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ABSTRACT

An analysis method has been established for elbows where deformation and strain are concentrated in
buried pipelines during earthquakes. It can accurately predict experimental results not only in the elastic
region, but also in the plastic region over 5% of strain. Various dimensions of elbows were analyzed
using this method, and as a result, apart from the bending moment, the relationship between the maximum
strain and the bending angle is found to be independent of a diameter, a wall thickness and an elbow radius.
Furthermore, a buried pipeline including an elbow was analyzed on a supposition of lateral ground
displacement, and useful result was obtained for generally estimating the earthquake resistance of typical
buried pipelines.
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INTRODUCTION

Ground liquefaction during earthquakes may produce a phenomenon called lateral ground displacement
which yields permanent ground deformation at shore walls and so on. For example, in the Hyogoken-
Nambu Earthquake (January 17, 1995), shore wall collapse was caused in numerous locations; indeed, it
was reported that shore walls surrounding Rokko Island jutted out to sea by an average of 2 m and a
maximum of 6.9 m.

In weak earthquakes with small displacement of the ground, buried pipelines including elbows
undergo subgrade reactions proportional to the relative displacement of the ground around the pipes. In



such cases, straight pipes and elbows support individually the subgrade reactions. It is feared, however,
that the deformation concentrates upon the elbow parts due to the initiation of the slide between the
straight pipes and the ground around the pipes during strong earthquakes with large displacement of the
ground. As a consequence, large level of plastic strain will be induced on those parts.

In this paper, Finite Element Analysis (FEA) method was applied to evaluate the plastic strain of buried
pipelines. First of all, an analysis method for evaluating the deformation behavior of elbows, and its
validity was verified by a comparison with experimental results. Then we utilized this method to reveal
differences in earthquake resistance characteristics of elbows by varying diameter, wall thickness or elbow
radius. Furthermore, these results were utilized to obtain the maximum strain of a buried pipeline
including an elbow, and useful result was obtained for generally estimating the earthquake resistance of
typical buried pipelines.

DEFORMATION BEHAVIOR OF ELBOWS
Previous Work

When an elbow is subjected to a bending moment, the resulting deformation does not follow the simple
Bernoulli-Euler bending theory. Rather, the deformation is far greater than that predicted by the theory;
Kérmén (1911) has proposed a stress intensification factor and a
flexibility factor to express the exact stresses.  This approximation method is also used in ASME Sec. II1
Div. 1 Subsection NB.

and localized strain is also very large.

However, it is experimentally confirmed that this method is not available in the plastic region. And there
have been very few studies on the deformation characteristics of elbows in the region of large deformation.
Suzuki et al (1990) estimated the deformation behavior of three kind of elbows by experiments and
numerical analyses, and express their plastic characteristics as a corrected stress intensification factor.
However, general deformation characteristics of various elbows were not obtained sufficiently.

Experiments and Analyses

In-plane bending experiments of elbows were conducted. Pipes for the tests have the diameters of
750mm, 400mm, and 200mm. Fundamental parameters are shown in Table. 1.

Table. 1. Parameters of Pipes used in Bend Testing

750mnD | 400mmD | 200mmD
Diameter [mm] 770.2 406. 4 216.3
Material X52 PT38 FSGP
Elbow radius 3DR 1.5DR 1.5DR
Wall thickness [mm] 13.5 8.2 6.9
Yield stress[kgf/mm®] 40 28 28




Here the case of 750mm-diameter pipe is discussed representatively. The test apparatus with a test
specimen is illustrated in Fig. 1. One end was fixed to prevent all motion other than rotation in the plane
of bending; the other end was attached to a hydraulic jack for use in loading the specimen. By these

procedures, a nearly pure bending moment can be applied to the 90" elbow of the test specimen.

For comparing the experimental results and the numenical ones, the analysis model was prepared as shown
in Fig. 2. Linear shell elements were used. Considering into the symmetry of the model, a 1/4 model
was created. Dimensional parameters of the model for the analysis were same as the experiment
Mechanical propertics were determined as illustrated in Fig. 3, based on the tensile test results. FEM

structural analysis code “ABAQUS" was used to accurately handle material and geometrical non-linearity.

The strain distribution at an in-plane inward bending displacement of 280 mm by the analysis 15 shown n
Fig. 4. The strain is associated with von Mises composite strains. As can be seen from Fig. 4, the

maximum strain caused at the center of the flank of the elbow.
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We defined a bending angle # for the elbow as shown in Fig. 5.  The relationship between the bending
angle and the maximum strain that occurs in the elbow is presented in Fig. 6.  The value of maximum
strain in Fig. 6 was taken as the largest of the strain components (circumferential direction or axial
direction) at the integration point of the elements. Fig. 7 shows the strain distribution along the
circumference of section A-A in Fig. 5. In these figures, the solid line indicates the analysis result and the
round or sguare points indicate the experimental data. These figures show a farly good agreement
between the results of analyses using this method and the experimental data. This analysis method can

simulate the pronounced localized strain in the plastic region.
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Fig. 7. Strain Distribution at 280 mm Displacement (plastic region)



s ; stics of El

Similar analyses were performed for various types of elbows;

- diameter ; 100mm, 200mm, 300mm, 400mm, 600mm (1.5DR)

- elbow radius ; 1DR, 1.5DR, 3DR, 5DR (300mmD)

- wall thickness ; 7.9mm, 9.5mm, 12.7mm (600mmD}
The pipe diameter and wall thickness were taken as the normal values of Japanese Industrial Standard.
Stress-strain model was similar to Fig. 3. Fig. 8 shows the relationship between the bending angle and
the bending moment; Fig. 9 shows the relationship between the bending angle and the maximum strain for
various diameters. Similarly, Fig. 10 and Fig. 11 show the effect of elbow radius and wall thickness,
respectively. Apart from the value of the moment, the relationships of the maximum strain to bending

angle are independent of pipe diameter, wall thickness and elbow radius.
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ANALYSES OF EARTHQUAKE-RESISTANCE FOR BURIED PIPELINES

Utilizing the method above mentioned, we conducted deformation analyses relating to the lateral ground
displacement for evaluating the earthquake resistance of typical buried pipelines in liquefaction areas.
The pipeline used in the analyses is comprised of a 1.5 DR-90° elbow and a 200m length of straight
pipes on both sides of the elbow.

Displ n ion

We considered a ground lateral ground displacement in a plane in axial direction of one of the straight
pipes and in the normal direction of another one (see Fig. 12). In Fig. 12, we took the following
formulation of the lateral ground displacement;

Vg(x,0) = %8{1 + cos(2—::,x)} | (1)
V5(0,y) = —;-5{1 + cos(f'%)} )

,where the width W and the length L of the affected region are both 200 m.

Buried Pipeline

Fig. 12. Lateral Ground Displacement Distribution.

The subgrade reaction acting on the pipe consists of the components in the axial and normal directions of
the pipe. Subgrade reaction in the axial direction was based on a model presented in Recommended
Practice for Earthquake Resistant Design of High Pressure Gas Pipeline (Japan Gas Association, 1982)
and that in the normal direction was based on a model proposed by Trautmann et al (1995). Here, we
decided to use a model scaled down to 1/10 in relation to the inclination and the maximum subgrade
reaction in the analysis of the pipeline, taking account of ground-softening due to liquefaction.
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Fig. 13. Subgrade Reaction Model
We used the tollowing two modeling methods to create an analysis model Lo express the pipe.
(A) BEAM MODEL using beam elements only including a special elbow element incorporated with

the deformation characteristics obtained from the results of inward/outward bending analysis with
shell elements.

(B) HYBRID MODEL using shell elements in the area such as the elbow occurring pronounced
localized strain linking with beam elements (Fig. 14). Conunuity of deformation between the shell
elements and the beam elements is guaranteed by radially-located rigid elements, shown in Fig. 15.

Subgrade reactions were given as non-linear spring elements. The lateral ground displacement shown in

Fig. 12 was imposed to those elements. The analyses were carried out until the ground displacement, &

=2m.

Fie. 14. HYBRID MODEL (Model (B)). Fig. 15. Connection between Shell and Beam

Elements
Analysis Results

Fig. 16 shows the relationship between the maximum strain and the ground displacement for various
diameters.  As can be seen in the figure, for the same ground displacement, the larger the pipe diameter 15,
the smaller the value of the maximum strain is. In the case of 300mm-diameter, the comparison of strains
obtained by the BEAM MODEL and the HYBRID MODEL is shown in Fig. 17. The BEAM MODEL
was found Lo estimate the maximum strain higher than the HYBRID MODEL. Such trend is considered
to be induced by the ovalization of the cross section of straight pipes and the effect of the axial force on

the deformation characteristics of elbows.
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CONCLUSIONS

Numerical analyses based on FEM with shell elements were applied to obtain the deformation
characteristics of elbows. Some bending tests for elbows were conducted and the results were compared
with the analyses. A fairly good agreement on the bending moments and the maximum strains was
obtained even in the range of strain over 5%. The validity of the analysis method was demonstrated.
Various dimensions of elbows were analyzed using this method. As a result, apart from the bending
moment, the relationship berween the maximum strain and the bending angle is found to be independent of
a diameter, a wall thickness and an elbow radius. Subsequently, deformation analyses relating to the
lateral ground displacement were carried out for estimating the earthquake resistance of typical pipelines
in a liguefaction area. As a result, it 1s found that for the same ground displacement the larger the pipe
diameter is, the smaller the value of the maximum strain is. It is found that the BEAM MODEL
incorporated with the deformation characterisucs of elbows gives a higher level of the maximum strain
than the HYBRID MODEL with shell and beam elements. It is considered that the difference is induced
by the ovalization of the cross section of straight pipes and the effect of the axial force on the deformation

characteristics of elbows.
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