake resistance against PGD can be
improved effectively if the elbows are reinforced.
As observed in both past work'® ¥ and the
large-scale experiments described in the previous
sections, leakage occurred near the welds
connecting the straight pipes to the elbow.
Therefore, the earthquake resistance against PGD
can be improved effectively if this portion of the
pipeline is reinforced.

First of all, the effect of reinforcement by using
straight pipes with increased wall thickness near the
elbow was investigated. Fig. 14 (a) shows the
assumed model of a 100-mm-diameter pipeline with
an elbow subjected to PGD. The configuration of
the straight pipes with increased thickness is shown
in Fig. 14 (b). Table 4 lists the analytical cases used
to investigate the effect of larger wall thickness for
straight pipes. The standard thickness of the straight
pipe for SGP steel (JIS-G3452) is 4.5 mm, which
corresponds to Case 1 in the table. Case 2 is the
analytical case with an increased thickness of
6.0mm using STPT 370 Schedule 40 steel
(JIS-G3456) for straight pipes that extend a short
distance of 0.1 m from the elbow. The effect of
length was also investigated by analyzing lengths of
larger-thickness straight pipes of 0.5 m and 400 m,
corresponding to Cases 3 and 4, respectively.
Relationships for dry sand with internal friction
angle of 40 degrees, as shown in Fig. 15 (a) and (b),
were used for soil-pipe interaction in the axial and
the lateral directions, respectively, to assume a field
condition.

Fig. 16 (a) shows the analytical results for the
four cases listed in Table 4. The strain is defined as
equivalent plastic strain, which is given by the
following formulas:

gpeq = [dg peq

deloy = \/é {A(der"z +de’ -de,” + dse”2)+ dyc,,”2}

Elbow
(90-deg. 1.5DR)

100m

/ Width of
w PGD
400m m G
W 200m
400m N
100-mm-diameter L
pipeline — N
v
= .
(a) Assumed model
Elbow

Straight pipes
with increased
thickness

(b) Configuration of straight pipes with increased thickness

Fig. 14 Assumed model on the effect of elbow and straight
pipes with increased thickness
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Fig. 15 Model of soil-pipe interaction for 100-mm-diameter
pipe with cover depth of 0.9 m and internal friction
angle of 40 degrees

where ¢ and ¢, are plastic strain in' the
circumferential, longitudinal directions, respectively,
and y_° is the plastic shear strain. Fig. 16 (b)
summarizes the maximum strain when the ground
displacement is 1 m and 2 m for all cases. Here, the
maximum strain of 30% was verified with the
large-scale experiments described in the previous
sections. The strain is reduced significantly by the
use of straight pipes with increased thickness, and
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Table 4 Analytical cases on the effect of straight pipes with

Table 5 Analytical cases on the effect of elbows with increased

increased thickness thickness
Thickness Thickness
Elbow Straight pipes Elbow Straight pipes
Case 1 | 5.4 mm | 4.5 mm for all of the straight pipes Case 1 | 5.4 mm | 4.5 mm for all of the straight pipes
6.0 mm for 0.1m from the elbow 6.0 mm for 0.1m from the elbow
Case 2 | 5.4 mm Case2 | 54 mm
4.5 mm for others 4.5 mm for others
6.0 mm for 0.5m from the elbow Case 5 | 6.0 mm | 4.5mm for all of the straight pipes
Case3 | 54 mm
4.5 mm for others 6.0 mm for 0.1m from the elbow
- - Case 6 | 6.0 mm
Case 4 | 5.4 mm | 6.0 mm for all of the straight pipes 4.5 mm for others
40 = 40
. || —=a—Casel {nothing) . —#r— Case 1 (nothing)
2 —B~ Case2(0.1m) 2 —>¢—Case 5
5 30 [| ——Case3(0.5m) E 30 | —e—Caseb
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(2) Maximum strain vs. ground displacement
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Fig. 16 Analytical results on the effect of straight pipes with
increased thickness

the effect is notable even when the length of
increased thickness pipe is only 0.1 m from the
elbow.

Table 5 summarizes the analytical cases to
investigate the effects of increased elbow thickness.
Fig. 17 plots the maximum pipe strain derived from
these analyses as a function of both ground
displacement and pipe wall thickness. Increasing the
elbow wall thickness without similar increases in

0 0.5 1 1.5 2
Ground displacement, 84 (m)

(a) Maximum strain vs. ground displacement

% 40
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E 0 1 A i 1 1 i 1 1 'l 1

5 55 - 6 6.5

Thickness of elbow (mm)

(b) Maximum strain at the ground displacement of 2 m

Fig. 17 Analytical results on the effect of elbow and straight
pipes with increased thickness

the straight pipes (Case 5), which connect to the
elbow, actually reduces the resistance of the
pipeline against ground displacement. This behavior
can be explained by reference to the deformation of
elbows in the opening mode previously reported for
bending experiments' > ', Because of the change
in central cross-sectional shape during opening
mode flexure, the stiffness of the elbow becomes
larger than that of the straight pipes connected to it.
Bending strains are then concentrated at the location
where the straight pipes join the elbow. If the
thickness of the elbow is increased, its bending
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stiffness also increases as it deforms into an oval
cross-section. Therefore, large bending strains are
induced at the location where the straight pipe and
elbow are joined at an earlier stage in the
deformation process.

If straight pipes with the same thickness as the
elbow are used over a distance of 0.1 m from the
elbow (Case 6), the maximum strain for a ground
displacement of 2 m is smaller than the strains of
Cases 2 and 5, as shown by the arrows in Fig. 17 (b).
These results indicate that thicker wall pipe is
effective for enhancing earthquake-resistance when
elbows and straight pipes of increased thickness are
combined for short distances from the elbow.
Combining elbows and end sections of straight pipe,
both of which have increased wall thickness,
removes structural unevenness at the location where
strain concentration occurs. ‘

5. CONCLUSIONS

This paper describes large-scale experiments to
investigate the effects of PGD on buried steel
pipelines with elbows during earthquakes, and to
validate and calibrate analytical models. A
100-mm-diameter pipeline with an elbow of 90
degrees of initial bend angle was buried with 0.9 m
of cover depth and 0.1 MPa of internal pressure,
and subjected to 1 m of ground displacement
simulating PGD. The following conclusions are
drawn in this study.

(1) For dry sand with internal friction angle of 51
degrees, leakage occurred at the connecting part
between the elbow and the shorter straight pipe
when the ground displacement was 0.78 m. The
transverse cross-section of the elbow deformed

into an oval remarkably consistent with the -

observed in
12),13), 14)

shape, previously
experiments for elbows

(2) Finite Element analyses (FEA) were performed
to simulate the deformation behavior of buried
pipelines with elbows subjected to PGD using
shell elements for pipes and spring elements for
soil-pipe interaction. There was good agreement
for both the magnitude and distribution of
measured and analytical strains and deformation,
and the analytical model was able to simulate
full-scale performance in a reliable way.

(3) Partially saturated soils developed discreet and
well-pronounced rupture patterns that appeared
to be accompanied by lateral forces on buried
pipelines during PGD that were larger than
those generated in dry sand under similar
conditions. Comparison of the analytical and
experimental results of this work allows for the

bending

estimation of a correction factor. The factor can
be. used to adjust the lateral force wvs
displacement relationships from tests using dry
sand to partially saturated conditions that are
more representative of field performance.

(4) Using the experimentally calibrated analytical
model, a parametric study was conducted to
evaluate ways of enhancing the
earthquake-resistance of buried pipelines with
elbows subjected to PGD. An effective means
of PGD reinforcement is to use straight pipe
with wall thickness the same as or more than*
that of the elbow for a distance of 0.1 m from
the elbow. This type of fabrication removes
structural unevenness at the locations where
strain tend to concentrate.
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