Proceedings of the 16th International Conference on Soil Mechanics and Geotechnical Engineering
© 2005-2006 Millpress Science Publishers/IOS Press.

Published with Open Access under the Creative Commons BY-NC Licence by I0S Press.
doi:10.3233/978-1-61499-656-9-1663

Distinct element analysis of soil-pipeline interaction in sand under upward movement
at deep embedment condition

Analyse par éléments discrets de 1’interaction sol sableux-oléoduc soumis a un déplacement vertical
dans des conditions d’enfouissement profond
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ABSTRACT

The distinct element analysis of the soil-pipeline interactions in sand under upward movements at deep embedment conditions is un-
dertaken. Available analytical solutions provide a wide range of predicted peak dimensionless forces and there is limited information
regarding the transition of the peak dimensionless force from shallow to deep embedment conditions. Recently, finite element analy-
sis of soil-pipeline interactions at deep embedment conditions has been performed. In the current study, distinct element analysis is
employed to reinvestigate this problem because it is considered that the distinct element analysis may give more accurate results due
to its discontinuous nature which more closely simulates sand behavior. The obtained results are compared with the previously pub-
lished results and it is found that the results from distinct element and finite element are consistent except for the case of dense sand at
deep embedment. The possibilities of the discrepancy are discussed.

RESUME

Ce papier présente une analyse par ¢léments discrets des interactions sol sableux-oléoduc soumis a un déplacement vertical dans des
conditions d’enfouissement profond. Il existe un grand nombre de solutions analytiques pour déterminer la force adimensionnelle
limite, cependant il existe peu de solutions simultanément valables a faibles et grandes profondeurs. Récemment, une analyse par é1¢é-
ments finis en conditions d’enfouissement profond a été menée. Dans la présente publication, ce probléme est revisité par le biais des
¢éléments distincts dont la nature discontinue est considérée comme plus représentative du comportement mécanique des sables. Les
résultats ainsi obtenus sont en accord avec les résultas publiés précédemment dans la littérature a I’exception du cas des sables denses
et profond. Les causes possibles de cette divergence sont discutées dans ce papier.

1 INTRODUCTION extended to deeper embedment conditions. The DEM results
are compared with the previous study of the same problem us-
The standard formulations of the force-displacement character- ing Finite Element Method (FEM) (Yimsiri et al., 2003).

istics for soil-pipeline interactions in sand under upward move-
ment are given by ASCE in the “Guideline for the Seismic De-
sign of Oil and Gas Pipeline System (1984)”. According to this, 2 DISTINCT ELEMENT ANALYSIS
the peak force per unit length F,,., applied to a pipeline is ob-

tained by the following equation. The pipe loading experiments were simulated using the distinct
- element method based on the approach by Cundall and Strack
Fyew =PH.N, D M (1979). The distinct element code PFC (Itasca, 1999) was

employed. The code models soil particles as a collection of dis-
tinct and arbitrarily sized spherical particles. The particles are
treated as rigid bodies and allowed to overlap one another at the
contact points. The contacts between particles are characterized
through the stiffness and slip condition. The constitutive behav-
ior of the particles enables the simulation of macroscale plastic-
ity. No bonding between particles is employed in this study to
simulate uncemented sand.

where 7_/ is the effective unit weight of soil, H, is the depth to

the center of the pipeline, and D is the external pipe diameter.
N, is the peak dimensionless force and is a function of soil fric-
tion angle and embedment ratio H/D. These recommendations
are derived from the experimental data by Trautmann and
O’Rourke (1983) of a pipe with H/D < 13.

Available analytical solutions give a wide range of pre-
dicted peak dimensionless forces and there is limited informa-
tion regarding the transition of the peak dimensionless force Thickness = 1220 mm
from shallow to deep embedment conditions. Yimsiri et al
(2003) have recently presented a design chart for deep embed-
ment conditions using finite element analysis. In this study, the %
Distinct Element Method (DEM) is employed to investigate the De};jn/%s on <
same problem again. Due to its discontinuous nature, it is con- ¢
sidered that DEM should better simulate the soil movement
close to the pipe at large pipe displacement and, hence, may
yield more accurate results to the problem. In the past, the
DEM has been used mainly for the study of micromechanical
behavior of sand. This study provides an example of the use of
the DEM for more practical problem. The DEM analysis is 2300 mm
firstly calibrated against large-scale tank tests data reported by <
Trautmann and O’Rourke (1983) to determine the micromech-
nical input parameters that are not possible to be estimated from Figure 1. Schematic diagram of set-up of large-scale tank test.
laboratory tests. By calibrating the model, the DEM analysis is
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DEM analysis requires knowledge of a force-displacement
law at particle contacts. The linear elastic contact model was
employed; the contact force and relative contact displacement
are linearly related by a constant contact stiffness. Two stiff-
ness values are required for each contact; they are (i) normal
contact stiffness ky and (ii) tangential contact stiffness kr
(force/displacement). Particle sliding occurs when the tangen-
tial contact force reaches its maximum allowable value, which
is taken to be the coefficient of inter-particle friction angle be-
tween the two contacting entities multiplied by the magnitude of
the normal contact force.

3 NUMERICAL MODELING

Trautmann and O’Rourke (1983) performed large-scale tank
experiments at shallow depth to investigate the pipeline behav-
ior. Their results were used here as benchmarks in order to ex-
amine the capability of the current DEM analysis technique.
The schematic diagram of the test set-up is shown in Fig. 1.
The tests were performed for different H./D values up to 13.
Cornell filter sand was used for all the tests. It is a clean, sub-
angular, fluvio-glacial sand, having a coefficient of uniformity
C, of 2.6 and an effective grain size D;y of 0.2 mm. The 102-
mm pipe was fabricated from ASTM Grade A-36 steel. Soil-
pipe interaction at three different densities was tested; 14.8
(loose), 16.4 (medium), and 17.7 (dense) kN/m®, which corre-
sponded to the relative density of 0, 45, and 80%, respectively.
In practice, the sand placed around a pipeline is often in the
state of medium to dense conditions. Hence, the behavior in
medium and dense sands was of interest in this study and these
test cases were simulated.

The tank and pipe were modeled by series of planar wall.
The dimensions of the tank were the same as the actual tank.
The tank wall was assumed to be smooth; the tank model has a
normal contact stiffness equal to that of the particles but has
zero tangential contact stiffness and zero surface friction. The
pipe has identical contact stiffness in both normal and tangential
directions and equal to that of the particles. The pipe has its
surface friction angle equal to half of the inter-particle friction
angle of sand (Yimsiri et al., 2003).

Sand is modeled as a collection of spherical particles and its
size distribution follows normal distribution. The sand particles
are modeled by using larger sizes than actual sand with varying
sizes in various regions of the model (see Fig. 2). Due to com-
putational limitation, it was not possible to model using the ac-
tual particle size (D;yp = 0.2 mm and D4y = 0.52 mm). At the re-
gion near the pipe (Region A), the particles are smaller with
Taverage = 12.5 mm and standard deviation = 2.5 mm (25 times
larger than actual sand). Further away (Region B), the particles
are larger with 7,046, = 25.0 mm and standard deviation = 5.0
mm (50 times larger). For the cases with H/D > 17, there is
Region C with the particle size of 74erqge = 37.5 mm and stan-
dard deviation = 7.5 mm (75 times larger). This allowed the
number of particles to be less than 130,000 for deepest case. An
example of the DEM models is shown in Fig. 3.

4 DETERMINATION OF INPUT PARAMETERS

The input parameters for DEM modeling are listed in Table 1.
Most of the parameters were determined by calibrating the nu-
merical results with the experimental data of (i) triaxial test re-
sults of the sands used for the tank experiments (Turner and
Kulhawy, 1987) and (ii) the actual pipe loading test results at
shallow depths (Trautmann and O’Rourke, 1983).
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Figure 2. Various regions of the DEM model.

Figure 3. Example of DEM model (medium sand, H/D = 25).

Table 1: Input Parameters for DEM Analysis

Parameters

Values

Normal contact stiffness of particle, ky suna

From Eq. (2)

Tangent contact stiffness of particle, kr quq

kT,sand = k]\/,sand

Normal contact stiffness of pipe, ky e

kN,pipe = stand

Tangent contact stiffness of pipe, k7.

kT,pipe = kN,pipe

Normal contact stiffness of wall, ky,,q

kN, wall = stand

Tangent contact stiffness of wall, k7, ktwan =0
Inter-particle friction angle, @ sana tan @, qang =
0.5, 1.0, 3.0
Pipe friction angle, ¢, Bupipe =
¢,u,sand/ 2
Tank wall friction angle, @, .4 Buwann = 0
Density of particle, p (kg/m’) 2740

Radius of particle, r

Varies in Re-
gions A, B, C

Results from the triaxial test simulations show that the DEM
analysis (using ky = k7) can simulate the stress-strain relation-
ship by using a high value of inter-particle friction angle (tan ¢,
= 3.0) as shown in Fig. 4. This is due to the use of spherical
particles, which allows excessive particle rolling (e.g. Thomas
and Bray, 1999). The contact stiffness depends on confining



pressure (e.g. Yimsiri and Soga, 2000); however, it was not pos-
sible to derive the pressure-dependent stiffness values from the
triaxial test results because the data did not span for a wide
range of confining pressure. Instead, the contact stiffness was
derived by fitting the DEM analysis results with the pipe load-
ing data at shallow depths by using tan ¢, = 0.5, 1.0, 3.0. The
obtained relationship between the contact stiffness and the ver-
tical effective stress at center of pipe is shown in Fig. 5 and the
following relationships are proposed.

k (N/m) = 6.7140, %813
k (N/m) = 41.0720, >
k (N/m) = 112.859¢0, '

for tan ¢,=0.5

for tan ¢,= 1.0 2)
for tan ¢,=3.0

o.’ (kPa) = vertical effective stress at center of pipe

It is noted that various combinations of the contact stiffness
and tan ¢, can yield similar peak forces. With larger tan ¢, the
required contact stiffness is lower. It is interesting to find that
the contact stiffness affects the strength (peak force) for this
problem, which is not the case for triaxial problem where the
contact stiffness affects only modulus, not strength. This may
be due to the more complex mode of shearing in pipe loading
problem. It is also noted that the obtained power is greater than
0.5 which is the normal value for soil (Hardin & Black, 1966);
this may be also due to the complexity of mode of loading. The
peak force values employed for fitting is governed by complex
deformation at relatively large strain; however, the contact stiff-
ness is the behavior at very small strain.

Examples of the computed force-displacement relationships
are shown in Fig. 6. In case of medium sand, the results from
all cases show small difference and match the experimental data
well. However, for dense sand, the results from tan ¢, = 0.5
show stiffest behavior which best match the experimental result,
while other cases show more ductile behavior.

——DEM (k = 1.0e6 N/m, tan phi = 3.0)
- - - - Triaxial (Turner & Kulhawy, 1987)
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- - - - Triaxial (Turner & Kulhawy, 1987)
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Figure 4. Calibration of DEM results against triaxial tests.
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Figure 5. Relationship between contact stiffness and stress.
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Figure 6. Calibration of DEM results against pipe loading tests.

5 RESULTS OF DEEP PIPE LOADING

After calibrating the DEM models with triaxial tests as well as
the tank experiments, deep pipe loading cases were simulated
using the input parameters derived from the shallow pipe load-
ing cases. An example of the computed force-displacement
curves are shown in Fig. 7 along with the result from the finite
element analysis (Yimsiri et al., 2003). In case of medium sand,
the results from DEM of all tan ¢, cases are consistent with the
FEM results. In case of dense sand, however, the result from
DEM of tan ¢, = 0.5 is considerably larger and the results be-
come lesser for the cases of tan ¢, = 1.0 and 3.0. The results for
the case of tan @, = 3.0 is closest to the FE result; however, its
peak force is still somewhat larger. It is interesting to note that
the DEM results of tan ¢, = 0.5 better match the pipe loading
test results at shallow depth, whereas the case of tan ¢, = 3.0
better match the deep depth case.

Figure 8 shows the relationships between the peak dimen-
sionless force and embedment ratio obtained from the DEM,
FEM, and analytical solution by Meyerhof and Adams (1968).
For some DEM simulations, the peak force was difficult to de-
termine because the load-displacement curve exhibited ductile
behavior with no distinctive peak. In such cases, the force-
displacement data were fitted to a hyperbolic curve and the peak
force was determined using the procedure used by Trautmann
and O’Rourke (1983) for the actual test data. In case of me-
dium sand, the DEM analysis of all tan ¢, cases yield consistent
results with FEM. In case of dense sand, however, the DEM
analysis of all tan ¢, cases yield consistent results with FEM
only for H/D < 21. When H/D > 21, the results from DEM
become larger than FEM; the lesser the tan ¢, employed (the
larger the contact stiffness), the larger the overestimation. Only
the case of tan ¢, = 3.0 shows similar results to FEM with a
tendency to give somewhat larger peak dimensionless force at
deeper embedment depth (H/D > 60). The cases of tan ¢, = 0.5
and 1.0 do not show any transition from shallow to deep failure.
All results from numerical analysis (DEM and FEM) are larger
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than the analytical solution by Meyerhof and Adams (1968)
which is the only analytical solution that can predict the transi-
tion from shallow to deep failure.
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Figure 7. DEM results of deep pipe loading.

-+ +--- Medium (DEM tan phi = 0.5)
---X--- Medium (DEM tan phi = 1.0)

= (DEM tan phi = 3.0)
---0--- Medium (FE) (Yimsiri et al., 2003)
-------- Medium (Meyerhof&Adams, 1968)

—@— Dense (DEM tan phi = 0.5)

—a— Dense (DEM tan phi = 1.0)

—@— Dense (DEM tan phi = 3.0)
(
(

—O— Dense (FE) (Yimsiri et al., 2003)
Dense (Meyerhof&Adams, 1968)

Peak dimensionless force, N

Embedment ratio, H./D

Figure 8. Comparison of peak dimensionless force.

6 DISSCUSSIONS

The displacement patterns from DEM and FEM for the case of
shallow depth are quite similar. At deeper depth, the displace-
ment pattern of medium sand shows local shear failure around
pipe which is consistent with the deep shear failure behavior ob-
served in Fig. 8. However, the displacement pattern of dense
sand show overbreak failure, not local shear failure, and this
tendency is more for lower tan ¢, employed (higher contact
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stiffness) as can be seen from the steeper slope at deep depth in
Fig. 8.

The advantage of DEM than FEM is its ability to present
clearer movement of soil closely around the pipe due to the fact
that the DEM analysis allows the soil particles to move freely.
Also, the DEM analysis can continue with unlimited movement
of the pipe until it reaches ultimate peak force (or further),
unlike FEM which has to stop at some pipe displacement before
peak force can be reached because large deformation of the
mesh causes numerical convergence problem. The investigation
of the particle movement around the pipe in detail is under way.

7 SUMMARY AND CONCLUSIONS

The soil-pipeline interactions under upward movements in sand
were investigated using DEM analysis. The simulations were
performed for both medium and dense sand conditions at differ-
ent embedment ratios H,/D from 8 to 60. The transition of the
maximum dimensionless force from shallow to deep embed-
ment conditions was observed and the critical embedment ratio
and the corresponding critical maximum dimensionless forces
were evaluated. The DEM results were also consistent with the
previously published FEM results especially for the case of me-
dium sand. For the case of dense sand, the DEM results show a
tendency to give larger peak dimensionless force at deeper em-
bedment depth (H./D > 60). This is due to the fact that the local
failure was not achieved. The results from this DEM analysis
together with earlier FEM analysis will serve as a Class-A pre-
dictions of the future full-scale tank test of this problem.
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