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Substantial permanent ground deformation (PGD) can be generated during earthquakes, causing
deformation and strain that concentrates at pipeline elbows. This paper describes in-plane bending
experiments on various kinds of low-angle elbows in the closing and opening mode, and Finite Element
(FE) modeling to simulate their deformation behavior using linear shell elements. Good agreement was
obtained between the analytical and experimental results, even for plastic deformation as much as 30%
strain. Analytical results obtained with a modeling technique named HYBRID MODEL are also presented
for the behavior of 300-mm-diameter buried pipelines with low-angle elbows subjected to PGD.
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1. INTRODUCTION

During  earthquakes, permanent  ground
deformation (PGD) can damage buried pipelines.
There is substantial evidence from previous
earthquakes, such as the 1983 Nihonkai-Chubu?,
the 1994  Northridge”, and the 1995
Hyogoken-Nanbu” earthquakes, of gas pipeline
damage caused by earthquake-induced PGD in the
form of liquefaction and landslides. Because elbows
represent locations of local restraint with respect to
flexural and axial deformation of buried pipelines,
strains can easily accumulate at elbows in response
to PGD.

Yoshizaki et al.¥ ¥ have shown a favorable
comparison between the results of in-plane bending
experiments with 90° elbows and the analytical
results of Finite Element (FE) modeling for strains
as high as 25%. In the field, however, many elbows
are installed with angles less than 90°, and damage
to these facilities has been observed during past
earthquakes. Moreover, the large deformation
behavior of low-angle elbows has received only

limited coverage in previous papers®” and

guidelines for earthquake-resistant design of gas
pipelines® ?.

Gas pipeline companies should be able to
maintain their buried pipelines without leakage even
if the lines are subjected to large deformation
during earthquakes. Therefore, it is important to
clarify the deformation behavior of buried pipelines
with low-angle elbows up to their limit state against
large ground deformation.

The purpose of this paper is to present
experimental results and an analytical method for
assessing the behavior of buried pipelines with
low-angle elbows subjected to very high levels of
strain. In-plane bending experiments were
conducted in the closing and opening mode for
various kinds of elbows until the measured strain
exceeded 30%. Finite Element (FE) modeling was
also performed to represent the deformation
behavior of the elbows. Furthermore, a modeling
technique named HYBRID MODEL, which was
developed for simulating the effects of PGD on
buried pipelines with elbows in the previous
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papers”®, was applied to pipelines with low-angle

elbows. In this paper analytical results obtained
with this model are presented for the behavior of
300-mm-diameter buried pipelines with low-angle
elbows subjected to PGD.

2. BENDING EXPERIMENTS
LOW-ANGLE PIPELINE ELBOWS

OF

(1) Experimental method

In-plane bending experiments were carried out
in the closing and opening mode for pipeline elbows
with different geometric characteristics. The
experiments involved pipe specimens with 100, 200
and 300-mm diameters and initial bend angles of
45°, 22.5° and 11.25°. The radius of curvature was
1.5 times the diameter. 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. The
dimensions of the test pipes are presented in Table
1. In this table, the outside diameter is the average
of the measured values of the specimen.

The elbows were fabricated with mandrels at
elevated temperatures. Pipe wall thickness was
measured with an ultrasonic meter at ten-degree
increments in the circumferential direction. The
thicknesses listed in Table 1 are the means of all
specimens with the same diameter. Variations in
wall thickness were typically within +20% with
respect to the mean.

Fig. 1 illustrates the experimental setup and the
definition of the “closing” and “opening” mode.
Straight pipes with lengths of about 2.5 times the
diameter for 200-mm and 300-mm-diameter pipes
and 5 times the diameter for 100-mm-diameter pipes
were welded to each end of the test elbows. The
length of the straight pipes was determined so that
we could conduct the experiment until the both ends
of the specimen came into contact in the closing
mode. The I-beam used in the setup was selected to
be much stiffer than the pipe specimen.
Displacement was applied with a hydraulic jack in
one direction with displacement control for both the
closing and opening mode. Because it has already
been confirmed by Minami et al.'” and Yoshizaki
and Oguchi'" that strain rate due to seismic motion
has little influence on the stress-strain relationship
of gas pipeline steel, the displacement was applied
with 1 mm/sec approximately. Internal pressure
of 0.1 MPa was added with nitrogen. The test was

Table 1 Summary of experimental pipe dimensions

Nominal diameter (mm) 100 200 300
Outside diameter, | 116.5 | 218.4 | 319.9
Do (mm)
Elbow Pipe thickness, t 54 6.8 74
(mm)
Dot 21 32 43
Straight | Wall thickness, t 4.1 52 6.5
pipe (mm)

Bend specimen

Opening mode

Hydraulic jack
(stroke: 2m)

Closing mode

Fig. 2 Strain gauge locations

stopped if the both ends of the specimen came into
contact with each other in the closing mode, a
maximum load of 490 kN was attained, or leakage
occurred.

Test data were obtained with a load cell,
displacement meter, pressure gauge, and strain
gauges that were bonded in the circumferential and
longitudinal directions on the external pipe surface
at the three cross-sections illustrated in Fig. 2. The
gauge length of the strain gauges was 5 mm. As
many as 150 strain gauges were used in each test
set-up. During each experiment, the acquisition of
strain measurements at a given location was
continued by replacing the gauges which reached
their strain limit of 10% with new gauges at the
same location. In addition, changes in the deformed
shape of the external pipe surface of the A-A’
section illustrated in Fig. 2 (hereafter, “the central
cross-section”) were measured intermittently with a
3-dimentional displacement measuring device,
employing five arms with five encoders.

(2) Discussion of experimental results

Table 2 summarizes the experimental maximum
strain, direction of maximum strain, maximum
change in bend angle, and observations pertaining
to leakage in combination with the results of the
previous experiments on 90° elbows™>. In this
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Table 2 Summary of test results

Initial bend angle, o Nominal Diameter 100-mm 200-mm 300-mm
Maximum strain, €p,x 25%, Circum. 30%, Circum. 25%, Circum.
90° Max bend angle change, AOmax 78° 86° 81°
Presence of leakage No No No
Maximum strain, €. 32%, Long. 53%, Long. 43%, Long.
45° Max bend angle change, AQl mad 119° 118° 113°
Closing Presence of leakage No No No
Maximum strain, €., 57%, Long. 41%, Circum. 72%, Long.
mode 225° Max bend angle change, AC! iy 133° 134° 134°
Presence of leakage No No No
Maximum strain, €, 58%, Long. 53%, Long. 0.1%, Circum.
11.25°  IMax bend angle change, AQ. may 150° 145° 6°
Presence of leakage No No (Load limit)
Maximum strain, €y, 40%, Long. 42%, Long. 33%, Circum.
90° Max bend angle change, AQ may -44° -33° -44°
Presence of leakage Yes Yes (Load limit)
Maximum strain, €y, 31%, Long. 22%", Long. 3%, Circum.
Opening 45°  |Max bend angle change, Act mas] -45% -23° -8°
Presence of leakage Yes Yes (Load limit)
mode Maximum strain, €.« 13%", Long. 9%, Long. 0.7%, Circum.
22.5°  |Max bend angle change, AQ yau 220 -10° -4°
Presence of leakage Yes (Load limit) (Load limit)
Maximum strain, €, 9%, Long. 3%, Long. -
11.25° " IMax bend angle change, AG ma 1% 119 —
Presence of leakage 1 (Load limit) (Load limit) —

Circum.: Circumferential, Long.: Longitudinal {: Maximum strain could not be measured.

1: Maximum bend angle change at full extension of elbow (see Fig. 2)
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Fig. 4 Results of bending experiments

table, maximum strain means the maximum value of
all  circumferential and longitudinal  strains
measured with strain gauges, and is expressed as
positive if it is tensile and negative if compressive.
For the 100-mm elbow with 22.5° of initial bend
angle and the 200-mm elbow with 45° of initial
bend angle, maximum strain could not be measured
because cracking occurred at a location somewhat
distant from the nearest gauges. The change in bend
angle Ao in this table was calculated with the
following formula on the assumption that the
specimen is a triangle:

M

Aa=2~cos'[lﬁ5cos%j—ai

In this formula, L, & and ¢, are the initial
distance between the ends of the specimen
(illustrated in Fig. 2), displacement of the jack, and
initial bend angle, respectively. Fig. 3 summarizes
the maximum change in bend angle that was caused
without exceeding the load limit of the hydraulic

jack.

Fig. 4 shows (a) bending moment, (b) maximum
strain, (¢) diameter change vs. change in bend angle.
Here, the maximum strain represents the maximum
of the absolute values of all measured strains.
Bending moment, M, and diameter change, B,
are calculated with the following formulas:

2

2
M=F L _(L -6 J )
o, 2
2cos —
2
D -D_
= ___Tmin 5 100 3
B B,
In these formulas, F, D, , D,., and D are,

respectively, reaction force measured by a load cell
between the jack and the specimen, longest
diameter (major axis) of the deformed central cross-
section, its shortest diameter (minor axis), and the
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Deformed shape of
the central cross
section

Deformed shape of
the central cross
section

Maximum strain
(Circumferential, Tension)

(a) Maximum circumferential strain = 10%, Aa =12°

. . imm
Maximum strain
(Longitudinal, Compression)

(b) Maximum longitudinal strain = -72%, Ao =134°

Fig. 5 Longitudinal and transverse deformation of a 300-mm-diameter elbow with 22.5° of initial bend angle in the closing mode

average of the initial diameter of the undeformed
central cross-section.

The deformation behavior was different in the
closing and opening mode. In the closing mode, no
leakage occurred even when both straight pipes
connected to the elbow came into contact with each
other and the measured maximum strain exceeded
70%. Elbows with smaller initial bend angles
experienced larger changes of bend angle, as
indicated in Fig. 3.

Fig. 5 shows deformation in the closing mode
and the deformed shape of the central cross-section
of a 300-mm elbow with 22.5° of initial bend angle.
The deformation involved ovalization of the elbow.
A maximum circumferential tensile strain of 10%
was measured when the change in bend angle, A,
was 12° (see Fig. 5 (a)). Further increases in Ao
resulted in a shift of maximum strain from
circumferential tension to longitudinal compression.
A maximum longitudinal compressive strain of 74%
was measured at ¢ = 120° (see Fig. 2) when

Ao =134° (see Fig. 5 (b)). Because of difficulties in
locating and replacing strain gauges at the precise
locations of high deformation and curvature, it is
likely that the actual maximum strains were larger
than those measured with strain gauges and plotted
in the figure. The deformed shape is also
interpolated with dotted line in Fig. 5 (b) because of
difficulty in locating the displacement measuring
device.

For the pipes, which had same initial bend angle,
elbows with larger diameters had larger bending
moments for a given change in bend angle, as
shown in Fig. 4 (a) in the closing mode. Pipe
diameter, however, had little effect on the
relationships between both maximum strain and
diameter change and changes in the bend angle, as
shown in Fig. 4 (b) and (c), respectively. For the
same diameter pipes, elbows with smaller initial
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(b) Maximum strain
Fig. 6 Deformation behavior in the closing mode of 200-mm-
diameter elbows with various initial bend angles

bend angles had larger peak values of moment and
tended to have larger maximum strains for the same
change in bend angle, as plotted in Fig. 6 (a) and (b),
respectively. There is a significant decrease in
maximum strain as a function of initial bend angle
for Aa = 30° shown in Fig. 6 (b), and a more
moderate decrease for A = 15° The main reason
for this behavior is that elbows with smaller initial
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(b) Maximum longitudinal strain =31%, Ag. =-42°

(c) SEM (Scanning Electron Microscope) photograph of the
fractured surface
Fig. 7 Longitudinal and transverse deformation and SEM
photograph of the fractured surface of a 100-mm-diameter
elbow with 45° of initial bend angle in the opening mode

bend angles experience greater localized
deformation, which is similar to the buckling
behavior of a straight pipe subjected to combined
compression and bending.

Leakage was observed in the opening mode for
all cases except the ones at the load limit of the
hydraulic jack. Fig. 7 shows the deformation
behavior and the deformed shape of the central
cross-section of a 100-mm elbow with 45° of initial
bend angle. In contrast with the closing mode,
ovalization during the opening mode was
accompanied by increases in vertical diameter at the
central cross-section (see Fig. 7 (a) and (b)). In
response to this change in the central cross-section
shape, the stiffness of the elbow became larger
than that of the straight pipe. Bending was then

Fig. 8 Finite Element model for 300-mm-diameter elbow with
45° of initial bend angle

concentrated at the location where one of the
straight pipes was connected to the elbow. In all
cases, leakage occurred near a straight pipe girth
weld at ¢ = 180°

The deformed shapes of the central
cross-section are illustrated in Fig. 7 (a) and (b).
The maximum strains, however, were located near
the welds connecting the straight pipes to the elbow.
The maximum longitudinal strain locations .are
indicated in photos of the deformed test specimen in
Fig. 7 (a) and (b). The maximum strain measured
near the crack was 31% in the longitudinal direction.
Necking was observed in the pipe metal outside the
heat-affected zone, but close to the crack. Fig. 7 (¢)
is a SEM (Scanning Electron Microscope)
photograph of the fracture surface of the
100-mm-diameter elbow that indicates a ductile
fracture.

Compared with the closing mode, the maximum
changes in bend angle were much smaller, as shown
in Fig. 3. For the pipes that had the same initial
bend angle, elbows with larger diameters sustained
larger bending moments, larger maximum strains,
and larger diameter changes for the same change in
bend angle, as shown in Fig. 4 (a), (b) and (c),
respectively.

3. FINITE ELEMENT ANALYSES FOR
LOW-ANGLE PIPELINE ELBOWS

(1) Analytical model

Finite element analyses were performed to study
the deformation behavior of the low angle elbows.
Fig. 8 shows the FE model for the 300-mm diameter
pipe with 45° of initial bend angle. Because of
symmetry, only a quarter of the specimen was
modeled, for which half the pipe circumference was
analyzed. The elements used in the model are
isotropic linear shell elements with reduced
integration  points, which  consider  shear
deformation. Seventy-two elements were employed
around half the pipe circumference. The aspect ratio
for elbows and straight pipe near the elbow was 1:1
and that for the other straight pipe was 1:5, as
shown in Fig. 8. The total number of elements was
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Fig. 9 Stress-strain curves used in FE modeling

Table 3 Mechanical properties used in FE Analysis

Elbow | Straight pipe
Young’s modulus, E (GPa) 206 206
Poisson’s ratio, v 0.3 0.3
Yield stress, o, (MPa) 294 270
Tensile strength, 6, (MPa) 451 385

about 7500, of which 4500 were concentrated near
the center of the elbow.

The average value of the actual thickness
measured with an ultrasonic thickness meter was
used in the analytical model. The stress-strain
relationship  from tension test data was
approximated by a multi-linear trend as plotted in
Fig. 9. In the relationship between true stress and
true strain, stress doesn’t have a peak value. The
modulus remains positive even as the engineering
stress (ratio of force to original area) declines in
response to reduced cross-sectional area due to
necking. However, shell elements are not able to
simulate necking, and they produce higher load if
they retain a positive stiffness after the peak
engineering stress'?. Therefore, the relationships in
Fig. 9 were adjusted to show constant true stress
when the true strain exceeds 20%. ABAQUS
Version 5.8 was used as a solver for the analyses
with geometric nonlinearity and large strain
formulation. The von Mises criterion and 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
also applied to the model'®.

(2) Analytical results and discussions

Fig. 10 compares the experimental and FE
analytical results for the 300-mm elbows with 45° of
initial bend angle. Good agreement exists between
the experimental and analytical results with respect
to the bending moments and maximum strains. The
numerical modeling technique was able to simulate
plastic strains as much as 40%, as shown in Fig. 10
(c). The reason for the difference in maximum
compressive strain between the experimental and
FE analytical results for changes in bend angle
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(c) Maximum strain versus change in bend angle (closing mode)
Fig. 10 Comparison between experiment and FE analyses for a
300-mm-diameter elbow with 45° of initial bend angle

above 60° (see Fig. 10 (c)) is related to
measurement limitations affected by difficulties in
locating and replacing strain gauges at high
deformation and curvature.

Fig. 11 (a) and (b) compare the analytical
results with experimental ones for 300-mm elbows
with 45° of initial bend angle when the change of
bend angle was 110° in the closing mode. Good
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(b) Deformed shape and strain distribution (FE analysis)
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Fig. 11 Deformed shape and strain distribution at the central
cross-section of a 300-mm-diameter elbow with 45° of
initial bend angle in the closing mode (A = 110%

(a) Deformed shape (Experiment)

Legend for strain:
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(b) Deformed shape and strain distribution (FE analysis)

Fig. 12 Deformed shape of a 100-mm-diameter elbow with 45°
of initial bend angle in the opening mode (Ao = -45°)
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Fig. 13 Comparison between experiment and FE analysis for a
100-mm-diameter elbow with 45° of initial bend angle
in the opening mode

agreement between experimental and analytical
results was observed for strain distribution around
the central cross-section in both the circumferential
and longitudinal directions, as shown in Fig. 11 (c)
and (d), respectively. Fig. 11 (c) and (d) also show
the symmetry of strain values obtained in the
experimental results in the circumferential
direction.
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Fig. 12 (a) and (b) compare the analytical and
experimental results for a 100-mm elbow with 45°
of initial bend angle when the change in bend angle
was -45° in the opening mode. In the experiment,
leakage occurred around one of the girth welds
between the elbow and the straight pipes. In the
welding process, it is not possible to make a
perfectly symmetric specimen, which is assumed in
the FE analytical model. The leakage occurs at
locations of concentrated strain near the welds,
which are represented in the FE analysis. As shown
in Fig. 13, the model was able to simulate plastic
strains as much as 30%.

4. ANALYSES OF BURIED PIPELINES

WITH LOW-ANGLE ELBOWS
SUBJECTED TO PGD
A modeling technique named HYBRID

MODEL was developed for simulating large-scale
pipeline and elbow response to PGD in the previous
work®?'% The model uses shell elements for the
elbow and its neighboring part where large,
localized strains occur. As shown in Fig. 14 (a), the
shell elements are located over a distance equal to
40 times the diameter from the center point of the
elbow. The shell elements are linked to beam
elements that extend beyond the distance of 20
times the diameter. Continuity of deformation
between the shell and beam elements is enforced by
the use of Multi-Point Constraint in ABAQUS', as
shown in Fig. 14 (b). In this paper, analytical results
for the behavior of 300-mm-diameter buried
pipelines with various types of low-angle elbows,
carrying 0.1 MPa internal pressure, are presented
for plastic strains as high as 30%, using the material
properties summarized in Fig. 9 and Table 3.

Fig. 15 shows the assumed distribution of PGD.
The direction of movement is shown by the large
arrow, which is oriented at an angle, y, with respect
to the elbow. In the x-direction (direction of
movement), a triangular pattern of increasing and
decreasing displacement was modeled. As shown in
the figure, this pattern produces a zone of tensile
and compressive ground strain. In the y-direction
(perpendicular to movement direction), the
displacements were distributed in a triangular
pattern, with maximum movement at the apex of the
equilateral triangle. This distribution of movement
over a distance of 400 m is based on the model
proposed by Hamada et al.'® and Satoh et al.'”

In the previous work® ¥, it was shown that
severe deformation was caused when the elbow was
positioned at the location of large displacement

Beam

~~_element
T - Shell

~ diameter -
\ element

(a) Analytical model around elbow

40 x

Beam element

M\A/ | Multi-Point Constraint |

Spring element for stresses
conveyed to pipeline from &

adjacent ground \\;‘*

(b) Modeling for connection between shell elements and beam
elements
Fig. 14 HYBRID MODEL used for analyses of buried pipelines

. Tension Compression
Buried pipeline é E Buried pipeline

(Gpening T(z\??) AN . Y o (Closing mode)
400m
S E&
S N
W Direction of PGD

Fig. 15 Assumed model of PGD

regardless of ground strain or shape of PGD. Strain
was also largest when v, the relative angle
between the PGD direction and pipeline, was equal
to 45° and 225° for elbows with 90° of initial bend
angle in the opening and closing mode, respectively.
Therefore, for each pipeline elbow with an initial
bend angle of oy, that was positioned at the
locations of maximum displacement, an opening
and closing mode case was analyzed with the
parameter of Y equal to 90°-0y/2 and 90°+0u/2,
respectively (see Fig. 15).

The stresses conveyed to the pipeline from the
adjacent ground were represented as stresses
parallel and normal to the pipe longitudinal axis in
accordance with the “Recommended Practice for
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Fig. 16 Stresses conveyed to pipeline from adjacent ground
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Fig. 18 Comparison in the deformation behavior of the elbow of
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Fig. 19 Maximum strain on the pipelines of 300-mm-D with
various kinds of low-angle elbows subjected to 1.5 m
of PGD

Earthquake Resistant Design of High Pressure Gas
Pipeline”® and data presented by Trautmann and
O’Rourke'®, respectively. Fig. 16 (a) shows the
shear stress vs. relative displacement plot used to
model stresses parallel to the pipe longitudinal axis.
Fig. 16 (b) shows the projected stress vs. relative
displacement plot used to model stresses normal to
the pipe axis. The projected stress acts on an area
equivalent to the product of pipe diameter and
length to produce the force acting normal to the
pipe longitudinal axis. The stresses are generated by
discrete spring elements in both the longitudinal and
circumferential directions for the shell elements,
and in the longitudinal direction for the beam
elements, as shown in Fig. 14 (b).

Fig. 17 shows the analytical results, where
maximum strain in either the longitudinal or
circumferential direction is plotted vs. ground
displacement. The deformation of the elbow is in
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the opening mode when W equaled to 90°—0y/2, and
the closing mode when y equaled to 90°+0y/2, and
the results are plotted in Fig. 17 (a) and (b),
respectively.

Fig. 18 compares the FE analytical results of
elbow deformation in response to ground
displacement  with  both the experimental
measurements and analytical simulations of tests
performed on pipeline elbows using the testing
device illustrated in Fig. 1. The close agreement
between analytical and experimental results shows
that the deformation behavior of elbows with
pipelines subjected to PGD is remarkably consistent
with experimental measurements. This similarity in
behavior occurs because bending moments are
induced by soil-structure interaction in the same
way they were simulated in the elbow bending
experiments.

Maximum strain is plotted in Fig. 19 for
pipeline elbows of 300-mm diameter, 0.1 MPa
internal pressure, and 1.5 m of ground displacement,
as a function of the initial bend angle. The
analytical results show some noteworthy trends. For
example, the largest strains in both the opening and
closing modes occur at 45° of initial bend angle. In
contrast, Fig. 6 shows that the largest strains
develop in pipe elbows with the smallest initial
bend angle in the closing mode, provided that the
bending moments required to deflect the elbow to a
particular Aa have been mobilized. The analyses
show that, for this particular cases of 300-mm
diameter pipelines, 22.5° and 11.25° of initial bend
angle didn’t have enough bending moments
mobilized by soil-structure interaction to be
deflected. The trend shown in Fig. 19 can be
different for pipelines with different diameter,
thickness or material. Hence, an accurate simulation
of elbow response to PGD depends on both the
analytical model for elbows subjected to external
loading and the analytical model for soil-structure
interaction, pattern and magnitude of PGD, and
PGD direction relative to the elbow. With
appropriate soil-structure interaction modeling, a
rational design process can be developed for the

design of new pipelines and the effective
rehabilitation of existing ones.
5. CONCLUSIONS

This paper describes in-plane  bending

experiments that were conducted in the closing and
opening mode to evaluate the response of various
kinds of low-angle pipeline elbows to
earthquake-induced  PGD.  The  following

conclusions are drawn in this study:

(1) In the closing mode, no leakage occurred even
when both straight pipes connected to the
elbows came into contact and measured
maximum  strain  exceeded 70%. The
deformation involved ovalization of the elbows.
Pipe diameter had little effect on the
relationship between maximum strain and
bending angle. For the same diameter, elbows
with smaller initial bend angles had larger peak
values of moment with larger maximum strains
for the same change in bend angle.

(2) In contrast, leakage was observed in the
opening mode for all cases except the ones that
reached the load limit of the hydraulic jack. The
strain measured near the crack was 30% in the
longitudinal direction. Compared with the
closing mode, the maximum changes in bend
angle were much smaller in the opening mode.
For pipes with the same initial bend angle,
elbows subjected to the opening mode with
larger diameter experienced larger bending
moments, larger maximum strains, and larger %
diameter changes for same change in bend
angle.

(3) Finite Element (FE) modeling was performed to
simulate the deformation behavior of the elbows
using linear shell elements. There is very good
agreement between the analytical and
experimental results for all levels of plastic
deformation, including strains as much as 30%.

(4) A modeling technique named HYBRID
MODEL was applied for simulating large-scale
buried pipelines with low-angle elbows.
Analytical results obtained with this model are
presented for the behavior of 300-mm-diameter
buried pipelines with various kinds of low-angle
elbows subjected to PGD. The close agreement
between analytical and experimental results
show that the modeling procedures result in a
simulated elbow deformation that is remarkably
consistent with experimental measurements. An
accurate simulation of elbow response to PGD
depends on both the analytical model for
elbows subjected to external loading and the
analytical model for soil-structure interaction,
pattern and magnitude of PGD, and PGD
direction relative to the elbow.
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