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Abstract

Project Code: TRG4580098

Project Title: ~ Numerical study of lateral and upward soil-pipeline interactions in sand at

deep embedment conditions
Investigator: Dr. Siam Yimsiri
E-mail Address: ysiam@buu.ac.th

Project Period: August 2002 — June 2005

The soil-pipeline interactions under lateral and upward pipe movements in sand are
investigated using Distinct Element Method (DEM) analysis. The simulations are performed
for both medium and dense sand conditions at different embedment ratios of up to 60. The
comparison of peak dimensionless forces from the DEM and earlier Finite Element Method
(FEM) analyses shows that, for medium sand, both methods show similar peak dimensionless
forces. For dense sand, the DEM analysis gives more gradual transition of shallow to deep
failure mechanisms than the FEM analysis and the peak dimensionless forces at very deep
depth are higher in the DEM analysis than in the FEM analysis. The comparison of the
deformation mechanism suggests that this is due to the differences in soil movements around
the pipe associated with its particulate nature. The DEM analysis provides supplementary

data of the soil-pipeline interaction in sand at deep embedment condition.

Keywords:  soil-pipeline interaction, distinct element analysis, shallow failure mechanism,

deep failure mechanism, sand
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Executive Summary

An understanding of pipeline response to vertical and lateral ground movements is
essential in pipeline design. Rational design under these conditions requires knowledge of
soil forces resulting from the relative soil-pipeline displacement. The design formulations of
the load-displacement characteristics for soil-pipeline interactions are given by ASCE’s
“Guideline for the Seismic Design of Oil and Gas Pipeline System (1984)”. This Guideline
recommends that the peak dimensionless forces and the displacement at peak forces are
functions of the embedment depth of the pipe and soil friction angle, and that the non-linear
relationship between the force and displacement is modeled by a rectangular hyperbola.
These design values are derived from the database of pipe testing at relatively shallow
embedment depths. However, there are situations where the pipe embedment ratios can be
deeper than the values given in the guideline. Typical scenarios are the construction of a large
embankment over an area with existing pipelines and installation of deep pipelines due to
already congested underground space. If the design is based on a linear extrapolation from
the ASCE data, the Guideline would overestimate the peak load exerted on the pipe and the
stiffness of the soil-pipeline interaction. This overestimation would in turn results in

uneconomical design.

The deep embedded pipeline problem has been investigated by Yimsiri et al. (2004).
They examined various analytical solutions available for the peak forces onto a pipe and strip
anchor and showed that there are large differences in the computed peak dimensionless forces
for deep embedment conditions. It was concluded that a linear extrapolation from the ASCE
data of shallow depth should not be employed because of the change in failure mechanism
from shallow (i.e. ground surface dependent) to deep embedment conditions (i.e. ground
surface independent). They performed finite element analysis to examine the transition in
both medium and dense sands. Unfortunately, it is not possible to validate their findings
because full-scale pipe loading experimental results or any other supplementary data are not

available.

This study has been undertaken to provide supplementary data for deep embedded pipes
using the Distinct Element Method (DEM). First, DEM analysis was conducted for shallow
embedment depth conditions to calibrate the input parameters by comparing the results to the

experimental data reported by Trautmann & O’Rourke (1983). The analysis was then
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extended to deeper embedment conditions. Due to its discontinuous nature, it is considered
that DEM should better simulate the soil movement close to the pipe at large pipe
displacements and, hence, may yield more realistic results to the problem compared to the

continuum-based finite element analysis.

For medium sand, the comparison of the peak dimensionless forces from the DEM and
FEM analysis shows good match between the two. For dense sand, the DEM data show more
gradual transition from shallow to deep failure mechanism and have a tendency to give a
somewhat larger peak forces at very deep depths. The advantage of DEM over FEM is its
ability to simulate large movement of soil around the pipe. Also, the DEM analysis can
continue with unlimited pipe movement until it reaches ultimate peak force (or further),
whereas the continuum based FEM often stops at some pipe displacements before the peak
force can be reached because large distortion of the mesh causes numerical convergence
problem. The investigation of the soil displacement patterns computed by DEM shows larger

soil mass movement compared to FEM data, especially for dense sand.

The DEM results from this study confirm the findings by Yimsiri et al (2004) that the
calculation of the soil-pipeline interaction at deep embedment conditions should not base on a
linear extrapolation from the ASCE data of shallower embedment depths. However, the DEM
results suggest that (i) there may be a possibility of underestimation of the peak dimensionless
force at very deep embedment depths if the design chart proposed by Yimsiri et al. (2004) is
employed and (ii) the transition from shallow to deep failure mechanism may proceed more
gradually than suggested by Yimsiri et al. (2004). The results from this DEM analysis
together with earlier FEM analysis will serve as a Class-A prediction of future full-scale tank

tests of this problem.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 General

An understanding of pipeline response to vertical and lateral ground movements is
essential in pipeline design. Rational design under these conditions requires knowledge of the
soil forces resulting from relative soil-pipeline displacement. These movements may arise
from offshore slope failures, earthquake-induced faulting, landslide and liquefaction, urban
excavation and tunneling, and excessive ground settlement. Under such circumstances, loads
are induced in a pipeline by relative motion between the pipeline and surrounding soil. This
occurs when the soil restricts the free motion of the pipeline or when the pipeline attempts to
resist the motion of the surrounding soil. The amount of restraint or load exerted on the
pipeline is a non-linear function of the relative soil-pipeline displacement. Once this
relationship is established, the soil-pipeline system can be analyzed approximately by a
numerical method, in which the pipe is represented by beam elements and the soil reactions

are modeled by spring-slider elements in the vertical, lateral, and axial directions.

The formulations of the load-displacement characteristics for soil-pipeline interactions
are given by ASCE in its “Guideline for the Seismic Design of Oil and Gas Pipeline System
(1984)”.  This Guideline recommends that the peak dimensionless forces and the
displacement at peak forces are functions of the embedment depth of the pipe, and that the
non-linear relationship between the forces and displacements is modelled by a rectangular
hyperbola. These recommendations are derived from the database of research works for the
pipe embedment depths of H./D < ~10 to 20 for lateral and upward pipe movement, where H,
is the depth to the centerline of the pipe and D is the external diameter of the pipe.

There are some situations where the pipe embedment ratios can be deeper than the
values recommended by ASCE. This is due to, for example, the construction of high
embankment over the area with existing pipeline and the congestion of the underground
structures forcing the new pipeline to go deeper (installed by pipe-jacking). Under this
condition, the H./D ratio can be as large as 40 to 60, which is well beyond the range of the
recommendations given in the ASCE Guideline. If the calculation is based on a linear

extrapolation from the ASCE data of shallower embedment depths, it is expected that the
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Guideline would overestimate the peak load exerted on the pipe and the stiffness of the soil-

pipeline interaction. This overestimation would in turn results in uneconomical design.

This potential problem has been considered by Yimsiri et al. (2004), who performed the
numerical analysis by Finite Element Method (FEM) to study the soil-pipeline behavior in
sand at deep embedment condition. However, there has not been any full-scale experimental
result to exactly confirm this FEM result. Therefore, this research project was undertaken to
supplement additional data on the soil-pipeline interaction in sand at deep embedment depths

by another approach of numerical analysis.

1.2 Purposes

As mentioned earlier, the ASCE Guideline is based on the research data for H./D < ~10
to 20. Most of the published experimental studies of pipeline behavior are performed at
depths smaller than the depths of interest in this study (H./D up to 60). To the author’s
knowledge, the largest H./D studied is 25 for lateral pipe loading (Audibert & Nyman, 1977)
and 13 for upward pipe loading (Trautmann & O’Rourke, 1983). Furthermore, the critical
embedment depths (the depth after which the peak dimensionless force becomes constant with
embedment ratios) have been reported only for loose sand. Only Dickin & Leung (1983)
reported the critical embedment depth for dense sand from their centrifuge tests. Thus, it is
necessary to perform a study of pipeline behavior at deep embedment depths to gain more

understanding.

In this study, the numerical analysis by Distinct Element Method (DEM) was
undertaken to study the behavior of pipeline under lateral and upward loading. Firstly, the
experimental results of the pipeline behavior by Trautmann & O’Rourke (1983) at shallow
depth were simulated to (i) establish a simulation technique, (ii) obtain input parameters for
numerical models, and (iii) examine the accuracy of the analysis. Secondly, the DEM
analyses were extended to deeper embedment depths up to H./D = 60. Thirdly, the DEM
analysis results were compared with the ASCE Guideline and the previous FEM analysis by

Yimsiri et al. (2004). Finally, the discussions and conclusions were made.
The specific goals of this study are:-

1. To present the capability of the DEM analysis to simulate the pipeline-soil behavior,
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2. To determine the peak forces exerted on a buried pipeline at deep embedment depths for

lateral and upward pipe movements,
3. To determine the critical embedment depth, where the deep failure mechanism happens,

4. To assess the consistency of the DEM analysis results with the ASCE Guideline and the

previous FEM analysis results, and

5. To investigate deformation pattern of soil particles around pipe, which may be represented

more realistically by DEM analysis.

1.3 Layout of the report

Following the introductory chapter, Chapter 2 briefly describes the ASCE Guideline for
the design of pipeline subjected to lateral and upward movements. The discussions of the
potential problems for an application of this guideline to a pipe at deep embedment depths are

made.

Chapter 3 reviews the experimental study of pipeline subjected to lateral and upward
loading at shallow embedment depths performed by Trautmann & O’Rourke (1983). These
experimental results are used as a benchmark to determine the input parameters and to

examine the accuracy of the present DEM simulation.

Chapter 4 explains the details of the DEM analysis employed in this study. The general
concepts of the DEM analysis are explained. The numerical analysis procedures are
described. The selection of the parameters is eluciadted. The interpretation of the numerical

analysis results is mentioned.

Chapter 5 presents the DEM analysis results of a pipe subjected to lateral loading. First,
the DEM analysis results are presented for shallow embedment depths and are compared with
the experimental results by Trautmann & O’Rourke (1983). The DEM analyses are then
performed for deeper embedment depths and the results are compared with the previous

published data.

Chapter 6 presents the DEM analysis results of a pipe subjected to upward loading. The

structure of this chapter is similar to Chapter 5.

Chapter 7 presents the discussions and conclusions. The determination of the input

parameters for the present DEM analysis is discussed. The pipeline-soil behavior under
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lateral and upward loading is discussed concerning the obtained peak dimensionless forces

and the soil displacement pattern with comparison to the previous FE analysis.

Appendix A presents the force-displacement curves of pipe under lateral loading with

comparison with the previous experimental results and FE analysis data.

Appendix B presents the force-displacement curves of pipe under upward loading with

comparison with the previous experimental results and FE analysis data.
Appendix C presents the displacement patterns of soil around pipe under lateral loading.

Appendix D presents the displacement patterns of soil around pipe under upward

loading.
Appendix E presents the contact force patterns around pipe under lateral loading.
Appendix F presents the contact force patterns around pipe under upward loading.

Appendix G presents the parametric study of the effects of various parameters of the

DEM analysis on the triaxial test results.

Appendix H presents the parametric study of the DEM analysis for pipe subjected to

lateral loading.

Appendix I presents the parametric study of the DEM analysis for pipe subjected to

upward loading.
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Chapter 2

Review of ASCE Guideline for pipeline design

2.1 General

In 1984, the Committee on the Gas and Liquid Fuel Lifelines of the ASCE Technical
Council on Lifeline Earthquake Engineering published the “Guideline for the Seismic Design
of Oil and Gas Pipeline Systems”. The Guideline proposed the procedures to determine the
peak forces and their corresponding pipe displacements for pipeline-soil interaction at various
directions and also provided the equations to describe the non-linear force-displacement
relationship. These data are essential to define the spring constant in the numerical analyses
of a soil-pipeline interaction problem. The design guideline for a pipeline in sand subjected to

lateral and upward movements are summarized in the following sections.

2.2 Pipeline in sand subjected to lateral movement

Lateral restraint of a pipeline represents the resistance (or load) offered by the
surrounding soils to any lateral movement of the pipeline. Therefore, the lateral soil-pipeline
interaction is similar to a vertical anchor plate moving horizontally relative to the surrounding
soils. Based on the experiments performed with pipes buried in dry, uniform sand, a
relationship between the force per unit length, F3, and the lateral displacement, o, has been
shown to be represented by the following hyperbolic equation (Das & Seeley, 1975; Audibert
& Nymann, 1977; Trautmann & O’Rourke, 1983).

— 5h
" A+B'S,

where A'=0.15 5}1, peak/F h,peak

B'=0.85/Fp pea

Fh,peak = )_/HchhD
0.07 t0 0.10 (H . + D/2) for loose sand
Oppear =10.03t00.05(H, + D/2) for medium sand

0.02t00.03(H, + D/2) for dense sand
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y = effective unit weight of soil

H_. = depth to centerline of the pipeline
Ny, = horizontal bearing capacity factor
D = external pipeline diameter

In the Guideline, two analytical models are proposed for determining N, Fig. 2-1
shows N, as a function of H./D for soil friction angles between 30° and 45° proposed by
Trautmann & O’Rourke (1983) based on the model by Oversen (1964). Fig. 2-2 shows N, as
a function of H./D for soil friction angle between 20° and 45° based on the analytical solution
of laterally loaded pile by Hansen (1961). It is noted that the values of N, recommended by
Hansen are approximately 50% to 100% larger than those by Trautmann & O’Rourke for a
given friction angle. This discrepancy is due to the difference in vertical restraint condition of
the pipe in each model. Hansen’s model assumes full vertical restraint so the interface
friction mobilizes fully, whereas Oversen’s model assumes that the wall is free to rise with the
passive wedge of soil so the mobilized interface friction is less. Audibert & Nyman (1977)
showed that the prediction from Hansen’s model show good agreement with their
experimental data up to H/D of 25. Trautman & O’Rourke (1983) showed that their

experimental data gave good agreement with the prediction made by Oversen’s model

The Guideline recommends that the values of N, be chosen after careful evaluation of
the soil conditions in the field and the level of conservatism governing the design. Partially
saturated, medium to fine sands will have increased shear strength relative to their dry or
saturated states under conditions of short term loading. Neither Hansen’s nor Oversen’s
models accounts for this increased strength associated with partial saturation. Thus, the
Guideline suggests that Fig. 2-1 should be applicable for dry or saturated sands and gravels,
and for partially saturated gravels and coarse sands and that Fig. 2-2 should be used to
conservatively estimate lateral soil forces for most condition of pipeline burial in cohesionless

sands and gravels.
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2.3 Pipeline in sand subjected to upward movement

Upward restraint of a pipeline represents the resistance offered by the surrounding soils
to any upward movement of the pipeline. Therefore, the upward soil-pipeline interaction is
also similar to a horizontal anchor plate subjected to upward movement. Based on the tests
performed with pipes buried in dry, uniform sand, a relationship between the force per unit
length, F,, and the vertical upward displacement, &,, is represented by the following
hyperbolic relationship (Trautmann & O’Rourke, 1983).

S (2-2)

CT 4B,
where A"=0.07 é‘v,peak/Fv,peak

B"=0.93/F, peax

F

v, peak

=yH.N,D

Oy peak = 0.01 to 0.015H, for dense to loose sand

y = effective unit weight of soil

H. = depth to centerline of the pipeline
Ny, = vertical uplift factor
D = external diameter of pipe

Fig. 2-3 summarizes the values of N, for vertically displaced pipeline in dry or
saturated sand as a function of H./D and soil friction angle. The plots shown by the solid
lines are based on the test results reported by Trautmann & O’Rourke (1983). The plots
shown by the dotted lines were derived from the finite element analysis reported by Rowe &
Davis (1982) for a horizontal anchor plate lifted under the conditions of no soil dilatancy and
no interface friction. In Fig. 2-3, the Rowe & Davis’ solutions have been modified to account
for the cylindrical shape of the pipe by subtracting the weight of the soil occupying the upper
half of the pipeline from the predicted forces. The vertical uplift factors shown in Fig. 2-3
account for the weight of a gas pipeline. For liquid pipelines, the weight of the contents

should be added to the force determined from the figure to give the total resistance to uplift.
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Figure 2-3  Vertical uplift factor for sand as a function of depth to diameter ratio of buried

pipelines (after Trautmann & O’Rourke, 1983)

2.4 Discussion

The force-displacement relationships of lateral and upward pipe movements are
assumed to be a rectangular hyperbola. The peak dimensionless forces, Ny, and N,,, and the
corresponding pipe displacements at the peak forces are influenced by the burial depth. The
constants Ny, and N,, increase with H./D. At deeper embedment depths, it 1s expected that
this Guideline would overestimate the peak force and soil stiffness if the calculation is based
on a linear extrapolation from the data of shallower embedment depth. This is due to the fact
that the failure mechanism at deeper embedment depths is different from that at shallow
embedment depths as experimentally shown by several researchers (e.g. Audibert & Nyman,
1977; Akinmusuru, 1978; Dickin & Leung, 1985). At the depths beyond the critical
embedment depth, the peak dimensionless force should become constant independent of the
embedment ratio. The critical embedment depth has been reported only for loose sand. There

is no available data for medium and dense sands.
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Chapter 3

Review of experimental study

3.1 General

The experimental results of the pipeline behavior subjected to lateral and upward
loadings by Trautmann & O’Rourke (1983) are used as benchmarks to determine the input
parameters for the present DEM models and to examine the capability of the DEM analysis
technique. Their results of ¢102 mm pipe in medium and dense sands are of concern in this
research because the sand placed around a pipeline is often in the state of medium to dense

conditions. In the following, their experimental study is summarized.

3.2 Testing apparatus

The pipe loading tests were performed in a test compartment of 1.2 m (W) x 2.3 m (L) x
1.2 m (D). The steel pipe had outside diameters of 102 mm, wall thicknesses of 6.4 mm, and
length of 1.20 m. The schematic diagrams of the test set ups are shown in Figs. 3-1 and 3-2.
The value of H is the depth to the base of the pipe and H. is the depth to the centerline of the
pipe.

To ensure uniformity of test conditions, sand was placed in the test compartment with a
mechanical spreading hopper suspended from an overhead service crane. The crane also
transported an electric vibrator, which was used to compact the sand to obtain medium or

dense deposits.
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Thickness = 1220 mm
A
Depends on
H/D 600 mm
v 350 mm
Approx 300 mm
2300 mm
<< >

Figure 3-1 Experimental set-up of lateral pipe loading

Thickness = 1220 mm

1150 mm
P

350 mm

Depends on
H./D

2300 mm

Figure 3-2 Experimental set-up of upward pipe loading

3.3 Testing programme

The testing programme was designed to investigate the effects of embedment depth and

density of sand on the pipeline behavior subjected to lateral and upward loadings. The testing
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programmes are shown in Tables 3-1 and 3-2 for lateral and upward pipe loadings,

respectively.

Table 3-1 Summary of experiments of lateral loading of pipe in sand
(Trautmann & O’Rourke, 1983)

Test No. Pipe Diameter (mm) | Density (kN/m") H/D
45 102 16.4 2.0
26 102 16.4 4.0
27 102 16.4 4.0
29 102 16.4 4.0
30 102 16.4 4.0
46 102 16.4 6.0
51 102 16.4 8.5
48 102 16.4 11.5
49 102 16.4 11.5
22 102 17.7 2.0
23 102 17.7 4.0
24 102 17.7 6.0
25 102 17.7 8.5
32 102 17.7 11.5

Table 3-2 Summary of experiments of upward loading of pipe in sand
(Trautmann & O’Rourke, 1983)

Test No. Pipe Diameter (mm) | Density (kN/m’) H./D
44 102 16.4 1.5
43 102 16.4 4.0
42 102 16.4 8.0
41 102 16.4 13.0
38 102 17.7 1.5
37 102 17.7 4.0
40 102 17.7 8.0
39 102 17.7 13.0
50 102 17.7 4.0
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3.4 Properties of tested sand

Cornell filter sand was used for all the tests. This soil is a clean, subangular,
fluvioglacial sand, having a coefficient of uniformity C, of 2.6, and an effective grain size Dy
of 0.2 mm. It contains 20% quartz, 40% limestone fragments, 20% siltstone fragments, and
10% quartzite fragments in addition to trace quantities of other constituents. Its specific
gravity is 2.74 and the minimum and maximum densities, measured in accordance with
ASTM standard, are 15.5 and 18.3 kN/m’, respectively. Uncompacted sand deposits made
with the sand spreader, however, had a density of 14.8 kN/m3, which was lower than the value
determined by the ASTM standard procedure. In this study, therefore, the density of 14.8
kN/m’ obtained with the sand spreader was adopted as the minimum density. The three
densities used in the test series were 14.8, 16.4, and 17.7 kN/m>, which corresponded to 0, 45,
and 80% relative density, respectively. According to Lambe & Whitman (1979), their states

can be described as “very loose”, “medium”, and “dense”. However, only medium and dense

sands are of interest in this research.

The angle of shearing resistance for the sand was measured in a direct shear test device
at normal stresses ranging from 2.5-20 kN/m?, which includes the range of stress encountered
during the actual tests. It was shown that the angle of shearing resistance was essentially
constant with respect to normal stress over the range of 2.5-20 kN/m®. Fig. 3-3 shows the
relationship between friction angle and initial sand density for a normal stress of 5 kN/m”.
For the test densities of 14.8, 16.4, and 17.7 kN/m’, the corresponding peak friction angles are
31°, 35°, and 44°, respectively.

The results of the torsional simple shear tests and triaxial tests under drained condition
on Cornell filter sand were presented by Turner & Kulhawy (1987). The sand specimens
were prepared by air pluviation and tamping was employed to achieve the desired density.
The data from the triaxial tests were used for the determination of the input soil parameters.

The triaxial test results are presented in Sections 4.5.1.
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Figure 3-3 Relationship between peak friction angle from direct shear tests and dry density

3.5 Test results

The experimental results by Trautmann & O’Rourke (1983) are presented in terms of

force-displacement relationship in comparison with the present DEM analysis results in

Appendix A and B.
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Chapter 4

Distinct element analysis

4.1 General

The Distinct Element Method (DEM) was employed as a numerical analysis approach
in this study. In the following, the concepts of the DEM analysis are briefly explained. The
numerical simulation by the distinct element code PFC’" is described. The determination of
the input parameters for DEM modelling is explained. The interpretation of the numerical

analysis results is mentioned.

4.2 Distinct element method numerical analysis

The Distinct Element Method (DEM) simulates the mechanical behavior of a system
comprised of a collection of arbitrary shaped particles which displace independently from one
another and interact only at contacts. The analysis allows finite displacements and rotations
of discrete bodies, including complete detachment, and recognizes new contacts automatically
as the calculation progresses. The method was introduced by Cundall (1971) for analysis of

rock mechanics problems and then applied to soils by Cundall & Strack (1979).

In the DEM analysis, the interaction of particles is viewed as a transient problem with
the state of equilibrium developing whenever the internal forces balance. The equilibrium of
contact forces and displacements of a stressed assembly of particles are found through a series
of calculations tracing the movements of the individual particles. These movements are the
results of propagation through the medium of disturbance originating at the boundaries. This
is a dynamic process in which the speed of propagation depends on the physical properties of

the discrete system.

The dynamic behavior is represented numerically by a timestepping algorithm, in which
it is assumed that the velocities and accelerations are constant within each timestep. The
solution scheme is identical to that used by the explicit finite-difference method for
continuum analysis. The timestep is chosen to be very small so that, during a single timestep,
disturbance cannot propagate from any particle further than its immediate neighbors. Hence,
at all times, the forces acting on any particles are determined exclusively by its interaction

with the particles with which it is in contact. The critical timestep can be calculated from the
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speed at which the disturbance can propagate. The speed is a function of the physical
properties of the discrete system (e.g. mass and moment of inertia of the particles, and contact
stiffnesses). The use of an explicit, as opposed to an implicit, numerical scheme makes it
possible to simulate the non-linear interaction of a large number of particles without excessive

memory requirements or the need for an iteration procedure.

The calculation cycles performed in DEM analysis repeatedly alternate between the
application of Newton’s second law of motion to the particles and a force-displacement law at
the contacts as well as the constant updating of the particles and walls position as shown in
Fig. 4-1. Newton’s second law is used to determine the motion of each particle arising from
the contact and body forces acting upon it, while the force-displacement law is used to update
the contact forces arising from the relative motion at each contact. The important
characteristic of the DEM is an allowance of finite displacements and rotations of discrete
bodies, including complete detachment and ability to recognise new contact automatically as
the calculation progresses. Thus, the efficient contact detection and revision algorithm is very
important for DEM simulation. Further details of the available algorithm can be found in e.g.

Cundall (1988a) and Lian et al. (1994).

aﬂ‘c‘e + wall positions ang set of con,
ac,«s

Law of Motion Force-Displacement Law
(applied to each particle) (applied to each contact)
« resultant force + moment * relative motion

* constitutive law

W

Figure 4-1 Calculation cycle in DEM analysis (Itasca, 1999)

4.3 Distinct element code PFC*"
4.3.1 General assumptions

In this study, DEM numerical analysis is performed by the distinct element code PFC>,

which is commercially available by Itasca Consulting Group. The code PFC* models the
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movement and interaction of the stressed assemblies of rigid spherical particles. It can be
viewed as a simplified implementation of the DEM because of the restriction to rigid
spherical particles: the general DEM can handle deformable polygonal-shaped particles. The

code PEC’® performs calculation with the following assumptions;
- Particles are treated as rigid bodies.
- Contacts occur over a vanishing small area (i.e. at a point).

- Behavior at the contacts uses a soft-contact approach, wherein the rigid particles are

allowed to overlap to another at contact points.

- The magnitude of the overlap is related to the contact force via the force-displacement

law, and all overlaps are small in relation to particle sizes.
- All particles are spherical.

Hereafter, the spherical particle and the rigid boundary wall acting on the particle in

PFC’® model are sometimes simply referred to as “ball” and “wall”, respectively.

By default, PFC?" operates in “static” mode — that is, internal damping is applied that
causes the system of particles to reach equilibrium in a minimum number of cycles. If the
system is physically unstable, then the resulting motion will be damped but not eliminated.
The type of damping embodied in PFC*® acts to suppress acceleration motion rather than
velocity. In this way, steady motion (e.g. particles in steady flow down a chute) is not
prohibited. For situations where accelerations and inertial forces are known to be important,
the damping should be reduced to a value that is more reasonable physically. In the present
analysis, the static mode was employed. More information concerning the theoretical

background of the DEM analysis by PFC " can be found in the PFC’® manual (Itasca, 1999).

4.3.2 Contact models

DEM analysis requires knowledge of a force-displacement law at particle contacts.
Particles interact with other particles and boundary walls through the forces that develop at
their contacts. The term “contact” is used here to denote this interaction and each contact
corresponds to a physical touching. In PEC’, every contact involves two entities (either ball-

to-ball or ball-to-wall) and occurs at a single point through which the contact force acts.
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A contact model describes the physical behavior occurring at a contact. It is common
to use an elastic-perfectly plastic relationship between the contact force and relative contact
displacement. The normal and tangential contact stiffnesses relate the normal and tangential
components of contact forces and relative contact displacements. In PFC’", the normal
components are related by a secant stiffness, while the tangential components are related by a
tangent stiffness. Thus, the total normal contact force can be computed at any time if the total
normal contact displacement is known, but only the increment of tangential contact force can
be computed for a given increment of tangential contact displacement. This means that if the
normal contact stiffness is altered during the course of a simulation, there will be an
immediate effect upon the entire assembly, but if the tangential contact stiffness is altered
during the course of a simulation, it will only affect the new increments of tangential contact
force. This fact makes it possible for the PFC’" code to handle arbitrary placement of balls

and changes in ball radius after a simulation has begun.

4.3.2.1 Linear elastic contact model

The linear elastic contact model is employed in this study. In the linear elastic contact
model, contact forces and relative contact displacements are linearly related by constant
contact stiffnesses, which are functions of the intrinsic contact stiffnesses of the two
contacting entities. The linear elastic contact model is defined by the normal contact stiffness
Ky and tangential contact stiffness k7 (force/displacement) of the two contacting entities (ball-

to-ball or ball-to-wall).

Ky and ky relate contact force and relative contact displacement in the normal and
tangential directions via Eqgs. (4-1) and (4-2). The normal contact stiffness is a secant
stiffness since it relates the total normal contact force fy to the total normal contact
displacement dy, whereas the tangential contact stiffness is a tangent stiffness since it relates
the increment of tangential contact force Afr to the increment of tangential contact

displacement Adr.

IN=Kndy 4-1)

AfT = kT AdT ............................... (4—2)
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The contact stiffnesses, when two particles interact, are computed assuming that the
stiffnesses of the two contacting entities act in series. The secant normal contact stiffness and

tangent tangential contact stiffness are, therefore, defined by;

_ KWKy (43)
YK+ KE

ki'k;
L 4-4
T “-4)

where the superscripts 4 and B denote the entities in contact (ball-to-ball or ball-to-wall).

4.3.2.2 Criteria for particle sliding

Particle sliding occurs when the tangential contact force reaches its maximum allowable
value which is taken to be the minimum coefficient of inter-particle friction angle of the two
contacting entities multiplied by the magnitude of the normal contact force. Every contact is

checked for particle sliding by calculating the maximum allowable tangential contact force;

Srmax =10 Pumin IN e (4-5)

where f7.qc 1s the maximum allowable tangential contact force, @, min 1S the minimum inter-

particle friction angle of the two contacting entities, and fy is the normal contact force.

When the particle sliding occurs, the magnitude of the tangential contact force is scaled

down to remain at its maximum allowable value.

4.3.3 Micromechanics parameters

During the analysis, several micromechanics quantities can be obtained over spherical
volumes (referred to as a “measurement sphere”) positioned at user-selected locations in the
model. These quantities include coordination number, porosity, sliding fraction, stress, and
strain rate. However, the only micromechanics parameter relevant to this study is the porosity

and void ratio.

Porosity n is defined as the ratio of the total void volume within the measurement

sphere to the measurement sphere volume;
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n= Vvoid — vahere - Vball — 1 _ Vbay (4-6)
V. 14

sphere sphere

sphere

where Vphere and Vg are the volumes of the measurement sphere and the void, and V. is the

volume of the measurement sphere occupied by the balls. Vp,; is computed by;

V)= Z Vo Voep e (4-7)
NP

where N, is the number of particles that intersect the measurement sphere, V), is the volume of
particle p contained within the measurement sphere, and V. 1S the volume of particle
overlap contained within the measurement sphere. Note that both partial volumes of particles
that intersect the measurement sphere and particle overlaps arising from normal contact forces

are accounted for in this computation.

Once porosity is obtained, the void ratio e can be computed by;

4.4 DEM analysis by PFC*?
4.4.1 Numerical modeling

The experimental set-ups described in Chapter 3 were modeled by PFC’ for the DEM

analysis. The modeling strategies are described as follow.

4.4.1.1 Tank and pipe

The tank and pipe were modeled by series of planar wall. The dimensions of the tank
were the same as the actual tank for the cases of H/D < 30 and H./D < 30, whereas the width
was doubled for the cases of H/D > 30 and H./D > 30. The pipe cannot be modeled as a
cylindrical shape due to the fact that the wall in PEC ™ has to be always in plane. Therefore,
the circular cross-section of the pipe was approximately modeled by a 16-side polygon (see
Fig. 4-2). 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-
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particle friction angle of sand. The parametric study (Appendix H and I) shows that the
change in the pipe surface friction angle between @, = ¢,/2 and @, = ¢, has negligible

effects on the pipe loading results.

Figure 4-2 DEM model of pipe

4.4.1.2 Sand particles

Sand was modeled as a collection of spherical particles with its size distribution follows
normal distribution. Due to computational limitation, it was not possible to model using the
actual particle size (D;9 = 0.2 mm and Dgp = 0.52 mm) because the number of balls reaches
several hundreds thousand. Therefore, the sand particles were modeled by using larger sizes
than actual sand with varying sizes in various regions of the model. For the cases of H/D <30
and H,/D < 30, the numerical models are shown in Fig. 4-3 which are identical to the size of
experimental tank test by Trautmann & O’Rourke (1983). At the region near the pipe
(Region A), the particles are smaller with 74yeraee = 12.5 mm and standard deviation = 2.5 mm
(25 times larger than actual sand). Further away (Region B), the particles are larger with
Faverage = 25.0 mm and standard deviation = 5.0 mm (50 times larger). When H/D > 17.5 (for
lateral pipe loading) or H./D > 17 (for upward pipe loading), there is Region C with the
particle size of 7ayerage = 37.5 mm and standard deviation = 7.5 mm (75 times larger). For the
cases of H/D > 30 and H./D > 30, the numerical models are shown in Fig. 4-4 which have
their width doubled to reduce boundary interference. At Region D, the particles have 7uverage =
25.0 mm and standard deviation = 5.0 mm (50 times larger than actual sand). Further away
(Region E), the particles are larger with #ayerage = 37.5 mm and standard deviation = 7.5 mm
(75 times larger). This allowed the number of particles to be less than 180,000 for deepest

case. The effects of the extent of the fine particles on the numerical analysis results are also
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investigated in the parametric study (Appendix H and I). The results show that the extent of
fine particles of three time of the diameter of the pipe give acceptable results. The normal and

tangential contact stiffnesses of the particles are assumed to be equal (Ky = k7).

Region C when H/D = 17.5
3D
Region B
3D 3D
Region A

(a) Lateral pipe loading

Region C when H/D 2> 17

Region B
3D 3D

Region A

(b) Upward pipe loading

Figure 4-3 Various regions of the DEM model (H/D < 30 and H./D < 30)
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Region E at HD >17.5

Region D O

(a) Lateral pipe loading

Region E at H/D > 17

Region D

O

(b) Upward pipe loading

Figure 4-4 Various regions of the DEM model (H/D > 30 and H./D > 30)
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4.4.2 Numerical analysis procedures

The DEM analysis procedures consist of 4 main steps which are explained as follow.

4.4.2.1 Tank set-up

Test tank was numerically prepared by filling the predetermined number of reduce-
sized particles into the required cubical space before radius expansion of the spheres to a
specified value to obtain predetermined void ratio of the specimen. The specimen preparation
method by this radius-expansion has some advantages over the wall-moving method in which
the full-sized particles are filled into the cubical space and the positions of the boundary walls
are adjusted until the required void ratio is achieved. The radius-expansion method results in
more isotropic and uniform specimen, needs less time to reach equilibrium, and preserves the

boundary geometry (Itasca, 1999).

4.4.2.2 Initial condition

After set-up, the generated balls were subjected to gravitational force to reach the
geostatic condition. During this stage, there were some movement of balls and change in void
ratio of the specimen. The initial void ratios of the specimens were adjusted (by trial & error)
in order to obtain the required void ratios at the end of the initial condition step. The change
of the embedment depth (H or H.) during this stage was also taken into account (by trial &

error).

4.4.2.3 Pipe installation

The pipe was placed into the model by deleting the balls which were located at the
desired location before the pipe was installed. The model was then allowed to reach
equilibrium again by allowing the pipe to slightly adjust its location by keeping the conditions
of ZF, =0 and ZF, = 0. The examples of the DEM model after pipe installation are shown in
Fig. 4-5.
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4.4.2.4 Pipe pulling

The pipe was pulled laterally or upwardly by imposing lateral or upward displacement
to the pipe. In this manner, the rotation of the pipe was not allowed in the DEM simulation,
which is consistent with the experimental set-up and in-situ condition. As reported by
Trautmann & O’Rourke (1983) for lateral pipe pulling, the magnitude of the measured torque
was negligible with respect to the strength of the pipe in all cases. This means that, in the in-
situ condition, the nearby sections of the pipe will restrict the rotation of the laterally loaded

section.
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(a) Lateral pipe loading (medium sand, H/D = 25)

ol eats
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b

(b) Upward pipe loading (medium sand, H./D = 25)

Figure 4-5 Examples of DEM model
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4.5 Determination of input parameters

The input parameters for DEM modelling are listed in Table 4-1. These parameters are
very difficult to quantify by laboratory tests because the parameters are of micro-scale.
Therefore, most parameters are determined from trial&error by calibrating the numerical
results with the experimental data of (1) triaxial test results by Turner & Kulhawy (1987) and
(i1) pipe loading test results at shallow depth by Trautmann & O’Rourke (1983). In the

following, the determination of the input parameters are described.

Table 4-1 Input parameters for DEM analysis

Parameters Values
Normal contact stiffness of particle, ky sana From Egs. (4-10) and (4-11)
Tangent contact stiffness of particle, k7 sana k1 .sand = kN sand
Normal contact stiffness of pipe, kx,pipe kN pipe = kN sana
Tangent contact stiffness of pipe, k7 pipe k1 pipe = knpipe
Normal contact stiffness of wall, ky knwait = kn,sand
Tangent contact stiffness of wall, k7q1 krwar =0
Inter-particle friction angle, @, tan ¢,=0.5, 1.0, 3.0
Pipe surface friction angle, @,ip. Doipe = P2
Tank wall surface friction angle, @, Pwan = 0
Density of particle, p (kg/m’) 2740
Radius of particle, Varies in Regions A, B, C, D, E

4.5.1 Triaxial tests

The triaxial test data on Cornell filter sand was simulated by DEM analysis. The
selected experimental details are given in Table 4-2. Table 4-3 presents the detail of DEM
simulation. Fig. 4-6 shows that the DEM analysis can simulate the stress-strain relationship
from triaxial tests by using a high value of inter-particle friction angle. At low values of the
inter-particle friction angle, the match cannot be achieved and the value of tan ¢, = 3.0 is the
lowest value that can still yield good match. The requirement of high inter-particle friction
angle for DEM simulation is due to the use of spherical particles, which allows excessive
particle rolling (e.g. Thomas & Bray, 1999). Fig. 4-7 shows the dependency of the contact

stiffness on the confining stress. The relationship can be derived as shown in Eq. (4-9). The
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obtained power value is within the normal value for soil, which is approximately 0.5 (Hardin
& Black, 1966). This is due to the fact that the DEM analysis matches both stiffness and
strength from triaxial test. It has been shown that the triaxial stiffness (Young’s modulus) has
a relationship with confining strress in the same manner as the contact stiffness does (Chang

& Liao, 1994).

k (N/m) = 204340 p, >4 (p,” in kPa)

Table 4-2 Triaxial test programme (after Turner & Kulhawy, 1987)

Test No. Test type Yiryo™ (KN/m’) e* po’ (kPa)
(after consoln.) | (after consoln.)
D-1 CIDC 18.66 0.517 40
D-2 CIDC 17.79 0.540 69
D-3 CIDC 18.05 0.517 98

* estimated from the relevant data because they were not exactly stated in Turner & Kulhawy

(1987)

Table 4-3 DEM analysis detail

eo b =
Test No. (after consoln.) po’ (kPa) KN,sand = KT,sana (N/m)
D-1 0.515 40 1.0 x 10°
D-2 0.517 69 1.2 x 10°
D-3 0.497 98 1.5 x 10°
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DEM (k = 1.0e6 N/m, tan phi = 3.0)
- = = =Test D-1 (Turner & Kulhawy, 1987)
700 DEM (k = 1.2e6 N/m, tan phi = 3.0)

Test D-2 (Turner & Kulhawy, 1987)
600 - DEM (k = 1.5e6 N/m, tan phi = 3.0)
- = - -Test D-3 (Turner & Kulhawy, 1987)
S 500 TN
o P X
¢ 400 / e
(7)) /s \ &~ -
% ' \ -
= 300 ——
S \.\\
d>J 200 SN L _ N
7 R SO e
100 1 /4
v, x
0 ‘ ‘ . .
0 2 4 6 8 10 12 14 16 18 20
Axial strain, ¢, (%)
Figure 4-6 Calibration of DEM results against triaxial test data
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Figure 4-7  Relationship between contact stiffness and confining stress from triaxial

simulation
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4.5.2 Pipe loading test

It was found that the contact stiffness from Eq. (4-9) could not give a good match when
used in the pipe loading simulation. Therefore, the contact stiffness was, instead, derived by
fitting the peak forces from the DEM analysis results with the pipe loading data at shallow
depths by using tan ¢, = 0.5, 1.0, 3.0. It was, at first, intended to use tan ¢, = 3.0, which was
consistent with the value found from the triaxial simulation. However, it was found that using
lower value of the inter-particle friction angles could still achieve good match of the peak
forces. The force-displacement curves from the case of lowest tan @, (tan ¢, = 0.5) yield
stiffest results due to the largest contact stiffness used, and vice versa. In lateral and upward
pipe loading, the case of tan ¢, = 0.5 shows good match with the experimental results at
shallow depth (H/D = 2, 4, and 8.5); however, when the embedment depth increases, the case
of tan ¢, = 3.0 give better match. The resulting force-displacement relationships are
presented in Appendix A and B. The obtained relationships between the contact stiffness and

the vertical effective stress are shown in Fig. 4-8 and the following relationships are proposed.

Lateral pipe loading

k (N/m) = 2118.095 0, ' for tan ¢, = 0.5
k (N/m) = 1576.3950, "% for tan g, =1.0 L. (4-10)
k (N/m) = 753.261.859¢0, "% for tan ¢, = 3.0

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

Upward pipe loading

k (N/m) = 6.7140,7*" for tan ¢,=0.5
k (N/m) = 41.0720, %! for tan g, =1.0 . (4-11)
k (N/m) = 112.859¢, ' for tan ¢,=3.0

o.” (kPa) = vertical effective stress at center of pipe
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Contact stiffness, k (N/m)

Contact stiffness, k (N/m)

Figure 4-8
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Chapter 4 Distinct element analysis

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) of pipe loading problem, which is
not the case for triaxial problem where the contact stiffness affects only modulus, not strength
(see Appendix G). This may be due to the more complex mode of shearing in pipe loading
problem. It is also noted that the obtained power value 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 pipeline-soil
interaction at relatively large strain; however, the contact stiffness is the behavior at very

small strain

4.6 Determination of peak force from DEM analysis results

The peak forces from the DEM analysis results were determined by the following

criteria:-

(a) The peak force was defined as a largest force of the force-displacement curve or as a force

which reaches the constant value with increasing pipe displacement.

(b) When the condition of peak or constant load was not achieved because the analysis could
not continue far enough to reach this condition, a rectangular hyperbola was used to fit

the data as suggested by Trautmann & O’Rourke (1983).

Using the procedure described by Konder (1963), the force-displacement data for each
test were plotted on the transformed axes of &/F and o, where o is the pipe displacement
and F is the force exerted on the pipe. A linear regression was then fitted to the data to
obtain the slope, b, and the o&/F-axis intercept, a. The force-displacement can then be
approximated as;

F:5
a+bo

where 1l/a= }sirr(}(ﬁF /09) = initial stiffness of force-displacement curve
1/b = }im(F ) = peak force

However, as described by Duncan (1980), the hyperbolic model commonly

overestimates peak force values. In the instances when an peak force could be determined or
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Chapter 4 Distinct element analysis

reasonably estimated, the hyperbola was found to overpredict the actual ultimate force by an
average of 11%. This trend can be characterised by a failure ratio R of 0.9. This correction
value was then applied to all results, i.e. Fpeq = 0.9(1/b).

An example of the hyperbolic fitting is shown in Fig. 4-9.

40

35
W\N
“ /VJ‘M

25 1

20

15

Force (kN/m length)

10 1

—k =3.3e5 N/m, tan phi = 3.0 ||

0 ‘ ‘ : :
0 20 40 60 80 100

Lateral displacement (mm)

(a) Force-displacement relationship

3.5 \ \
o k =3.3e5 N/m, tan phi = 3.0

——Linear (k = 3.3e5 N/m, tan phi = 3.0)

‘‘‘‘‘‘

y = 0.026033x + 0.307949
R? = 0.992064

Displ/Force (mm/(kN/m))

b =0.026033, F,, = 0.9(1/b) = 0.9(1/0.026033) = 34.6 kN

0 1 1 1 ‘
0 20 40 60 80 100

Displacement (mm)

(b) o/F, ~ o, relationship

Figure 4-9  Peak force determination by hyperbolic fitting for lateral pipe loading,
medium sand, H/D = 14.5
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Chapter 5 DEM analyses of pipe under lateral loading

Chapter 5

DEM analyses of pipe under lateral loading

5.1 Analysis procedure and program

The geometry of the numerical model was based on the experimental study by
Trautmann & O’Rourke (1983). For all cases of medium sand and the cases of dense sand
with H/D < 30, all dimensions of the numerical model are the same as those of the
experimental set-up except that the embedment depth was adjusted to the required value (Fig.
5-1a). For dense sand with H/D > 30, the width of the model was doubled to reduce the effect

of boundary interference. The analyses were performed for medium and dense sands.

The tank and pipe were modelled by series of planar wall. Sand was modelled as a
collection of spherical particles and the size distribution follows normal distribution. 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. The pipe was pulled laterally by imposing lateral displacement to the
pipe. In this manner, the rotation of the pipe was not allowed in the DEM simulation, which
is consistent with the experimental set-up and in-situ condition. As reported by Trautmann &
O’Rourke (1983), the magnitude of the measured torque was negligible with respect to the
strength of the pipe in all cases. This means that, in the in-situ condition, the nearby sections
of the pipe will restrict the rotation of the laterally loaded section. The DEM analysis

program is shown in Tables 5-1 and 5-2.
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H/D <30
600 mm

350 mm
300 mm

2300 mm
<< >

(a) for all cases of medium sand and the cases of dense sand with H/D < 30

H/D =230

1250 mm
v

350 mm
300 mm ¢

4600 mm

(b) for dense sand with H/D > 30

Figure 5-1 Geometry of the DEM analyses of lateral pipe loading
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Table 5-1 Summary of DEM analysis program and their input parameters: medium sand

Case of Case of Case of
tan ¢, = 0.5 tan ¢, =1.0 tan ¢, = 3.0
Test No. H/D
kN,sand kN,sand kN,sand
tan ¢, (N/m) tan ¢, (N/m) tan ¢, (N/m)
LMHD2 2 0.5 4.0 x 10* 1.0 2.0 x 10* 3.0 1.0 x 10*
LMHD4 4 0.5 1.0 x 10° 1.0 5.0 x 10* 3.0 2.0 x 10*
LMHD6 6 0.5 55x%x10° 1.0 2.0x10° 3.0 7.0 x 10*
LMHDS5 8.5 0.5 6.0 x 10° 1.0 3.0x10° 3.0 2.0x10°

LMHDI115 11.5 0.5 2.0x10° 1.0 5.0x 10 3.0 2.0x10°

LMHD145 14.5 0.5 2.4 % 10° 1.0 8.1 x10° 3.0 33x10°
LMHDI175 17.5 0.5 3.6 x 10° 1.0 1.2 x 10° 3.0 4.8 x 10°
LMHD22 22 0.5 5.9 x 10° 1.0 1.8 x 10° 3.0 7.4 x10°
LMHD25 25 0.5 7.8 x 10° 1.0 2.3 x10° 3.0 9.4 x 10°
LMHD30 30 0.5 1.2 x 10’ 1.0 3.3 x 10° 3.0 1.3 x 10°
LMHDA40 40 0.5 2.2 x 10’ 1.0 5.9 x 10° 3.0 |23x10°
LMHDG60 60 0.5 5.4 x 10’ 1.0 1.3 x 107 3.0 5.0 x 10°
Note: 1. kysand = k1.5ana = ki pipe = k1 pipe = knwan

2. krywan="0

3. Ppipe = P2

4. Gy =0
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Table 5-2  Summary of DEM analysis program and their input parameters: dense sand

Case of Case of Case of
tan ¢, = 0.5 tan ¢, =1.0 tan ¢, = 3.0
Test No. H/D
kN,sand kN,sand kN,sand
tan ¢, (N/m) tan ¢, (N/m) tan ¢, (N/m)
LDHD2 2 0.5 4.0 x 10* 1.0 2.0 x 10* 3.0 1.0 x 10*
LDHD4 4 0.5 1.0 x 10° 1.0 5.0 x 10* 3.0 2.0 x 10*
LDHD6 6 0.5 4.0x%10° 1.0 2.0x10° 3.0 7.0 x 10*
LDHDS5 8.5 0.5 6.0 x 10° 1.0 3.0x10° 3.0 1.0 x 10°

LDHDI115 11.5 0.5 2.0 x 10° 1.0 6.0 x 10° 3.0 3.0x10°

LDHD145 14.5 0.5 2.8x10° 1.0 94 x 10 3.0 3.8x10°

LDHD175 17.5 0.5 4.2 x10° 1.0 1.4 x 10° 3.0 55x%10°
LDHD22 22 0.5 7.0 x 10° 1.0 2.1 x 10° 3.0 8.5x10°
LDHD25 25 0.5 9.3 x 10° 1.0 2.7 x 10° 3.0 1.1 x 10°
LDHD30* 30 0.5 1.4 x 107 1.0 3.9 x 10° 3.0 1.5 x 10°
LDHD40* 40 0.5 2.6 x 107 1.0 6.8 x 10° 3.0 |2.7x10°
LDHD60* 60 0.5 6.4 x 10 1.0 1.5 x 107 3.0 5.8 x 10°
Note: 1. kysand = k1.5ana = ki pipe = k1 pipe = knwan

2. krywan="0

3. Ppipe = P2

4. Gy =0

5. * bigger tank

5.2 Input parameters

The input parameters for DEM models were determined as described in Section 4.5.
The input parameters for all DEM analyses are presented in Tables 5-1 and 5-2. For the cases
of 2 < H/D < 11.5, the values of ky .a were derived from fitting peak forces from the DEM

analysis with the results of pipe loading experiment (as described in Section 4.5.2). For the
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Chapter 5 DEM analyses of pipe under lateral loading

cases of 14.5 < H/D < 60, the values of ky ..q were derived from the obtained relationships

from shallow depths as follow.

k (N/m) = 2118.095¢5, **"! for tan ¢, = 0.5
k (N/m) = 1576.3950, " 9°° for tan ¢, =1.0 L. (5-1)
k (N/m) = 753.261.8590, "% for tan @, = 3.0

o.” (kPa) = vertical effective stress at bottom of pipe

5.3 DEM analysis results of shallow embedment depths

In this section, the DEM results of shallow embedment depths (H/D < 11.5) are
presented and compared with the experimental results by Trautmann & O’Rourke (1983) to
examine the accuracy of the DEM analysis. The results in terms of the hyperbolic force-
displacement relationship, the peak forces, and the corresponding pipe displacement are

summarized in Tables 5-3 and 5-4.
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Chapter 5 DEM analyses of pipe under lateral loading

The comparison of the force-displacement curves from the DEM analyses with the
experimental results is shown in Appendix A. The peak forces from DEM results were forced
to match the experimental results by adjusting the values of contact stiffness by trial & error.
For medium sand, the force-displacement curves from DEM match the experimental results
well. However, for dense sand, the force-displacement curves from DEM show little
difference from the experimental results and the difference is more for the case of tan ¢, =

3.0.

Fig. 5-2 presents the peak dimensionless forces plotted against H/D. The results show

that the DEM analysis can simulate the problem of soil-pipeline interaction reasonably well.

25

I I
e} Medium (Experiment)

——— Dense (Experiment)

& Medium (tan phi = 0.5) %
20 4
- - @ - - Medium (tan phi = 1.0)

- - ©- - - Medium (tan phi = 3.0)

—e—— Dense (tan phi=0.5)

15 J|——o—— Dense (tan phi = 1.0)
——a— Dense (tan phi = 3.0)

10

Peak dimensionless force ( Fn,peak/yHDL)

H/D

Figure 5-2 Plots of peak dimensionless force against H/D

Fig 5-3 shows the normalized peak displacements (pipe displacement at peak force
normalized by embedment depth) at different H/Ds. The data found in the experiments by
Trautmann & O’Rourke (1983) are also included in the figure. At 2 < H/D < 6, the
dimensionless peak displacements from the DEM analysis are larger than those from the

experiment, whereas, at H/D = 8.5 and 11.5, these two results become more consistent. The
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Chapter 5 DEM analyses of pipe under lateral loading

dimensionless peak displacement shows the trend to decrease with H/D, which is opposite to

the experimental results reported by Dickin & Leung (1983).

20.0

SN \i\ - --0- - - Medium (tan phi = 0.5)
180 « \ - - .0- - - Medium (tan phi = 1.0)
16.0 \ \Z\ - - - A- - - Medium (tan phi = 3.0)

\ \ —=a— Dense (tan phi =0.5)
14.0 . \

- | \ —e—Dense (tan phi = 1.0)
12.0 i \ Qoo > \ i=3.0)

;\? N ~. —a— Dense (tan phi
< 100 \ ; N | ]
3 10 \ = A\ Trautmann &
a g0 | medium = 7% R Tl *3N..  O'Rourke (1983)
* S = \*\ t'\

6.0 \D.‘\”R\‘\ A \

401 4ense = 29 \-/ _n___ \\\g

- (o]
2.0 R L
0.0
0 2 4 6 8 10 12 14

H/D

Figure 5-3 Plots of dimensionless peak pipe displacement against H/D

5.4 DEM analysis results of deep embedment depth

The results of DEM analysis for deep embedment depths in terms of the hyperbolic
force-displacement relationships, the peak forces, and the corresponding pipe displacements

at peak forces are summarized in Tables 5-3 and 5-4.

For medium sand, the force-displacement curves from DEM analysis follow the same
trend as those from FE analysis for all embedment depths. For dense sand, the force-
displacement curves from DEM analysis show some difference from those of FE analysis,
especially at deep depth. The results from the case of tan ¢, = 0.5 (highest contact stiffness
used) show stiffest behavior, whereas the results from the case of tan ¢, = 3.0 (lowest contact

stiffness used) show softest behavior, which is more consistent with the FE results.

Fig. 5-4 presents the peak dimensionless forces plotted against H/D of up to 60. For
medium sand, the peak dimensionless forces from the cases of tan ¢, = 1.0 and 3.0 yield

similar values with the FE results for the whole range of the H/D of interest (H/D = 2 to 60),
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Chapter 5 DEM analyses of pipe under lateral loading

whereas the results from the case of tan ¢, = 0.5 show smaller values. The peak
dimensionless forces increase approximately linearly with H/D at shallow depths and reach
their maximum values at some depths after which the maximum dimensionless forces become
approximately constant with H/D. The depth when this transition occurs is termed “critical
embedment depth” (e.g. Dickin & Leung, 1985) and it indicates a deep failure mechanism.
The DEM results show that the critical embedment depth for medium sand is 12 with the peak
dimensionless force of 15, which is consistent with the results obtained from FE analysis. For
dense sand, the DEM results for the cases of tan ¢, = 1.0, 3.0 yield closest results with the FE
analysis with somewhat larger peak dimensionless forces at very deep embedment depth (H/D
> 40) and more gradual transition from shallow to deep failure mechanism. However, the
results from the case of tan ¢, = 0.5 (highest contact stiffness used) show the largest

overestimation and does not show any transition from shallow to deep failure mechanism.

Fig 5-5 shows the dimensionless peak displacement plotted against H/D. The
recommended values from ASCE Guideline are also included in the figure. The
dimensionless peak displacement decreases with depth. The stiffest behavior (smallest
dimensionless peak displacement) is from tan ¢, = 0.5 which is consistent with the case of
largest contact stiffness. The dimensionless peak displacements from the DEM analyses are
quite different from those recommended by the ASCE Guideline. At shallow depth, the
dimensionless peak displacements from DEM are larger than the ASCE Guideline; however,
their values decrease with embedment depth and become smaller than the ASCE Guideline at

large depth.
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Figure 5-4 Relationship between peak dimensionless force and H/D
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Figure 5-5 Relationship between dimensionless ultimate displacement and H/D
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Chapter 5 DEM analyses of pipe under lateral loading

The normalized hyperbolic force-displacement relationship of pipe under lateral loading
is proposed by ASCE as shown in Eq. (5-2). This is compared with the DEM analysis results

in Figs. 5-6 and 5-7 for medium and dense sands, respectively.

o _ OnlOhpea (5-2)
0.15+0.855, /5,

F,

h, peak ,peak

For medium sand, the relationship recommended by ASCE reasonably matches the
DEM analysis results for the case of tan ¢, = 3.0, whereas it forms a lower boundary for the
cases of tan ¢, = 0.5, 1.0. For dense sand, the relationship recommended by ASCE
reasonably matches the DEM analysis results for the cases of tan ¢, = 1.0, 3.0; however, this
relationship cannot yield good match with the case of tan ¢, = 0.5 due to the large scatter of

the DEM results themselves.

5-14 07/05/05



Chapter 5 DEM analyses of pipe under lateral loading

0.9 * |
0.8 ¢ e hd2 |
R s hd4
0.7 | A hde K
x  hd8s
0.6 | 1
3 x  hd115
205 % e hd145 |
"\: . P +  hd175
w 04— - hd22 |]
03 F - hd25 ||
o hd30
0.2 1
o hd40
o (a) tan §,=0.5 o hdso |
‘ ‘ = = =ASCE
0 ¢ ‘ ! ! ‘ :
0 0.1 0.2 0.4 0.5 06 07 0.9 1
Jh/é‘h,peak
1 y A, ~ = S v i
5 ,”:;:wf,gé” el R
0.9
0.8 * hd2 ]
= hd4
0.7 A hdé6 [
x  hdss
« 0.6 R
] x  hd115
205 e hd145
§ +  hdi75
w - hd22 ||
0.3 - hd2s |
F . o hd30
0.2 ] 1
kv _ o hd40
il ®) tanp,=1.0 | o
‘ ‘ = = =ASCE
0 ¢ T ' ' T T f f
0 0.1 0.2 03 04 0.5 06 07 08 09 1

) h /8 h,peak

0.2 § —
Y 7 _ o hd40
o B (¢ tan ¢,=3.0 | | |
v ‘ ‘ = = =ASCE
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
5}1/5 h,peak

Figure 5-6 Normalized force-displacement relationship: medium sand
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5-16

07/05/05



Chapter 5 DEM analyses of pipe under lateral loading

5.5 Summary

The DEM analysis is used to simulate the pipeline-soil interaction under lateral loading
at deep embedment condition by using the input parameters from the calibration of the
analysis with the experimental results at shallow depth. At shallow depth, the force-
displacement relationships from the DEM analysis show that the results for medium sand
match the experimental data well for all cases of tan ¢,, whereas the results for dense sand
match the experimental data well only for the cases of tan ¢, = 0.5 and 1.0 with too soft
behavior for the case of tan ¢, = 3.0. At deep depth, the DEM results of medium sand in term
of the peak dimensionless force and force-displacement relationship match the FE results well
for all cases. The DEM results for medium sand show deep failure mechanism with the
critical embedment depth of 12 and the critical peak dimensionless force of 13 which is
consistent with the FE results. For dense sand, the DEM results from the cases of tan ¢, =
1.0, 3.0 yield closest results with the FE analysis with gradual transition from shallow to deep
failure mechanism and a tendency of overestimation of the peak dimensionless at very deep
depth (/D = 40). However, the DEM results for the case of tan ¢, = 0.5 show considerably

overestimation and do not show any transition from shallow to deep failure mechanism.

The obtained dimensionless peak displacements from DEM do not match the
recommendation by Trautmann & O’Rourke (1983) and ASCE Guideline. They show a
tendency to decrease as the embedment depth increases. The obtained normalized hyperbolic
force-displacement relationship from DEM analysis match the recommendation by ASCE

Guideline well for the cases of tan ¢, = 3.0 (medium sand) and tan ¢, = 1.0, 3.0 (dense sand).
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Chapter 6

DEM analyses of pipe under upward loading

6.1 Analysis procedure and program

The geometry of the numerical model was based on the experimental study by
Trautmann & O’Rourke (1983). For all cases of medium sand and the cases of dense sand
with H,/D < 30, all dimensions of the numerical model are the same as those of the
experimental set-up except that the embedment depth was adjusted to the required value (Fig.
6-1a). For dense sand with H./D > 30, the width of the model was doubled to reduce the
effect of boundary interference (Fig 6-1b). The analyses were performed for medium and

dense sands.

The tank and pipe were modelled by series of planar wall. Sand was modelled as a
collection of spherical particles and the size distribution follows normal distribution. 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. The pipe was pulled vertically by imposing upward displacement to

the pipe. The DEM analysis programme is shown in Tables 6-1 and 6-2.

6-1 07/05/05



Chapter 6 Finite element analyses of pipe under upward loading

1150 mm

H/D <30

350 mm

2300 mm
< |

(a) for all cases of medium sand and the cases of dense sand with H./D < 30

H/D =30

2300 mm

v @

4600 mm

350 mm

(b) for dense sand with H./D > 30

Figure 6-1 Geometry of the DEM analyses of upward pipe loading
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Table 6-1 Summary of DEM analysis program and their input parameters: medium sand

Case of Case of Case of
tan ¢, = 0.5 tan ¢, =1.0 tan ¢, = 3.0
Test No. H/D
kN,sand kN,sand kN,sand
tan ¢, (N/m) tan ¢, (N/m) tan ¢, (N/m)
UMHcD15 1.5 0.5 — 1.0 — 3.0 —
UMHcD4 4 0.5 — 1.0 — 3.0 —
UMHcDS 8 0.5 1.5%x10° 1.0 5.0x 10* 3.0 3.0 x 10*
UMHcD13 13 0.5 1.0 x 10° 1.0 2.0x10° 3.0 1.0 x 10°
UMHcD17 17 0.5 2.4x%10° 1.0 42 % 10 3.0 1.7 % 10°
UMHcD21 21 0.5 53 % 10° 1.0 7.6 x 10° 3.0 2.6x10°
UMHcD25 25 0.5 1.0 x 10’ 1.0 1.2 x 10° 3.0 3.8x10°
UMHcD30 30 0.5 2.1 x 10’ 1.0 2.0x10° 3.0 5.7 x10°
UMHcD40 40 0.5 6.1 x 10’ 1.0 4.5 x%10° 3.0 1.1 x 10°
UMHcD60 60 0.5 2.9x10% 1.0 1.4 x 107 3.0 2.6x10°
Note: 1. kN,sand = kT,sand = kN,pipe = kT,pipe = kN,wall
2. kT,wall = 0
3. ¢pipe = ¢ﬂ/ 2
4. ¢wall = 0
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Table 6-2 Summary of DEM analysis program and their input parameters: dense sand

Case of Case of Case of
tan ¢, = 0.5 tan ¢, =1.0 tan ¢, = 3.0
Test No. H/D
kN,sand kN,sand kN,sand
tan ¢, (N/m) tan ¢, (N/m) tan ¢, (N/m)
UDHcD15 1.5 0.5 — 1.0 — 3.0 —
UDHcD4 4 0.5 2.5 % 10* 1.0 1.5 x 10* 3.0 1.0 x 10*
UDHcD8 8 0.5 1.5%x10° 1.0 7.0 x 10* 3.0 4.0 x 10*
UDHcD13 13 0.5 1.0 x 10° 1.0 2.5x%10° 3.0 1.0 x 10°
UDHcD17 17 0.5 3.1 x10° 1.0 52x10° 3.0 1.9x10°
UDHcD21 21 0.5 7.0 x 10° 1.0 94 x10° 3.0 3.1x10°
UDHcD25 25 0.5 1.4 x 10’ 1.0 1.5 % 10° 3.0 45x%10°
UDHcD30* 30 0.5 2.7 % 10’ 1.0 2.5 % 10° 3.0 6.7 x 10°
UDHcD40* 40 0.5 8.2 x 107 1.0 5.6 x10° 3.0 1.3 % 10°
UDHcD60* 60 0.5 3.9 x 108 1.0 1.7 x 10’ 3.0 3.0x 10°
Note: 1. kN,sand = kT,sand = kN,pipe = kT,pipe = kN,wall
2. kT,wall = 0
3. ¢pipe = ¢ﬂ/ 2
4. ¢wall = 0

5. * bigger tank

6.2 Input parameters for soil models

The input parameters for DEM models were determined as described in Section 4.5.
The input parameters for all DEM analyses are presented in Tables 6-1 and 6-2. For the cases
of 1.5 < H./D < 13, the values of ky .,s were derived from fitting peak forces from the DEM
analysis with the pipe loading experiment (as described in Section 4.5.2). For the cases of 17
< H./D < 60, the values of kysuns Were derived from the obtained relationships from shallow

depths as follow.
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k (N/m) = 6.7140,7*"? for tan @, = 0.5
k (N/m) = 41.0720, 7 for tan ¢, =1.0 P (6-1)
k (N/m) = 112.859¢5, *'" for tan @, = 3.0

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

6.3 DEM analysis results of shallow embedment depths

In this section, the DEM results of shallow embedment depths (H./D < 13) are presented
and compared with the experimental results by Trautmann & O’Rourke (1983) to examine the
accuracy of the DEM analysis. The results in terms of the hyperbolic force-displacement
relationship, the peak forces, and the corresponding pipe displacement are summarized in
Tables 6-3 and 6-4. The cases of very shallow depth (H/D = 1.5 and 4) could not be

modelled due to instability of model set-up, especially for medium sand.
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Chapter 6 Finite element analyses of pipe under upward loading

The comparison of the force-displacement curves from the DEM analyses with the
experimental results is shown in Appendix B. The peak forces from DEM results were forced
to match the experimental results by adjusting the values of contact stiffness by trial & error.
The force-displacement curves from DEM show little difference from experimental results

and the match is best for the case of tan ¢, = 0.5.

Fig. 6-2 presents the peak dimensionless forces plotted against H./D. The results show

that the DEM analysis can simulate the upward pipe loading behavior reasonably well.

14
T T
——{—— Medium (Experiment)
——— Dense (Experiment
—~ 12 H
a‘ - - @ - - Medium (tan phi = 0.5)
E" - - & - - Medium (tan phi = 1.0)
T—g 10 H - - ©- - - Medium (tan phi = 3.0)
[
LE: ——e—— Dense (tan phi=0.5)
;’ 8 —<—— Dense (tan phi=1.0)
1 —a— Dense (tan phi = 3.0)
()
L=
?
o 6
c
7
c o
o 4
’ /
X
8 2
o 667
0 ‘
0 2 4 6 8 10 12 14

H./D

Figure 6-2 Plots of peak dimensionless force against H./D

Fig 6-3 shows the normalized peak displacement (pipe displacement at the peak force
normalized by embedment depth) at different H./Ds. The typical values found in the
experiments by Trautmann & O’Rourke (1983) are also included in the figure. The
dimensionless peak displacements from the DEM analysis are much larger than the
experimental data. The dimensionless peak displacements show a tendency to decrease with
H./D, which is opposite to the experimental results by Murrey & Geddes (1987) and Dickin
(1994).
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9.0 n\
8.0
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&/, peak/ Hc (%)
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(Traumann & O'rourke, 1983)
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H./D

Figure 6-3 Plots of dimensionless peak pipe displacement against H./D

6.4 DEM analysis results of deep embedment depths

The DEM analyses were performed for deep embedment depth cases for medium and
dense sands. The computed hyperbolic force-displacement relationships, the peak forces, and

the corresponding pipe displacements are summarized in Tables 6-3 and 6-4.

The force-displacement curves from the DEM analysis are compared with those from
the previous FE analysis as shown in Appendix B. In case of medium sand, the results from
DEM at all embedment depths are consistent with the FE results, except for the case of tan ¢,
= 0.5 at very large depth (H./D > 40). In case of dense sand, the force-displacement curves
from DEM analysis show more different trend from those of FE analysis when the
embedment depth increases. The results from the case of tan ¢, = 0.5 (highest contact
stiffness used) show stiffest behavior, whereas the results from the case of tan ¢, = 3.0
(lowest contact stiffness used) show softest behaviour which is more consistent to the FE
results. When H.,/D > 17, the DEM results for the case of tan ¢, = 0.5 become considerably

different from the FE analysis by showing considerably larger peak force.

Fig. 6-4 presents the peak dimensionless force plotted against H./D of up to 60. For

medium sand, the peak dimensionless forces from the cases of tan ¢, = 1.0 and 3.0 yield

6-11 07/05/05



Chapter 6 Finite element analyses of pipe under upward loading

consistent results with the FE results for the whole range of the H./D of interest (H./D = 1.5 to
60), whereas the results from the case of tan ¢, = 0.5 show a tendency to give smaller values
at deep depth. The peak dimensionless forces show deep failure mechanism by increasing
approximately linearly with H./D at shallow depths and reaching their critical dimensionless
force of 13 at the critical embedment depth of 25. This is consistent with the results from the
FE analysis. For dense sand, the peak dimensionless forces from DEM are consistent with the
FE analysis only for the case of tan ¢, = 1.0, 3.0 which show a tendency to give larger peak
dimensionless force at very deep depth (H./D > 60) and more gradual transition from shallow
to deep failure mechanism. The case of tan ¢, = 0.5 shows considerably higher peak

dimensionless force and does not consistent with the rest of the data.

35 - - -O- - - Medium (tan phi = 0.5)
T ---o--- Medium (tan phi=1.0)
- - -X- - - Medium (tan phi = 3.0)

‘ET 30 ] —=— Dense (tan phi=0.5)

o ——e—— Dense (tan phi=1.0) /

\\:r% — 3 Dense (tan phi = 3.0) FE results for dew and (after Yimsw
7 B I
Q

w
¢ 20
g

£
g 15

g Its for medium sand (after Yimsgiri et al., 2004)

S - ~-~_-.T.__< _____ LT
@ e -

S 10 . I _____

S :

KS)

5 5
o

Q

0 ‘
0 10 20 30 40 50 60

H./D

Figure 6-4 Relationship between peak dimensionless force and H./D

Fig 6-5 shows the dimensionless peak displacement plotted against H./D. The
recommended values from ASCE Guideline are also included in the figure. The
dimensionless peak displacement show a tendency to decrease as the H./D increases. The
stiffest behavior (smallest dimensionless peak displacement) is from tan ¢, = 0.5 which is

consistent with the case of largest contact stiffness. The dimensionless peak displacements
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from the DEM analyses are quite different from those recommended by ASCE Guideline. At
shallow depth, the dimensionless peak displacements from DEM are larger than the ASCE
Guideline; however, their values decrease with embedment depth and become smaller than

the ASCE Guideline at large depth.

7 ‘ ‘
- - -0O- - - Medium (tan phi =0.5)
6 - - -0- - - Medium (tan phi =1.0) a
- - - A- - - Medium (tan phi = 3.0)
5 N —a— Dense (tan phi = 0.5) |
g A
. O\A\ - —e— Dense (tan phi = 1.0)
g 4 C A'~. —a— Dense (tan phi = 3.0) B
3 A\
2 3
(e - Te.
2 ~~~ --~~~ Tt
N j\ = A
medium & dense sand (ASCE Guideline)
1 \.\Ju % -NN\-\“
\-”\_‘
0 ‘ ‘ ‘ —
0 10 20 30 40 50 60
H./D

Figure 6-5 Relationship between dimensionless peak displacement against H./D

The normalized hyperbolic relationship between force and displacement under upward
loading proposed by ASCE, as shown in Eq. (6-2), is compared with the DEM analysis results

in Figs. 6-6 and 6-7 for medium and dense sands, respectively.

F 5,16

= preak e, (6-2)
0.07+0.935, /6

v, peak

F

v, peak

The relationship recommended by ASCE reasonably matches the DEM analysis results for the

case of medium sand but forms an upper boundary for the case of dense sand.
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6.5 Summary

The DEM analysis is used to simulate the pipeline-soil interaction under lateral loading
at deep embedment condition by using the input parameters from the calibration of the
analysis with the experimental results at shallow depth. At shallow depth, the force-
displacement relationships from the DEM analysis show that the results for medium sand
match the experimental data well for all cases of tan ¢,, whereas the results for dense sand
match the experimental data well only for the cases of tan ¢, = 0.5 and 1.0 with too soft
behavior for the case of tan ¢, = 3.0. At deep depth, the DEM results of medium sand in term
of the peak dimensionless force and force-displacement relationship match the FE results well
for all cases. The DEM results for medium sand show deep failure mechanism with the
critical embedment depth of 25 and the critical peak dimensionless force of 13, which is
consistent with the FE results. For dense sand, the DEM results from the cases of tan ¢, =
1.0, 3.0 yield closest results with the FE analysis with gradual transition from shallow to deep
failure mechanism and a tendency of overestimation of the peak dimensionless at very deep
depth (/4/D > 60). However, the DEM results for the case of tan ¢, = 0.5 shows considerably

overestimation and do not show any transition from shallow to deep failure mechanism.

The obtained dimensionless peak displacements from DEM do not match the
recommendation by Trautmann & O’Rourke (1983) and ASCE Guideline. They show a
tendency to decrease as the embedment depth increases. The obtained normalized hyperbolic
force-displacement relationship from DEM analysis match the recommendation by ASCE
Guideline well for the cases of medium sand and form an upper boundary for the case of

dense sand.
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Chapter 7

Discussion and conclusions

7.1 Selection of input parameters

There may be some arguments about the determination of the input parameters and their
validity in the present DEM analysis because some parameters may seem to be unrealistic.
The use of a high value of the inter-particle friction angle is due to the use of spherical
particles which allows excessive particle rolling (e.g. Thomas & Bray, 1999). The obtained
power value from triaxial simulation is 0.41, which is within the normal value for soil, which
is approximately 0.5 (Hardin & Black, 1966). This is due to the fact that the DEM analysis
matches both stiffness and strength from triaxial test. It was shown that the triaxial stiffness
(Young’s modulus) has a relationship with confining stress in the same manner as the contact
stiffness does (Chang & Liao, 1994). However, the obtained power value from pipe loading
simulation is much greater than the normal value for soil; this may be due to the complexity
of mode of shearing in pipe loading problem. The peak force values employed for fitting is
governed by complex deformation at relatively large strain; however, the contact stiffness is

the behavior at very small strain.

It is also 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
(see Appendix G). This may also be due to the more complex mode of shearing in pipe

loading problem.

7.2  Pipeline behavior under lateral loading

Fig. 7-1 shows that, at shallow depth, the force-displacement relationships from the
DEM analysis for medium sand match the experimental data well for all cases of tan ¢,
whereas the results for dense sand match the experimental data well only for the cases of tan
¢, = 0.5 and 1.0 with too soft behavior for the case of tan ¢, = 3.0. Fig. 7-2 shows that, at
deep depth, the force-displacement relationships from medium sand still match the FE results

well for all cases of tan ¢,, whereas the results for dense sand show that the case of tan ¢, =
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3.0 yield closest results with the FE analysis and a tendency of overestimation of the peak

dimensionless force for the case of tan ¢, = 0.5.
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Figure 7-1 Force-displacement relationships at shallow embedment depth

of lateral pipe loading
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The comparison of peak dimensionless forces from the DEM and FEM analyses is
shown in Fig. 7-3. For medium sand, the DEM results match the FE results well for all cases.
The DEM results for medium sand show deep failure mechanism with the critical embedment
depth of 12 and the critical peak dimensionless force of 13, which is consistent with the FE
results. For dense sand, the DEM results from the cases of tan ¢, = 1.0, 3.0 yield closest
results with the FE analysis with gradual transition from shallow to deep failure mechanism
and a tendency of overestimation of the peak dimensionless at very deep depth (H/D > 40).
However, the DEM results for the case of tan ¢, = 0.5 show considerably overestimation and

do not show any transition from shallow to deep failure mechanism.
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Figure 7-3 Comparison of peak dimensionless force of lateral pipe loading from

DEM and FEM
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Chapter 7 Discussion and conclusions

Fig. 7-4 shows that displacement pattern from the experimental tank test of medium
sand at H/D = 11.5, which can be compared to those from FEM and DEM (tan ¢, = 3.0)
analyses shown in Fig. 7-5. Similarly, Fig. 7-6 shows that displacement pattern from the
experimental tank test of dense sand at H/D = 11.5, which can be compared to those from
FEM and DEM (tan ¢, = 3.0) analyses shown in Fig. 7-7. It can be seen that the results from
DEM better represent the displacement of sand around the pipe; however, the results from
DEM involve larger soil mass compared with FEM, especially for dense sand. Fig. 7-8 shows
the displacement pattern from DEM analysis at deep embedment depth. The results from
medium sand show deep failure mechanism whereby the upward soil deformation does not
extend to the ground surface. However, the results from dense sand still show shallow failure
mechanism by which the ground surface still shows upward soil deformation. This is
consistent with the peak dimensionless force data in Fig. 7-3, which shows that, at H/D = 30,
the medium sand case has well reached deep failure mechanism, whereas the dense sand case
is still in the transition state. The extent of soil mass involved in the deformation pattern
increases as the contact stiffness used increases (or the inter-particle friction angle decreases).
This makes the extent of soil deformation of dense sand at deep depth reaches the model
boundary for the case of tan ¢, = 0.5 (although the width of the testing compartment was
already doubled to avoid or lessen the interference of boundary walls). This is consistent with
the peak dimensionless force data in Fig. 7-3, which shows that the results for the case of tan
@, = 0.5 does not show deep failure mechanism due probably to this boundary effect. Fig. 7-9
presents the contact force chain pattern from DEM analysis. The results also show that the

force chain involves large soil mass especially for dense sand.
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Figure 7-4  Displacement pattern of lateral pipe loading from experimental tank test

(H/D = 11.5, Medium sand) (Trautmann & O’Rourke, 1983)
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(a) FEM results

(b) DEM results, tan ¢, = 3.0

Figure 7-5 Comparison of displacement pattern of lateral pipe loading from DEM
and FEM (H/D = 11.5, Medium sand)
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Figure 7-6  Displacement pattern of lateral pipe loading from experimental tank test

(H/D = 11.5, Dense sand) (Trautmann & O’Rourke, 1983)
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(a) FEM results

(b) DEM results, tan ¢, = 3.0

Comparison of displacement pattern of lateral pipe loading from DEM

and FEM (H/D = 11.5, Dense sand)

Figure 7-7
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7.3  Pipeline behavior under upward loading

Fig. 7-8 shows that, at shallow depth, the force-displacement relationships from the
DEM analysis for medium sand match the experimental data well for all cases of tan ¢,
whereas the results for dense sand match the experimental data well only for the cases of tan
@, = 0.5 and 1.0 with too soft behavior for the case of tan ¢, = 3.0. Fig. 7-9 shows that, at
deep depth, the force-displacement relationships from medium sand still match the FE results
well for all cases of tan ¢,, whereas the results for dense sand show that the cases of tan ¢, =
1.0, 3.0 yield closest results with the FE analysis and a tendency of overestimation of the peak

dimensionless force for the case of tan ¢, = 0.5.
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Figure 7-10  Force-displacement relationships at shallow embedment depth of

upward pipe loading
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Figure 7-11  Force-displacement relationships at deep embedment depth of upward

pipe loading

7-14 10-May-05



Chapter 7 Discussion and conclusions

The comparison of the peak dimensionless forces from the DEM and FEM analysis is
shown in Fig. 7-10. For medium sand, the DEM results match the FE results well for all
cases. The DEM results for medium sand show deep failure mechanism with the critical
embedment depth of 25 and the critical peak dimensionless force of 13, which is consistent
with the FE results. For dense sand, the DEM results from the cases of tan ¢, = 1.0, 3.0 yield
closest results with the FE analysis with gradual transition from shallow to deep failure
mechanism and a tendency of overestimation of the peak dimensionless at very deep depth
(Hs/D = 60). However, the DEM results for the case of tan ¢, = 0.5 show considerably

overestimation and do not show any transition from shallow to deep failure mechanism.
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Figure 7-12  Comparison of peak dimensionless force of upward pipe loading from

DEM and FEM
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