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ABSTRACT

This thesis uses threé dimensional discrete element modeling (DEM) to examine: (1) labora-
tory triaxial tests on Ottawa sand; (2) centrifuge testing of a tunnel in Fontainebleau sand; and
(3) surface settlement along a 6.5-m-diameter shallow tunnel in mixed face conditions where

the upper layer was sand.

Laboratory triaxial tests on Ottawa sand were used to establish the micro-parameters, namely,
particle elastic properties and contact friction, for the DEM used to simulate the centrifuge
tests and the shallow tunnel. Assemblies of smooth spherical particles as well as ‘clustered’
particles at both dense and loose densities at different confining pressures were modeled. Both
rigid single and segmental walls were used as lateral boundaries. It was found that while the
size or scale effect can be minimized the particle shape influences the peak strength of the
synthetic material. Perfectly spherical particles underestimated the peak strength. The volu-

metric response was found to be insensitive to either particle size or shape.

DEM, using smooth spherical particles, was used to simulate a centrifuge test of a shallow
tunnel in sand. The collapse pressure and near face displacements from the DEM simulations

were in close agreement with the results from the centrifuge test and analytical results.

Three-dimensional DEM was used to simulate surface settlement of a recently constructed
6.5-m-diameter tunnel excavated within the City of Edmonton. The tunnel was excavated by
earth pressure balanced shield tunnel boring machine and traversed in both uniform and mixed

face condition. The findings from the numerical modeling suggest that the geology of the
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mixed-face tunneling conditions was likely the controlling factor in reducing the surface

settlements.
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CHAPTER 1

Introduction

1.1 Problem statement

One of the key challenges of any geotechnical numerical analysis is to incorporate an accurate
description of soil and rock behaviour. Continuum models, which are commonly used, re-
quired development of constitutive models to describe the soil/rock behaviour.  With the in-
troduction of the discrete element method by Cundall (1971) and Cundall and Strack (1979),
the requirement to prescribe the constitutive behaviour of the macro-scale response was
changed to describing the micro-contact behaviour that captured the macro-scale response. It
was argued by Cundall that this presented a significant step forward for modeling of particu-

late materials such as soil.

The issue with discrete element models is the determination of the micro-scale or contact pa-
rameters to represent the macro-scale response. This can be done on laboratory samples
where the stress-strain response is recorded for various stress paths. However, once the mi-
cro-scale parameters are determined the application of these micro-parameters to engineering
boundary value problems remains uncertain. In addition, the issue of practical modeling the
correct particle shape (shape other than spherical) is significant. This is the focus of this the-
sis; to determine if the micro-parameters obtained from triaxial tests on sand irrespective of
particle shape can be used to assess the deformations above a 6.5 meter diameter shallow tun-

nel in sandy soils.
This research has been undertaken with the following objectives:

o Establishing micro-macro property relationship through element tests on synthetic
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discrete element samples consisting of both spherical and non-spherical shaped parti-
cles and calibrate the synthetic response against physical triaxial test results on sands
at low to medium stress levels. Determining what other modeling parameters
influence the corresponding macro-behaviour in addition to the micro-scale parame-
ters.

e Apply the micro-parameters obtained from the triaxial test to the simulation of a
centrifuge tests. The centrifuge tests assess the collapse face pressure of a shallow
tunnel in clean sand. The predicted face collapse pressure will be compared to
measured.

e Apply the micro-parameters obtained from the triaxial tests to the simulation of a
shallow 6.5-m-diameter tunnel in mixed faced ground conditions. The measured

surface settlement above the tunnel will be compared to the predicted settlement.

1.2 Scope of research

The scope of this research was to examine the potential of the discrete element method (DEM)
for application to tunneling in dry uniform cohesionless soil and therefore, condition of

drained stability prevails.

In line with the objectives of the research, a three-step approach will be followed within the
framework of DEM, namely:

(1) modeling of triaxial test on uniform sand
(2) modeling of a small scale centrifuge test of a shallow tunnel in sand and finally

(3) modeling of full scale shallow tunnel in uniform and mixed face conditions.

It is intended to see the constraints in each of the steps and how those constraints affected the
outcome of the next step. In other words, through each step the number of modeling factors

will be reduced in order to reduce the time and effort of the next step.

Steps (2) and (3) are unique to this research. However, step (1) is the very first step of any
DEM modeling as it involves the smallest modeling size at the level of laboratory sample

scale. Step (2) is an intermediate but important step towards attaining the main objective of

2
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this research that is the applicability of DEM to assess the material deformation by a full scale

tunnel in sand.

1.3 Discrete or Distinct Element Method

Cundall and Hart (1992) differentiated the terms ‘discrete element method’ and ‘distinct ele-
ment method’. According to Cundall and Hart (1992) ‘discrete element method’ applies to any
computer program that: (1) allows finite displacements and rotations of discrete bodies,
including complete detachment, and (2) recognizes new contacts automatically as the calcula-
tion progresses. The term ‘distinct element method’ was coined by Cundall and Strack (1978)
to refer to the particular discrete element scheme that uses deformable contacts and explicit,

time-domain solution of the original equations of motion (Cundall and Hart, 1992).

It is obvious from the above that the term ‘discrete element method’ is the general term appli-
cable to any DEM based computer code. This author believes the term ‘discrete’ is more ap-
propriate than ‘distinct’ once the simulation and modeling of an assembly of discrete particles
are involved, as is the case of this research. Therefore, in the following chapters, the term “dis-
crete element method’ will be used to describe and discuss the findings from this research; the
term ‘distinct element method’ will be used to quote previous research only to keep the origi-

nality of the previous publications.

14 Outline of thesis

In the following chapters (Chapter 2 through Chapter 6), the thesis has been documented
based on the above mentioned objectives and scope of work. Chapters 2 and 3 describe the
findings of literature search on modeling/prediction of shallow or soft ground tunneling and
on state-of-the-art of discrete element method. In Chapter 2, the challenges of soft ground tun-
neling despite significant advances in terms of both understanding the deformation/failure
mechanism as well as state-of-the-art construction techniques are outlined. Emphasis will be
given on the numerical modeling of such an otherwise complex engineering works. The re-
view will be restricted to bored tunneling in urban environment using closed face machine

such as pressurized shield tunneling.

Two different fields of approach for micromechanics based granular material research can be
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identified: theoretical based micro-structural continuum approach or the multi-scale approach
used in continuous media and computer simulation by discrete numerical models. In
Chapter 3, only the later approach i.e. computer based discrete modeling will mainly be re-
viewed, as it will be used as the fundamental tool in this research. However, some of the con-
cepts are the same and are considered the fundamental to any micro-mechanical approach.
Therefore, first, an overview of micro-mechanically based granular modeling is given. This
includes the definition and the concept of the approach and the fundamental differences with
the continuum approach. In addition, different variables classically used to describe the ap-
proach are outlined. This is then followed by a description of the basic characteristics of dis-
crete modeling of granular behaviour i.e. discrete element method. Outline of the commer-
cially available DEM tool used in this research, Particle Flow Code (PFC) is presented. Fi-
nally, discussion on micro-scale parameters needed as input parameters in any DEM simula-

tions is also presented.

Chapter 4 documents the results of numerical triaxial tests on synthetic samples and compari-
sons with real experimental data for uniform sands. The primary goal is to find the values of a
best set of micro-parameters and other parameters necessary to formulate a boundary value
problem i.e. tunneling in sand by discrete element method. A spherical particle in DEM can be
considered a single discretization unit or element in the problem domain that is being consid-
ered. This is similar to the discretization in finite element method (FEM). Like FEM, however,
general shaped element other than spherical can also be generated in DEM and will be consid-
ered and compared with the results involving only spherical particles. In any realistic calibra-
tion of synthetic sample behaviour against laboratory data, an ideal case would be to simulate
flexible boundary during an element test. A different but comparatively easy technique has
been developed and used to allow the PFC sample to bulge. A comparison of the synthetic

sample behaviour between single rigid and multiple rigid boundaries will also be presented.

Once the material properties are calibrated, formulation and simulation of tunnel responses in
uniform ground by discrete element method and comparisons with physical data are described
in Chapter 5. Chambon and Corte (1991, 1994) investigated the face stability of shallow tun-
nel construction in uniform dry sand (Fontainebleau sand, a fine sand) using centrifuge tests.
Their results are chosen as the reference data for the calibration of PFC model. Like the triax-

ial test simulations, systematic parametric studies are undertaken first to observe the effects of
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various DEM parameters (micro and others) on the tunnel response. This is then followed by
the prediction of collapse pressure and failure mechanism of a shallow tunnel under uniform

pressure by DEM. The predictions are then compared to the results from the centrifuge tests.

Finally applicability of DEM to simulate a 6.5-m-diameter tunnel is examined in
Chapter 6 which compares the predicted surface settlement with the measured surface settle-
ment. Recently constructed southern extension of the Light Rail Transit (SLRT) at the Univer-
sity of Alberta campus provided valuable field data against which the model results are cali-
brated. Not all the real physical aspects of the tunneling are simulated, as modeling of tunnel
construction is quite complex. For example, the advancement of tunnel, stresses on liner, etc
are not considered. Emphasis is given on the prediction of the magnitude and pattern of sur-
face settlement due to tunneling using an earth pressure balanced (EPB) shield machine. The
principal intention in this chapter is to extend and judge the capability of DEM modeling from
small scale (Chapter 5) to full scale modeling. Therefore, many of the DEM parameters are
simplified such as using perfectly spherical particles. Both tunneling in uniform and mixed

faced (sand/till or bedrock) tunneling are considered.
Chapter 7 provides the key research findings and recommends future research needs for DEM

based geotechnical engineering modeling, particularly for the problem involving material

flow.
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CHAPTER 2

Tunneling in Sand

A soft ground tunnel may be distinguished as one constructed in soil which will be unstable,
or only marginally stable, if left unsupported and which will collapse due to gross plastic dis-
tortions in the ground (Potts, 1976). The term ‘soft ground tunneling’ is synonymous with
shallow tunneling (since relatively soft soils usually do not exists at great depths). As tunnel-
ing in sand falls into this definition, it is necessary to define and clarify the term. In general, a
shallow tunnel is different from a deep tunnel in its interference with ground surface and sub-
sequent occurrence of surface settlement. As mentioned in Chapter 1, among the three most
important aspects of soft ground tunnel design, namely stability, ground deformation, and lin-
ing performance, the prediction of stability and ground deformation are the focus of this re-

search project and therefore, will be reviewed here.

21 DIFFICULTIES IN TUNNELING IN SAND

The technique of mining (or tunneling) through earth (or soft ground) depends chiefly on the
bridge-action period of the earth above the roof (of the tunnel) and on the position of the tun-
nel with reference to the water table (Proctor and White, 1946). Terzaghi (1946) defines the
bridge action period (also commonly known as stand up time) of a geologic medium related to
tunnel excavation as the time which elapses between the excavation of the tunnel face and
ground instability around the excavation leading to complete collapse of the unsupported face.
As discussed by Terzaghi (1946), the stand up time for cohesionless sand or badly broken
rock without cementing material is almost zero; hence, excessive overbreak or collapse is
inevitable if not supported properly. On the other hand, the same for cohesive material may

ranges between several hours and several days (Terzaghi, 1946).

Material with no cohesion, such as clean sand or gravel, is commonly referred to as running

ground regardless of whether it is located below or above the water table (Proctor and White,
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1946). Terzaghi (1950) discussed in details the geologic aspects of soft ground tunneling and
mentioned six principal categories of soft ground, namely, firm, raveling, running, flowing,
squeezing and swelling ground. Table 2.1 shows the characteristics and examples of different

ground from the tunneling perspective (after Terzaghi, 1950).

As the tunnel face and roof must be supported before the stand up time expires, tunneling in
sand requires special tunneling techniques. In urban environments, where shallow tunneling is
usually done under sensitive buildings, roads, etc., the process of tunnel design, especially the

design for support system, becomes more complex.

2.2 SOFT GROUND TUNNELING: DESIGN CONSIDERA-

TIONS

2.2.1 Tunneling methods in sand

In an urban environment tunneling in soft unstable ground, such as sand above or below water
table, where the face requires support at all times, is usually carried out using closed face tun-
neling machines which operate on the principle of a pressurized face (positive face control)
(Eisenstein, 2000). Three common types are: (1) compressed air, (2) slurry (bentonite) or BS
shield, and (3) earth pressure balance or EPB shield. They are also known as shielded tunnel
boring machine or TBM. The compressed air is now obsolete because of its health hazard and
the risk of blow-out, i.e. sudden reduction of support pressure on account of rapid loss of air.
This will not be discussed further. The difference in the mechanics of face support in BS and
EPB TBM are discussed by Eisenstein (2000) and Anagnostou and Kovari (1994, 1996). In a
slurry shield, a pressurized mixture of bentonite or clay and water provides the temporary sup-
port of the face hydraulically. The method is most effective in water bearing granular soils
(Mair and Taylor, 1998). As discussed by Eisenstein (2000), the method can control either a
total stress or a neutral (water) pressure. It cannot support directly the effective stress in the
chamber. On the other hand, EPB machines are being universally applied to any types of soft
unstable ground (Eisenstein, 2000). A uniform pressure is applied at face using freshly exca-
vated soil in the pressure chamber (required face pressure is achieved by controlling the entry
of soil and water through the cutter face and spoil removed through a screw conveyor). The

EPB can only work in either a total stress or an effective (grain-to-grain) stress mode (Eisen-
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stein, 2000).
2.2.2 Drained stability

Tunnels in predominantly sandy soil (dry or saturated) are driven under drained conditions.
Tunnel face stability under drained condition has been studied by number of researchers under
various face support conditions (Peck, 1969; Leca and Dormieux, 1990; Anagnostou and
Kovari, 1994, 1996a, 1996b). Most of these works were done analytically based on plasticity
solutions and calibrated against centrifuge model tests and/or continuum numerical modeling.
Drained stability of a shallow tunnel heading was also studied by researchers in France with
the Laboratoire Central des Ponts et Chaussees (LCPC) centrifuge. In general, parameters
controlling the stability of a tunnel heading are (Figure 2.1): the tunnel diameter (D); depth of
soil cover (C); the length of the pressure chamber in front of face (P) and the soil type (repre-
sented by the unit weight and shear strength) as well as face support pressure (or). For tunnel

in dry sand, the shear strength is characterized by friction angle, ¢'only.

There are special issues related to maintaining the required face pressure of any shield ma-
chine. Anagnostou and Kovari (1994, 1996) analyzed the problem of face stability for slurry
and EPB machines. They consider a collapse mechanism consisting of a wedge and prismatic
body that extends from the tunnel crown to the surface (Figure 2.2). The circular cross-section
of the tunnel is approximated by a square having the same area. The ground is considered ho-

mogeneous and isotropic.

As discussed by Anagnostou and Kovari (1994), for the case of slurry shield, the safety factor
was found to be time-dependent. This is due to the gradual infiltration of bentonite suspension
into the ground. Therefore, permeability of the ground as well as effective grain size plays a
critical role in maintaining required support pressure. Maintaining support pressure at EPB
face is more complex as resultant face pressure depends on the effective support pressure as
well as piezometric head in the work chamber. The position of water table in the undisturbed
soil also influences the face pressure. The shear resistance of the muck should also be kept as
low as possible. It was found by Anagnostou and Kovari (1994) that a constant effective sup-

port pressure is difficult to maintain for sandy soil.
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Mair and Taylor (1998) did a comprehensive review on tunnel face stability and concluded
that the effective support pressure required preventing collapse of a tunnel in dry cohesionless
soil was very small, irrespective of whether it was a two dimensional circular tunnel or a three
dimensional heading. It was also independent of tunnel depth; however, collapse support pres-
sure in dry sand was found to vary significantly with tunnel diameter. Probably the first theo-
retical approach of tunnel face stability in dry sand, taking into consideration the full three-
dimensional nature of the problem, was proposed by Leca and Dormieux (1990). The limiting

face collapse pressure, py, based on a three dimensional failure mechanism was derived as:
p;=a,0 +a,yD 2.1)

where o and a, are weighting factors which depend on the angle of internal friction, ¢’ and

C/D ratio and can be obtained from pre-established charts. y is the soil unit weight. o; is the

surcharge loading. All other parameters have been defined above and are shown in Figure 2.1.

Based on the failure mechanism as shown in Figure 2.2, Anagnostou and Kovari (1996) de-
rived the following formula to calculate necessary limiting collapse pressure, with earth-

pressure balanced shields (Figure 2.3):

pf=F0/1'D—Flc'+F2}/’Ah—F3c’% (22)

where: Fyy to F’3 are dimensionless coefficients that depend on the friction angle ¢’,
on the geometric parameters C/D and (hy-D)/D, and on the ratio of the dry to the

submerged unit weight ¥, /y'. C, D, and Ah are the overburden, tunnel diameter,

and head difference between elevation of the water table (hy) and piezometric head

in the chamber (hf), respectively. ¢’ is the effective cohesion.

The theoretical minimum face support pressure for tunneling in dry soil (having only dry unit

weight y, instead of ¥’ in equation 2.2) is, therefore, given by:

p=FA,D-Fc (2.3)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Vermeer and Ruse (2000) considered, as the basic idea for analyzing tunnel face stability, that
failure was associated with an active sliding wedge as indicated in Figure 2.4. Vermeer and
Ruse (2000) modified the method proposed by Anagnostou and Kovari (1996) by introducing
horizontal force on top of the wedge (the collapse mechanism consists of a wedge and right-
handed prism, see Figure 2.4). As discussed by Vermeer and Ruse (2000), the method of
Anagnostou and Kovari is not based on a kinematically admissible collapse mechanism, as
this would imply sliding between the rectangle (prism) and the wedgé. The authors make the

following assumptions (see Figure 2.4):

e The inclination angle of the wedge is a preset value of 45%+¢/2,

o Shear stresses on the vertical sides are neglected,

e The shearing resistance on the top of the wedge, trand

o The vertical stress on top of the wedge is considered according to the silo theory by

Janssen (1895) which was also used by Terzaghi (1954):

R-2 ok, ang S
az=<y——cl 1—¢ ™ 2.4)
2K, tan¢

where: R is the radius of the tunnel; ¢ is the cohesion; ¢ is the friction angle; y is the
unit weight; K, the coefficient of lateral earth pressure at rest and C is the depth to

tunnel crown.

Using the classical earth pressure theory, the failure face pressure, p, was derived by Ver-

meer and Ruse (2000) as:
1
Dy =(E}/D+O'ZJK‘, —(3c+0'Z tan¢),/Ka (2.5)
where
_l—sing

. is the active earth pressure coefficient. Other terms have been defined above.

_1+s1n¢

Predictions based on the equation (2.3), for an average friction angle of 40 degrees, were

compared by Anagnostou and Kovari (1996) with the centrifugal model test results of Cham-
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bon and Corte (1994) as well as model of Leca and Dormieux (equation 2.1)) concerning face
stability in dry cohesionless soils and is reproduced here as Figure 2.5. Prediction based on the
equation (2.5) for a friction angle of 40 degrees and c equal to zero is also included in Figure
2.5. For a given tunnel diameter, for a dry, clean sand (¢ = 40°, ¢ = 0), the analytical predic-
tions were always higher than that of experimental one. Among the analytical methods, the
failure mechanism adopted by Vermeer and Ruse (2000) gave the results closest to the physi-

cal results. The centrifuge results will be discussed in detail in Chapter 5.

223 Ground deformation: fundamentals

In closed face shield tunneling, the possible sources of ground deformation or ground loss into
tunnel, measured as m*/m, as shield progresses, are shown in Figure 2.6. The corresponding
evolution of surface settlements along the length of tunnel is also shown. While settlement in
front of the face (although usually negligible, even ground heave can occur for a well-
controlled face) largely depends on the face pressure applied, the major source of ground loss
is at the tail void. However, field observations of tunnel excavation by EPB machine in pre-
dominantly sandy ground showed surprisingly larger settlements along the length of TBM
(Maconochie and Suwansawat, 2001; Bosse, 2005). Shirlaw et al. (2003) discussed this set-
tlement due to overcut i.e. component 2 in Figure 2.6. According to Shirlaw et al. (2003),
typical values for overcutting, for a 6.5 m diameter machines, expressed as a percentage of the

face area are:

e  Minimum overcut: 0.5 %
e Additional overcut due to 50 mm look-up or overhang: 1.1%

e Additional overcut due to 100 mm extension of copy-cutters: 4.8%

In a flowing ground condition, like sand, the overcut is likely to close immediately as the ma-
chine moves forward. Conventionally, grouting at tail void is carried out through the ports in
the tunnel lining rings and can only start once the seals at the tail of the machine have passed
the grout port. In a cohesionless soil, this will result in a large tail void closure before the

grouting can start. The situation can become worse if lining deflection is allowed.

Loss of ground at a localized region in a soil at depth z, below the ground surface gives rise to

11
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axisymmetric strains which, where there is a continuous line of such punctuated ground loss,
form a cone of depression at ground surface (Wood, 2000). Figure 2.7 shows the settlement
trough of depression, with a shape often assumed as that of a normal distribution curve. The
distribution of surface settlement is represented by the parameter, i, the transverse distance to
the point of inflection of the settlement trough. The various attempts to define the parameter i

have been described in the following section.
224 Ground deformation: modeling and prediction

Often ground movements associated with the surface settlements govern the design of shallow
urban tunnel construction. Prediction of ground movements, especially the magnitude and dis-
tribution of surface settlement is an important part of the design process. The estimation of the
required face pressure and calculation of the ground displacement under that pressure is,
therefore, routinely carried out by soft ground tunnel designers. An important consideration
during the design of a shallow tunnel would be the evolution of the face displacement against
decreasing face pressure to evaluate the critical face pressure below which face collapse will
occur. In practice, different predictive methods are being used from simple analyti-

cal/empirical method to sophisticated three-dimensional numerical modeling.

2.2.4.1 Analytical solutions

Sagaseta (1998) reviewed analytical solutions for the evaluation of soil deformation around
tunnels. As discussed by the author, the problem can be divided into two parts, of very differ-
ent nature: near field and far field deformations. The magnitude and distribution of the former
are strongly dependent on the soil mechanical behaviour and tunnel construction process and
thereby, difficult to consider (analytically), given the three-dimensional character of the prob-
lem, non-linearity, etc. On the other hand, for the distribution of the far field movements, the
influence of construction details and tunnel precise geometry is not so important, due to at-

tenuation with distance.

Peck (1969) and Schmidt (1969) proposed that surface settlements could be estimated using

transverse distribution of surface settlements:

12
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Jc2

S(x)=S,. e 2.6)
where S(x) is the settlement at a distance x from the tunnel centerline, S, the maxi-

mum settlement for x=zero and i has been defined above.
Two different expressions have been used for i, as follows, with success (Moh et al., 1996):

i=kzo @7

el

where 2, is the vertical distance from surface to center of tunnel; k is a trough width

parameter and D is the tunnel diameter.

Equation (2.6) was proposed by O’Reilly and New (1982) based on observations of tunnels
driven in the United Kingdom and equation (2.7) was proposed by Clough and Schmidt
(1981). Coefficient k for sands and gravels is 0.25. In any case, i is expected to be dependent
on soil properties and it is thus necessary to establish relationships based on local experience
(Moh et al., 1996). Width of the transverse settlement trough above tunnels in granular soils
depends to some extent on the magnitude of settlement as noted by Cording (1991), with lar-
ger settlements tending to cause a narrower trough consistent with the “chimney” failure

mechanism in sand (Mair and Taylor, 1998).

The volume of settlements (per meter length of tunnel), Vi, is given by the integral of (2.8) as:
V.=~2m *%ix§_,, 2.9)

As discussed by Wood (2000), for granular soil, the phenomenon of ground movement is
visualized as intergranular movement under gravitational force. The relationship between
‘ground loss’ or V, as explained in section 2.2.3 and V,, volume of transverse surface settle-
ment trough per unit length of tunnel, will depend on the initial state of the soil. In case of

tunneling in dense dilating sands V/V, > 1 and for loose sand V/Vs < 1.

The above empirical expression (equation 2.9) works well for clays but is found to overesti-
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mate settlement in dense sands above the water table (Personal Notes, Dr. Eisenstein). There
have been attempts to find theoretical solutions for the distribution of surface settlements (Sa-
gaseta, 1987, Verruijt and Booker, 1996, Sagaseta, 1998). However, these solutions have been
proposed for undrained, cohesive case and to date no solution have been proposed for the dila-

tant cohesionless case.

2.2.4.2 Numerical solution by finite element analyses

Numerical analyses are now routinely used to simulate tunneling in soil and rock. The excava-
tion/construction steps can be simulated in these analyses with a degree of accuracy, which in
principle is limited only by the required computational effort (Gioda and Swoboda, 1999).
Another distinct advantage is the ability to incorporate various soil models, which can capture

some of the aspects of soil behaviour relevant to tunnel construction.

Two-dimensional plane strain approximation along the tunnel axis can be used to investigate
many tunneling problems. Shin et al. (2002) mentioned some of the shortcomings of this way
of modeling of tunnel problem, such as, it provide no information on the behaviour of tunnel
heading and in particular on the behaviour of soil as the tunnel approaches. As was also dis-
cussed by the authors, axisymmetric analyses, in which the tunnel axis is taken as the axis of
symmetry, are not applicable to shallow tunnels, where the presence of the ground surface and
the effect of gravity have a significant influence on behaviour. It is now generally accepted
that realistic modeling of shallow soft ground tunnel can only be achieved with three-
dimensional (3D) models. There are, therefore, attempts to incorporate 3D effects in two di-
mensional (2D) finite element analyses as 2D analyses are still being commonly adopted in
design using the percentage unloading method (Panet and Guenot, 1982), the reduced stiffness
method (Swoboda, 1979), the gap method (Rowe et al., 1983) and recently the volume loss
method (Potts and Addenbrooke, 1997). However, all of these consider empirical factors (Shin
et al., 2002), such as determination of load reduction factors and appropriate stiffness in the

first two methods, respectively.

As discussed by Mair and Taylor (1998), there are still very few examples of published three
dimensional (3D) finite element (FE) analyses case histories where detailed comparisons are

made between the predictions and the measurements. However, there are few attempts re-
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cently to capture some aspects of shallow tunnel response by 3D-FEM (Vermeer and Ruse,
2000; Shin et al., 2002; Augarde et al., 1998, 2001). The majority of analyses still deal with

clays due to well-established Cam Clay Model and few of these are discussed below.

Vermeer and Ruse (2000) validated the analytical solution of both undrained and drained face
stability by non-linear 3D-FEM. For the analytical solution, the three-dimensional collapse
mechanism was of the same type as considered by Anagnostou and Kovari (1994, 1996). For
drained analyses elastic-perfectly plastic soil model along with Mohr-Coulomb failure crite-
rion was used. However, soil is assumed to be non-dilatant. Figure 2.8 shows the computed
failure mechanisms shadings in terms of displacement increments of the very last calculation
steps (lighter the shading the larger the incremental displacements). Though the authors de-
scribed a chimney type of failure, nothing was mentioned about the exact extension of the

failure zone in longitudinal and transverse directions.

Shin et al. (2002) described a three dimensional modeling of a shallow tunneling in decom-
posed granite by New Austrian Tunneling Method (NATM). The tunnel-heading problem was
analyzed using Fourier Series Aided Finite Element Method (FSAFEM). The excavation
process in NATM tunneling is simulated sequentially (2 m/day) based on the real cycle time
of tunneling works. Lining installation is simulated by installing the liner in a very short
period once an increment of the excavation is completed. The real tunnels usually had a horse-
shoe cross-section, with a height of 8.2 meters and a width of 10.6 meters. However, the nu-
merical model assumed a circular tunnel of equivalent area resulting in a 9.2 meters tunnel
diameter. A 70 meters tunnel excavation was simulated and the behaviour of tunnel face at 60
m distance was examined. The numerical results were then compared with field measurements
of field tunnel construction. Although the maximum settlement compared well with a single
settlement measurement at a point far behind the tunnel face, the shape of both the transverse

and longitudinal surface settlement could not be verified because of very limited field data.

Augarde et al. (1998, 2001) formulated a three-dimensional finite element model to study the
effects of subsidence from soft ground tunneling on adjacent surface structures. The later pa-
per concerned only the numerical model for tunnel installation. A non-linear, elasto-plastic
material formulation was used to model an overconsolidated clay deposit. The ground loss in

terms of face loss and tail void loss associated with the tunneling (thus excavation by shield
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tunneling was simulated) were incorporated in the model. Face was unsupported and tail loss
was simulated by uniform hoop shrinkage of the lining elements in a plane normal to the tun-
neling center. The hoop shrinkage was achieved by the application of a suitable set of radial
forces within the tunnel liner. According to the authors, the fictitious stresses within the liner
because of the shrinkage did not affect the way in which ground and liner interact, as the liner

was elastic.

The problem involving sand is more complicated due to complex constitutive behaviour of
sand and its proper implementation into a finite element code. In 1987 Professor R. F. Scott
wrote, “...none of the constitutive models can currently represent the behaviour of very dense
sand or heavily overconsolidated clay, where failure is accompanied by the development of
slip surfaces.” Professor Scott continued, “In finite element models, the choice of element and
its associated shape function controls the possible deformation modes of the element. For that
class of material, which exhibits failure surfaces or slip zones during loading, a different cal-
culation approach may be useful. As noted by Mair and Taylor (1998), general difficulty in
comparing finite element analyses with field data is that discrepancies could be due to one or
more of the following: (a) deficiencies in the soil model (b) the soil parameters adopted (c)
idealizations in the modeling, especially with respect to the boundary conditions, and (d) pos-
sible uncertainties in the field measurements. However, according to this author, the last two

difficulties are common problems for any numerical modeling technique.

2.2.4.3 Physical modeling

The centrifuge modeling of shallow tunnel is a viable alternative to numerical modeling be-
cause self-weight of the soil influences the stability and deformations. This is probably the
reason while it is hard to find any extensive three dimensional finite element case histories of
tunneling in sand while the publications of centrifuge model tests on tunnels in sands is rela-
tively large. The initial studies (Atkinson et al., 1977; Atkinson and Potts, 1977; Chambon et
al., 1991; Chambon and Corte, 1994) involve uniform sand and simple tunnel models. The
objectives of these works were to investigate the face stability and failure mechanism. In those
tests, therefore, the tunneling process was not replicated. More recent studies (Honda et al.,
2001; Nomoto et al., 1999; Imamura et al., 1996; Nomoto et al., 1996; Bolton et al., 1996)

tried to model the construction process of shield tunneling in uniform sand and layered soil
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and associated earth pressure distribution as well as ground deformation.

As already discussed, the process of tunneling, especially shield tunneling is highly complex.
Reproducing all details of the tunneling process within a small-scale centrifuge model would
obviously be impossible and approximations need to be made (Taylor, 1995). A typical set up
of centrifuge test for tunnel analyses is shown in Figure 2.9 (dimensions are for 5 m prototype
tunnel: 50g acceleration). Taylor (1995, 1998) discussed various issues related to modeling of

tunnel behaviour by centrifuge testing.

Among the simple centrifuge modeling (uniform ground and without tunnel movement) analy-
sis by Chambon and Corte (1994) represented a three-dimensional face and therefore, some of
the results from Chambon and Corte (1994)’s investigations will be discussed in Chapter 5, as
the numerical modeling results from this research will be compared with the centrifuge testing

results.

2.2.5 Discontinuum modeling

Soils, particularly sands, consist of discrete particles at micro level interacting with each other
at contact points. It is now generally accepted that interaction of particles at micro scale,
through particles as well as contact properties, governs the overall or macro behaviour. The
unavailability of computational tools to numerically calculate the interaction of thousands of
particles restricted the application of theory until early 70’s when Peter Cundall developed
discrete element method for discontinuum analyses applicable to both soil and rock (Cundall,

1971; Cundall and Strack, 1979).

One of the greatest strengths of discrete element method is that constitutive law of material is
inherent in the code and need not be defined explicitly as in finite element method. The
material constitutive law can be defined by micro parameters with physical meaning as op-
posed to continuum constitutive law of sand with large number of experimentally determined
parameters. The values of micro properties in discrete element method, however, must be es-
tablished indirectly, through calibration. In 2001, Peter Cundall wrote, “Rather than inventing
a constitutive model that mimics overall sand behaviour through a set of manufactured (but
essentially gratuitous) equations, the physical behaviour may be reproduced simply by repre-

senting directly the granular material on the computer.”
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As numerical modeling will continue to play greater role over other methods of analyses in
analyzing complex engineering problem, an alternative to finite element modeling is desirable
to solve engineering problem involving sand. This research project was, therefore, undertaken
keeping this prospect in mind. The next chapter has been devoted in understanding the funda-

mentals of discrete element modeling and micro-mechanical analyses in general.
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Table 2.1 Soft ground tunneling conditions (after Terzaghi, 1950)

Ground Characteristics Example Stand-up time
Category
Firm Tunnel heading can be advanced | Loess above the above the | > 24 hours
without any roof support. water table
Permanent lining can be constructed | Calcareous clay with low
before the ground will start to move plasticity
Raveling Chunks or flakes of material begin to | Fast raveling: residual soil | Between 24
drop out of the roof or the sides some | or sand with a clay binder | hours and 5
time after the ground has been exposed. | located below the water | minutes
- Fast or slow raveling table
Slow raveling: same soil as
fast raveling but above the
water table
Running Material flows like granulated sugar | Clean, loose gravel and in | Zero
until the slope angle becomes equal to | clean, coarse or medium
angle of repose. sand above the water table
Cohesive running where the run is | Cohesive running: clean,
preceded by brief period of raveling. fine, moist sand
Flowing Ground moves like a viscous liquid. In any ground with an | Zero
- If the flow is not stopped, it | effective grain size in
continues until the tunnel is | excess of about 0.005
completely filled. millimeter, provided the
tunnel is below water table
Squeezing | Ground slowly advances into the tunnel | Soft or medium clay “Not
without any signs of fracturing and mentioned”
without perceptible increase of the
water content of the ground surrounding
the tunnel
Swelling Like squeezing ground, moves slowly | Heavily overconsolidated | “Not
into the tunnel, but the movement are | clays with a plasticity | mentioned”
associated with a very considerable | index in excess of about 30
volume increase of the ground
surrounding the tunnel.
19
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Figure 2.1 Tunnel heading in soft ground

Figure 2.3 Effective support pressure § (after Anagnostou and Kovari, 1996)
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Figure 2.4 Typical patterns of face failure (after Vermeer and Ruse 2000)

20 |
T
a L
é L
15 }
b "t
qh)— L
2 10 F
177 L
o
[»
5 s5F
[« N
Q.
=3 d
7] [
0 [l ] 1L [
4 6 8 10 12 14

Diameter D (meters)
—— ¢=0(according to eqn. 2.3)
—o—c=0(Leca & Dommieux, 1990)
—a&— Measured Data (Chambon & Corte, 1994)
—— ¢=5 kPa(according to eqn. 2.3)
—¥— c=5 kPa(Leca & Dormieux, 1990)
—&— Vermeer and Ruse (2000)

Figure 2.5 Experimentally determined and computed support pressures as a function of tunnel
diameter for dry sands (modified after Anagnostou & Kovari, 1996)

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8

o

9 1

§

3 2

3 ¥
4
5
I 1 = I —
TBM Segmental Linings

Components of Ground Movements by Shield Tunneling:

1 - ground movement above and ahead the face

2 - ground movements along the TBM (overcut closure)

3 - ground movements induced at the tail void

4 - ground movements due to lining deflection

5 - ground movements due to long term settlement (soft clay only)

Figure 2.6 Components of ground movements by shield tunneling (after Maconochie et al, 2001)
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Figure 2.8 Computed failure mechanisms for drained soil conditions, y=20 kN/m®, c=5 kPa, ¢=27.5°,
D=5 m (after Vermeer and Ruse 2000)
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Figure 2.9 Schematic of centrifuge model (modified from Chambon & Corte, 1994)
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CHAPTER 3

Micromechanical Approach Leading to Computa-

tional Granular Mechanics

As discussed in Chapter 2, until recently, most studies involving granular or particulate mate-
rials have utilized macro-scale behaviour or equivalent continuum approach. The continuum
approach is required to solve large boundary value problems of practical engineering interests.
This still remains the main approach today. However, granular materials like sands are fun-
damentally discrete in their nature composed of interacting discrete solid elements. Therefore,

micro-scale behaviour of particle interaction influences the macro-scale properties.

Two different fields of approach for micromechanics based granular material research can be
identified: (1) indirectly by theoretical based micro-structural continuum approach or the
multi-scale approach and (2) direct approach of computer simulation by discrete numerical
models. In the micro-mechanical approach, constitutive law for a granular assembly is de-
rived, via a homogenization procedure, from the equilibrium, the kinematics, and force-
displacement relations of two particles in contact. The objective is to derive any constitutive
behaviour to be used in continuum based numerical method, from the knowledge of the local
or microscale behaviour and microstructure. The coefficients in the resulting constitutive for-
mulation can then be directly related to micro-scale properties, such as contact stiffness, parti-

cle density and particle size (Suiker et al., 2000).

The discrete numerical approach has evolved owing to the tremendous development of com-
puter hardware and software in the 1970’s, which is continuing to date. The fundamental as-
sumption in this approach is that granular material is an assembly of discrete particles, which
interact only at contact points. This has virtually eliminated the need to achieve constitutive
behaviour from micromechanical approach and then incorporate into the continuum method to
solve boundary value problems as can be seen in some earlier researches on micro-mechanical

numerical models (Chang and Misra, 1989b; Chang and Misra, 1990a, 1990b; Chang et al.,
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1991a, 1991b; Wan and Guo, 2000). Instead the constitutive law is inherent in this new ap-
proach and the method has the potential to be used directly to simulate practical engineering

problems.

Only the computer based discrete modeling will be reviewed as it will be used as the funda-
mental tool in this research. In the following, an overview of micro-mechanically based granu-
lar modeling is given. This includes definition and concept of the approach and fundamental
differences with the continuum approach. Also different variables classically used to describe
the approach are outlined. This is then followed by description of basic characteristics of dis-
crete modeling of granular behaviour i.e. discrete element method (DEM). Outline of the com-
mercially available DEM tool, Particle Flow Code (PFC) is presented (Itasca, 1999). Finally, a
discussion on micro-scale parameters needed as input parameters in any DEM simulations is

presented.

3.1 Micro or Particulate mechanics

Micro-mechanics is a broad subject area covering experimental investigation, analytical pre-
diction and numerical modeling. This is quite distinct from traditional physical tests on soils
where measurements inside the samples are difficult and is generally overlooked. The macro-
scopic (overall or averaged) behaviour of granular materials is determined not only by how
discrete grains are arranged in space, but also by what interactions are operating among them
(Satake et al., 1999). In other words, as discussed by Oda (1972), macroscopic response is the
interplay of various micro parameters of which most noticeable are ‘fabric’ or microstructure
of an assemblage and constitutive law of individual particle (particle stiffness and friction). As
a result of this new insight into granular material behaviour, micro-scale deformation is being
studied in greater details and theories are being laid out about micro-deformation. In fact,
plasticity in geomaterials is now seen as a direct result of micro-scale particle sliding and roll-
ing (Bardet, 1994; Cambou, 1998; Iwashita and Oda, 2000). In section 3.2.2 these basic micro
parameters are defined and elaborated as well as mechanisms of plastic deformation at micro

or grain scale is discussed.

Cundall (2001) laid out an impressive and appealing case of a future for numerical modeling
in geomechanics based on discontinuum. Some of the fundamental differences between con-

tinuum and micro-mechanics based discontinuum approaches and their relative mer-
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its/demerits are discussed in section 3.2.1. Although granular micro-mechanics are being in-
vestigated by experimental, analytical as well as numerical modeling, only the numerical dis-
crete modeling has caught much attention in recent years. An overview of this approach is

given in section 3.2.3.

Only the concepts dealing with the quasi-static behaviour of granular materials as relates to
this research, in which inertia is negligible, have been covered. It should be reminded that, as
discussed by Satake et al. (1999), the subject area is complex and vast and full framework of

micro-mechanical analyses has not yet been firmly established.

3.1.1 Continuum vs. Discontinuum

From a microscopic point of view, all material bodies are composed of discrete molecules
(particles), which are connected to each other by forces of mutual attraction and repulsion
(Harr, 1977). However, mechanical behaviour of all engineering materials, from man made
materials such as steel to geological materials such as soils and rocks, is simplified by the as-

sumption of displacement continuity within the material.

One of the major assumptions of continuum mechanics is that the material properties can be
scaled from small laboratory samples to large material masses using constitutive relations
(Bardet, 1998). Finite elements analyses could be more useful for explaining and predicting
displacements if satisfying constitutive equations were available (Biarez and Hicher, 1987).
Therefore constitutive law plays a major role in successful application of continuum princi-
ples to solve engineering problems. Unfortunately, stress-strain relationship of geological ma-
terials is not as straightforward as man made materials; for example, pressure and initial void
ratio dependency; non-linearity even at small strain; effect of dilation on strength; softening
after peak strength; effect of intermediate principle stress; anisotropy are few of the complex-
ity involved. Hence, as discussed by Imam (1999), the literature on constitutive modeling of
granular materials is extensive extending from simple elasto-plastic to more sophisticated
(strain or work-hardening plasticity) and advanced models such as Lade’s curved yield surface
model (1977); double hardening model (Vermeer, 1978); bounding surface plasticity (Bardet,
1986); hypoplasticity (Kolymbas and Herle, 1998); etc. are the few among them. An overview
of constitutive models for sands, as those mentioned above and others, is given by Reza Imam

(1999). The shortcomings of the traditional continuum based constitutive models of sands
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have been discussed by various authors (Tordesillas et al., 2004; Scott, 1987a,b). As noted by
Tordesillas et al. (2004), the overwhelming majority of these models can be classed as phe-
nomenological, as they contain no direct link to the underlying cause of bulk deformation,
namely particle motion and interactions. Specifically, these models are expressed in terms of
curve-fitting parameters, which require considerable calibration through laboratory experi-
ments, and even then there is still no guarantee that these parameters agree with those ob-
tained in situ. In most of the cases the number of constants are too many and some of them
without any physical meaning (Scott, 1987a). Scott (1987a) showed that the number of con-
stants increased from two to 40 during the period 1960 to 1987. Obviously, the scenario gets
more complicated when three-dimensional constitutive laws are to be formulated. As dis-
cussed by Bardet (1998), another difficulty with the continuum approach as applied to granu-
lar materials lie in modeling shear banding or bifurcation phenomenon which is commonly

observed in soils and rock.

An alternative path to modeling granular material behaviour would be to consider their dis-
crete nature and get rid of the complex continuum mathematical formulations with many coef-
ficients. In fact, many of the features of granular materials such as dilation and local non-
homogeneity depend on its particulate nature. In this alternative approach, which is generally
termed discontinuum as oppose to continuum, the continuum is replaced with an assembly of
particles. The complex behaviour observed in sand derives, in large part, from microscopic
geometric changes induced by loading, and, to a lesser extent, from basic contact laws be-
tween particle pairs (Cundall, 2001). Discrete modeling can be of great help to continuum me-
chanics, for not only developing constitutive models based on physics, but also for under-
standing physical origins of material instability, and the limitations of continuum mechanics
(Bardet, 1998).

3.1.2 Micro-structure

Two fundamental components of a micro-mechanical modeling are (i) particles and (ii) parti-
cle contacts. Particles are considered to be the idealization of grains in any granular material,
e.g., sand grains. The size and gradation of particles as well as shape are one of the concerns.
For simplicity circular or disk shaped in two dimensional and spherical in three-dimensional
are usually considered. Existence of contacts or interfaces between particles is a unique char-

acteristic of micro-mechanics that distinguishes it from continuum approach. At the heart of
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the micro-mechanical modeling exists a contact relation or contact constitutive law. Various
contact laws are available and used in the literature (Misra, 1995; Johnson, 1985;). Details of
particles and their contacts will be discussed later in section 3.2.4. Here the discussion will be
limited to various parameters defining microstructure of an assemblage of particles at micro-

scale and their relation to macroscopic stress and strain.

The primary goal of the researchers in micromechanics of granular behaviour is to formulate a
suitable macro behaviour in terms of micro-parameters. Many researchers have been working
towards this goal with varying success (e.g. see Mason and Martinez, 2001; Misra, 1995;
Chang et al., 1992a,b; Chang and Misra, 1990a,b). In order to transfer the discrete parameters
to corresponding macro parameters, the local internal structure (called microstructure or fab-
ric) of a granular mass and parameters those define that must be understood. First of all, it is
important to know what ‘fabric’ is meant in a granular mass from a micro-mechanics point of

view.

Oda (1972) made an important contribution in establishing relationships between microstruc-
ture of sand and its mechanical properties. He defined ‘fabric’ as a concept to represent the
spatial arrangement of solid particles and associated void. Two important parameters defining
fabric are: (1) orientation of an individual particle, and (2) position of the particle and its mu-
tual relationship to other particles or packing. The orientation of a nonspherical particle can be
represented by the inclination of the longest and the shortest axes of the grain to the fixed di-
rections (Figure 3.1). Oda (1972) showed that the characteristics of fabric of a sand mass
closely related to the shape of particles and manner in which they were deposited. It was
found that orientation fabric of sand, consisting of relatively spherical particles, almost iso-
tropic. One of the findings, which will have a great significance later in formation of synthetic
samples in chapter 4, was that, mobilized strength of dense sand samples consisting of rela-
tively spherical particles was almost independent of their initial fabric character. This is be-
cause, according to the author, when samples of spherical particles are deformed, re-
arrangement and re-orientation of sand grains may occur easily resulting in a similar ultimate

fabric at regardless of their initial fabric.

The packing or mutual relation of individual particles to neighboring particles is best repre-

sented by a parameter called co-ordination number. The coordination number (of a particle),
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C,, is the average number of contacts per particle. The average coordination number of an as-

sembly or a represented volume of the assembly is

n

C =% 3.1)

where  My=total number of contacts within the assembly volume

P=total number of particles

The coordination number characterizes the density of the packing between particles of a given
granular medium. Researchers have shown that high correlation exists between C, and global
density variables (void ratio, density, porosity). It is postulated that the greater the value of C,,
the higher the stability of the packing. Oda (1977) analyzed the co-ordination number in the
random assemblies of glass particles to evaluate the stability of cohesionless soils against ap-
plied external forces. Oda (1977) concluded that mean value of co-ordination number is

closely related to the mean value of void ratio.

3.1.2.1 Definition of stress

Stress is a continuum quantity and therefore does not exist at each point in a particle assem-
bly, because the medium is discrete (PFC manual, 1999). However, various researchers have
tried to formulate micro-structural equivalent stress tensor for granular materials. Here there is
no meaning to the term “stress at a point,” because forces may fluctuate widely from point to
point; therefore, an estimate of stress is only possible over a finite volume of space (PFC
manual, 1999). A generally accepted description of average stress tensor in terms of the sum-
mation of discrete contact forces and fabric can be expressed as (Bathurst and Rothenburg,
1988):

> fCI5 1,5=1,2 [two dimensional] (32)

— 1

. =—
¥

VceV

where f;°and l]c. refer to scalar components of contact forces f° and contact vectors

I° at contact locations (see Figure 3.2).

With the aid of the virtual work principle, equivalent expressions for three-dimensional ideal-

ized granular assemblies have been reported by Christoffersen et al. (1981) as:
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o =;Z_]tl.j =(t;), t; =nfl7 (o not summed), (3.3)

where 7 is the number of contacts in volume V (taken as the unit of volume). Similar

to the two dimensional case (equation 3.2), f;* and /7 refer to scalar components of

contact force f* at contact o and contact vector 1% that connects the centroid of two

grains in contact at a,; the stress is assumed to be symmetric.

As discussed by Bathurst and Rothenburg (1988), the above is an approximation to the stress
tensor of continuum mechanics for granular media comprising large but finite number of rigid
particles. Hence stress calculated from equation (3.2) or (3.3) would be expected to fluctuate
from subvolume to subvolume. The fluctuations can be expected to become smaller as the
subdomain volume becomes larger (hence, number of particles). It is also an accurate ana-
logue to the continuum stress tensor for finite but large number of particles. However, it re-
quires exact knowledge of contact forces and contact vector terms for all particles (Bathurst
and Rothenburg, 1988). Hence an alternate definition is sought by some researchers using a

purely static approach and considering that for a particulate material, stresses exist only in the

particles. The average stress tensor g ; in a volume V of material with N, particles, is defined

by

_ le_
g, = ;ZG;P)VW (3.4)
N

P

(

where G; ) is the average stress tensor in particle (p); V® volume ¥V containing N,

particles.

The average stress tensor in a particle (p) is given by

y

_ 1
(p) _ (p) (p)
Gy == Iaij” av'? (3.5)

v(p)
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3.1.3 Micro-scale deformation during slow and quasi-static

loading

Unlike continuum materials, deformation of granular materials like sand produces movement
of individual particles. Although the particles themselves may deform, this deformation is lo-
calized near contacts, and deformation of granular material results primarily from the shifting
of particle centers (Kuhn, 1997). This fundamental assumption is quite reasonable for hard
quartz particles and is well accepted. There have been few attempts to quantify and visualize
the deformation that results from particle movements i.e. microscale deformation. The most
rigorous among them are the theoretical as well as experimental description of Oda (1972,
1997); Oda et al. (1980, 1982); and Satake (1992, 1993) known as particle chain and particle
graph method, respectively. In the followings, these two methods are described with the inten-
tion that they will enable us to understand what’s happening in granular medium subjected to

slow loading.
Method 1: Particle chain and deformation measures

In this method deformation is viewed as a combination of stretches and shears along the
chains or “solid paths” (Kuhn, 1999). The method had its inception in early stress-dilatancy
studies (Rowe 1962; Horn 1965a,b). Oda (1997), by means of optical analysis using micro-
scope and thin sections on five different sands, experimentally established and viewed the
method as development of column-like structure extending parallel to the major principal
stress direction up to failure (Figure 3.3a). The axial stress is mainly transmitted through this
column and gradually increases until peak stress and finally starts to buckle (Figure 3.3b). Oda
tried to relate these column structures to large voids inside shear band and proposed a possible
dilatancy model for granular soil. During strain hardening process, small voids between the
columns are connected to make ellipsoidal ones (Figure 3.3a) and in the strain softening proc-
ess, voids are gradually enlarged between the buckling columns. Also particle rotation and
resistance to it plays crucial role during the shear banding in addition to slipping at contacts.
Hence, traditional sliding based concept of micro mechanical deformation is replaced by both
sliding and rolling at contact. Numerical simulation of idealized granular media by Oda et al.

(1982) and Bardet and Proubet (1991, 1992) had also confirmed the above finding.
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Hence at the heart of particle chain method developed by Oda is particle rotation as the domi-
nant micro deformation phenomenon, especially when interparticle friction is large. Two
technical terms, rolling and rotation, must be carefully distinguished (Iwashita and Oda,
1998). The former denotes a micro-mechanism of deformation taking place at contacts, while
the later denotes pure rotation with respect to a reference axis. Following is the theoretical
background on micro deformation mechanism based on rolling and sliding at contact between

two particles (Bardet, 1994 and Iwashita and Oda, 1998).

Deformation Measures: Rolling and Sliding

For simplicity, let us consider a plane strain condition of assembly of particles, which is being
incrementally deformed. Two particles 1 and 2 are in contact during the small time step from t

to t + dt, as shown in Figure 3.4. The terms in the figure are explained below:

C and C'- contact points before and after deformation

C| and C, - position of material point at C after deformation at particles 1 and 2,

respectively

nand n' — unit vectors normal to the contact surfaces at C and C'

dp - angle between n and n'

dO; and d6, — incremental rotations (in radian) of particles 1 and 2, respectively

(counterclockwise rotation being positive).

The arc lengths CC’, and C'C;, which represent the displacement of the contact point C on

each particle, are given by
da=r(d9, - dp) db =1,(d6, - dB)
where 1; and r, are the radii of particles 1 and 2, and da and db are positive when

measured counterclockwise

The relationship between da and db represents the condition of the nature of deformation be-

tween two contacting particles. If da equals —db, pure rolling occur. If da equals db, pure slid-
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ing occurs without contact rotation. These are the two extreme cases; contacts may be succes-
sively and/or simultaneously rolling and sliding. da and db can now be expressed in terms of

rolling (dUr) and sliding (dUs) displacements as follows:

da = dUr + dUs; db = -dUr + dUs

Or dUr = (da - db)/2 dUs = (da + db)2

where minus sign for dUr in db indicates that rolling causes opposite signs for da
and db. It should be noted that a displacement component dUn also takes place par-

allel to contact normal n.
A contact constitutive model can now be defined based on the above description of contact
normal (dUn), contact rolling (dUr) and contact sliding (dUs) displacements. This important

representation of contact constitutive law will be further illustrated in section 2.3.3.

Method 2: Void based Deformation measure — Particle Graph Method

This method is based upon the graph-theoretical work of Satake (1992, 1993). The method
explicitly considers the void between particles in a granular assembly. It is assumed that the
particles are circular and rigid and overall deformation is caused only by relative displace-
ments at contact points. The method is basically developed for two-dimensional assembly of

particles.

As is shown in Figure 3.5, an assembly of granules is replaced by a graph called the particle
graph. The three elements of particle graph; point, branch and loop correspond to those of the
assembly; particle, contact and void, respectively. In case of three dimensional, number of
elements in a particle graph becomes four and the correspondence between elements of the

graph and those of the assembly is explained in Table 3.1.

Details of the mathematical background of this method are omitted here due to its limited ap-
plication and lack of general acceptance to micromechanical research. However, the underly-
ing concept of the method has a potential application in visualizing the micro deformation

through numerical experiments as is described below.
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Application of particle graph method

Recently Kuhn (1999) applied the method to numerical experiments on a large two-
dimensional assembly of circular disks. In order to measure deformation of individual voids at
microscale, void cell geometry and their evolution during biaxial compression were described.
In its initial state, the particle graph had contained 3950 void cells, 7727 contacts and 3777

load bearing particles. The following changes were observed during the biaxial test.

e As biaxial compression proceeds, the number of void cells is reduced, and their aver-
age size increases.

e The void cells become monotonically larger and more elongated in the direction of
compression, primarily due to loss of contacts between particles and their horizontally
oriented neighbors.

¢ The more vertically elongated void cells tend to dilate; whereas, horizontally flattened
void cells tend to compress.

e Slipping and energy dissipation occurs at particle contacts, which form the edges of a
particle graph; whereas, deformation occurs within the void cells that form the faces

of the graph.

The last point is used to explain the initial contraction and subsequent dilation of dense granu-
lar material. The apparent discrepancy between overall, macroscale compression while the
average void cell size and effective void ratio grow continually larger is due to the fact: aver-
age void cell shape is initially isotropic and hence void cell elongation initially has no effect
on volume change. The early reduction in void ratio is a consequence of an increasing mean
stress, which pushes the particles more closely together. As the vertical stress increases and
the voids become vertically elongated, their average behaviour becomes increasingly more

dilatant, eventually causing the entire assembly to expand.

One of the important conclusions drawn by the authors was that local void fabric and defor-
mation was interrelated. The interrelation was dynamic, with void fabric changing signifi-

cantly as deformation proceeds and, in turn, affecting the subsequent deformation.
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3.14 Plasticity at micro-scale

Plasticity theories have been an important development in engineering to analyse failure and
flow. One of the fundamental questions to the theoretical investigator as well as practitioner is
why soils behave as they do when stresses become too severe (Davis and Selvadurai, 2002).
So far the continuum theory of plasticity has enabled us to explain the macroscopic inelastic
response of soil as observed through the laboratory tests. This has been an important devel-
opment and enhanced our understanding of soil behaviour. However, to better understand the
phenomenon of failure in soil, there is now renewed interest to analyse soil response at micro-

scale and how grain contact deformation is related to overall inelastic response.

All the classic stability problems in soil mechanics such as slopes, retaining walls, tunnel as
well as foundations are the result of intense deformation manifested along shear bands or dis-
continuities (Davis and Selvadurai, 2002). This intense shear strains occur because of large
shear stresses. As the shear strain grows, particle structure or fabric is disrupted. This could be
result of particle rearrangement and/or from particles fracturing or crushing. However, at low
stress, only particle rearrangement can trigger the fabric change (Oda, 1977). These two
mechanisms, fracture and rearrangement, combine to produce the irreversible effects we call
plasticity (Davis and Selvadurai, 2002). For non-cohesive granular material such as sand, a
typical feature is the absence of the elastic domain even for small shear loading, but the im-
mediate occurrence of plastic flow (Ehlers et al., 2001). This may certainly be the result of
rearrangement. These observations indicate that inelasticity observed in granular mass could

be direct result of micro-scale particle movements.

It is now generally understood that global recoverable strain is due to elastic deformations of
the contacts between particles and that irrecoverable global strain is linked to sliding and roll-
ing occurring between particles in contact (Cambou, 1998). In fact, many experimental results
(Oda et al., 1982, Bardet, 1994) seem to demonstrate that the prevailing phenomenon to ex-
plain inelastic or plastic strain is the rolling between particles. This point has already been

discussed above.
3.15 Numerical modeling of discontinua

As is seen above, one of the requirements of micro-mechanical analyses of granular assembly
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is to measure discrete quantities such as forces between particles and displacements and rota-
tions of individual particles. This is difficult in physical experiments. Possibly the most pow-
erful way of modeling assemblies of discs and spheres is by numerical techniques. Numerical
modeling is more flexible in application than analytical modeling and has the advantage over
physical modeling that any data are accessible at any stage of the test (Cundall and Strack,
1979). The rapid advancement of computer during 70’s has revolutionized the modeling by
introduction of the computer code BALL by Cundall (Cundall and Strack, 1978) and shifts the

focus of micro-mechanical modeling from analytical/experimental to computer simulations.

Cundall and Hart (1992) identified three important aspects of numerical modeling of discon-

tinua, popularly known as discrete element program as:

1. the representation of contacts,
2. the representation of solid material, and

3. the scheme used to detect and revise the set of contacts

According to the authors, any discrete element program should be capable of (1) allowing fi-
nite displacements and rotations of discrete bodies, including complete detachment, and (2)
recognizing new contacts automatically as the calculation progresses. There were four main
classes of computer programs that conform to the proposed definition of discrete element
method (Cundall and Hart, 1992). Table 3.2 summarizes the attributes, advantages and short-
comings of the methods. Later Bardet (1998) add four more to this class of program namely,

contact dynamics, structural mechanics methods, mean field and energy minimization method.

The choice of program for this research project i.e. particle flow code in three-dimensional or
PFC’” belongs to discrete element method, popularly known as DEM. It is therefore natural to

present an in-depth discussion on DEM and is done in the following section.

3.2 Discrete element method and Program PFC*"

Initially discrete element method (term ‘distinct element method” was used in the publication)
was introduced by Cundall (1971) for the analysis of rock mechanics problems. Later Cundall
and Strack (1979) applied the method to soils. A thorough description of the method is given
in the two-part paper by Cundall (1988) and Hart et al.. (1988). In section 3.3.2, the method is
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presented in relation to the points of most important aspects of a discrete numerical modeling
i.e. representation of contacts and solid materials and scheme to detect and revise set of con-
tacts. There are some DEM codes which are currently being used namely TRUBAL; UDEC;
3DEC; DIBS; 3DSHEAR; JP2 and most recent PEC*®/PFC’P. The idea of PFC originated
from the need to simulate the caving process, the flow of broken rock in mining (Guest and

Cundall, 1994). A description of the code is given in section 3.3.3.

3.21 Fundamental concepts

3.2.1.1 Representation of contacts

In DEM individual particles or bodies may be rigid or deformable, but contacts are always
deformable. Hence, the interface stiffness that connect force and displacements at particle
contacts, play a central role. This so called ‘soft contact’ concept was explained by Cundall
and Strack (1979) and Cundall and Hart (1992). Since contact forces are related to contact
displacements, one body must interpenetrate the other to produce any finite value of contact
force. What really happens is that surface deformation occurs rather than interpenetration.
This overlapping behaviour, in fact, represents particle deformation for particles with simple

geometry e.g. sphere and overlaps are small in relation to the particle sizes.

In order to calculate the unbalanced contact force from the relative movement at a contact
point, contact behaviour is idealized, as discussed by Oda and Iwashita (2000) and Fortin et al.
(2002), by using a set of elastic springs (to provide repulsive force), dashpots (to dissipate a
portion of the relative kinetic energy) and shear slider. Figure 3.6 represents the force-
displacement relationship (contact model) between two disks without rotational stiffness and
friction. The contact relationship is activated when the disks overlap. The character and values
of the contact stiffness, k, (normal) and k; (tangential), together with interparticle friction, p,
therefore, plays a major role in simulating intergranular behaviour (¢ represents cohesion and

is not considered for granular simulations).

An excellent study of interface stiffness including every possible interface conditions was pre-
sented by Misra (1995). The author described the expressions for stiffnesses and their back-
grounds in details for a generalized contact relation, which also includes torsional and rolling

or rotational stiffness. However, most of the DEM’s including PFC consider contact relation
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without rotational stiffness that is rolling occurs freely without providing any resistance
against it. The absence of rotational stiffness in conventional DEM such as PFC can be com-
pensated by non-spherical shaped particles. Also, for simplicity, only interface of smooth cy-
lindrical or spherical elastic particles are assumed. Therefore, in the following paragraphs,

only a summary of derivations for k, and ks are given.

The first organized study of force-deformation behaviour of particle interface is credited to
Hertz (1885), who studied the contact of frictionless non-conforming elastic bodies under
normal loads. Later Mindlin (1949) and Mindlin and Deresiewicz (1953) extended the theofy
to combined normal and tangential loads. A brief presentation of Hertz-Mindlin contact law is

given below.

Considering the contact area to be circular with a parabolic pressure distribution, the deforma-
tion of the particle in the vicinity of the point of contact is obtained using the linear elasticity
theory of pressure load on elastic half space (Johnson, 1985). This leads to the expression of
the radius of the contact area, @, in terms of the normal force at the interface, &, and the elastic

properties of the particles, as follows:

1/3
3NR

a=|—— 3.6
(8Ej 69)

where

1 1-v; 1l-v, 1 1I(1 1

—=—+——, —_—=— — 4 —

E 2G, 2G, R 2\ R R,

G, and G, are the shear moduli, v; and v, are the Poisson’s ratios, R; and R, are the radii of

the particles in contact.

2
Noting that 0, = % , rearranging equation (3.6) gives:

N= gE(Ré‘,f)”z (3.7
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where N is the total normal force and , is the normal relative displacement of parti-

cle centers

The resultant normal stiffness is expressed by

1/3
k, N L3R ok, (3.8)
ds, 8E

The resulting force-displacement relationship defined by equation (3.7) indicates a non-linear
behaviour (Figure 3.7a). This study, originated by Hertz (1885), was extended by Mindlin
(1949) to take into account the supplementary influence of a tangential force T at the contact
of two spheres by introducing Coulomb’s friction law along the surface of the contact zone.
Under a monotonically increasing tangential force, Mindlin (1949) demonstrated that, for a
constant normal force N, the effect of applying a tangential force T<uN is to cause a small
relative tangential motion or slip, over part of the contact area and localized on an annular sur-
face and form an annulus of slip. When T becomes equal to puN, this zone (annulus of slip)
extends to the entire zone of contact and, consequently, relative displacement of the two

spheres takes place.
Mindlin and Deresiewicz (1953) generalized the theory by taking into account the effect of

oscillating tangential force accompanied by varying normal force. Thornton and Randall

(1988) provided a concise form of the resulting tangential stiffness as follows

-1
k, = 8Ga(% + AN%;")“B - 1D (3.9)

where

0° =1 —[ T + ANJ (virgin loading)
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6’ =1- r -1 + AN (unloading)
2Ntang, N

6’ =1- r -T + ANV (reloading)
2Ntang, N

and T* and T** are the loading and unloading reversal points, respectively, as shown in

Figure 3.7b.

As indicated in section 3.1.3, relative displacement at a contact point can, in general, be de-
composed into two components: sliding and rolling. In the conventional DEM like PFC?P,

rolling occurs freely without providing any resistance against it.
3.2.1.2 Representation of solid material

The material comprising the individual particle may be assumed rigid or deformable. The as-
sumption of material rigidity is a good one when most of the deformation in a physical system
is accounted for by movement of discontinuities or discrete particles along interfaces. At a
low to medium stress level, the deformation of a packed-particle assembly, or a granular as-
sembly such as quartz sand, as a whole is described well by this assumption, since the defor-
mation results primarily from the sliding and rotation of the particles as rigid bodies and the

opening and interlocking at interfaces and not from individual particle deformation.
As this research work deals only with the hard quartz minerals (like Ottawa sand grain) the
case of deformable particles, which is more appropriate to model particle breakage, will not be
considered hereafter.
3.2.1.3 Numerical Implementation

| Figure 3.8 represents the basic calculation scheme in DEM (Dobry and Ng, 1992). The algo-
rithm of any DEM simulation consists essentially of two stages. First of all, forces are com-

puted from the relative displacement using an interaction law that allows particle to interpene-

trate each other. Movements result from the propagation through the particle system of distur-
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bances caused by a specified wall and particle motion and/or body forces. In the second stage,
Newton’s second law is used to determine, for each particle, the resulting acceleration, which
is then time-integrated to find the new particle positions. This process is repeated i.e. force-
displacement law continues to update the contact forces and Newton’s second law determine
the motion of each particle arising from the new contact forces in addition to the body forces,
until convergence is achieved. Hence, this is a dynamic process in which speed of propagation

depends on the physical properties of the discrete system.

A timestepping algorithm in which it is assumed that the velocities and accelerations are con-
stant within each time-step represents the dynamic behaviour numerically. The completion of
the above two stages constitutes one calculation cycle and represents an increment of time
equal to the time-step. The solution scheme is identical to that used by the explicit finite-
difference method for continuum analysis. Thus modeling follows a sequence of locally de-
termined dynamic equilibrium states rather than a series of globally determined static equilib-
rium states (Last and Harkness, 1991). In order for the equilibrium to be assessed locally in
this way, the incremental time-step between successive sets of calculations must be small
enough to prevent propagation of information beyond neighboring calculation points within

such a step (the scheme is conditionally stable).

For static problems one possibility is the use of the technique called ‘dynamic relaxation’, in
association with the finite difference method; the computations are set up as for a dynamic
problem, but in which the damping is artificial (Scott, 1987a). As also discussed by the author,
the significant advantage of the dynamic relaxation technique used with the finite difference
operation lies in its application to non-linear problems, and particularly those involving unsta-

ble material behaviour.

3.2.2  Particle Flow Code in 3D (PFC*")

PFC can be viewed as a simplified implementation of the DEM because of the restriction to
rigid spherical particles (a general DEM can handle any arbitrarily shaped of particles as well
as deformable particles). Hence, all the foregoing discussion on micro-mechanics and discrete
element method mentioned in section 3.2 and 3.3, respectively is also applicable to PFC. De-
tails of the logics involving formulation and simulation of a model by PFC can be found in

four volume PFC manuals. Cundall and Carranza-Torres (2004) summarized the details of

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



calculation cycle performed in PFC including law of motion and force-displacement law.

3.2.2.1 Basic entities

The two basis entities in PFC are particles, which is termed as ‘balls’ in three-dimension, and
walls (Figure 3.9). The term ‘particle’ denotes a body that occupies a finite amount of space as
opposed to more usual definition in the field of mechanics where it occupies only a single
point in space. The particles can be free (usual for the case of unbonded material such as sand)
or can be bonded together at their contact points (to model solid materials). The granular ma-
terial is approximated as a compacted assembly of many small particles. Figure 3.9 shows
such an assembly bounded by four walls. A wall is a plane that has arbitrarily defined contact
properties. A wall has one ‘active’ side, which only can interact with particles. Walls are used
in PFC both to define boundaries of a model and assist with the generation and compaction of

particles.

The particles and walls interact with one another via the forces that arise at contacts (due to
external excitation). In Figure 3.9 the black lines denote the contact forces between particles
and particle and wall. Forces acting on a wall do not influence its motion. Instead, its motion

is specified by the user and remains constant regardless of the contact forces acting upon it.

3.2.2.2 Contact models

In PFC, the contact constitutive model consists of three parts: a stiffness model; a slip model;
and a bonding model (for cohesive or rock materials). The normal stiffness is a secant (total)
and shear or tangential stiffness is in incremental form. Two contact-stiffness models are pro-

vided by PFC?: a linear model; and a simplified Hertz-Mindlin model.

PFC?® allows particles to be bonded together at contacts. Two bonding models are supported:
a contact-bond model and a parallel-bond model. Both bonds can be envisioned as a kind of
glue joining the two particles. The contact bond can only transmit a force, while the parallel

bond can transmit both a force and a moment.

3.2.2.3 Damping
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As has been discussed above the current DEM operates in dynamic mode and so does PFC.
However, the program can be used to model both static or dynamic problems. But the full dy-
namic equations of motion are solved even when the static solutions are required. This is ad-
vantageous to follow such phenomena as failure and ‘flow’ of material in a realistic manner.
For a static problem, the system either reaches equilibrium or starts to collapse. 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. The type of damping embodied
in PFC acts to suppress accelerating motion rather than velocity i.e. local non-viscous damp-
ing is available to dissipate energy, in addition to frictional sliding, by effectively damping the
equation of motions. The damping force is controlled by the damping constant a which is re-
lated to the ‘specific loss’ as defined by Kolsky (1963) as the ratio of energy lost per cycle to
maximum energy stored. An additional force vector is added to the unbalanced force vectors.

Similar is also applied to the rotational degrees of freedom.

3.2.24 Time step

For any given time step, force displacement equations are evaluated for all contacts assuming
velocities and positions are fixed; the laws of motion are applied by assuming all forces and
moments are fixed (Cundall, 2004). As a requirement of central difference scheme the integra-
tion method requires that the time step At is smaller than a critical value, At,,, which can be
calculated from the mass and stiffness properties of the complete element assemblage (Bathe

and Wilson, 1976). In PFC, the solution stability is estimated by

m / ktran

Aler = }} (3.10)

cr

At, =

cr

where ¥™" and ¥ are the translational and rotational stiffness, respectively, m is a single

point mass, and / is the moment of inertia of the particle.

A critical timestep is found for each particle by applying Eq.3.10 separately to each degree-of-

freedom and assuming that the degrees-of-freedom are uncoupled. The stiffness is estimated
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by summing all contributions (e.g., stiffness of all contacts with a particle) for that degree of
freedom. The final critical timestep is taken to be the minimum of all critical timestep com-

puted for all degrees-of-freedom of all particles.

A detailed explanation of each of the terms in equation 3.9 can be found in PFC*P manual,

Theory and Application (Itasca, 1999).

3.2.2.5 Tracking equilibrium

The use of an explicit, as opposed to an implicit, numerical scheme makes PFC possible to
simulate the non-linear interaction of a large number of particles without excessive memory
requirements or the need for an iterative procedure. The interpretation of results may be more
difficult than with a conventional continuum code that produces a ‘solution’ at the end of its
calculation phase. However, there are several indicators available to assess the state of the
PFC model i.e. whether the system is stable, unstable or at continuous flow of particles. These
are:

e Diagnostic forces — For the entire assembly of particles, maximum and mean unbal-
anced force  as well as maximum and mean contact force and the ratios of unbalanced
to contact force (both mean and maximum) are calculated automatically during
timestepping in a PFC’ run. These ratios can be used to establish a limiting condition
to denote equilibrium. The default on both is 0.01 (1% ‘error’).

e Tracking movement of particles during timestepping in the region of interest.

o Energy tracking

s Measurement spheres — can be used to measure porosity, stress, strain-rate, coordina-
tion number and sliding fraction (fraction of contacts contained within the measure-

ment sphere that are slipping).

*The unbalanced force is the net force acting on each particle and indicates when a
mechanical equilibrium state (or the onset of granular flow) is reached in static
analysis. Forces are contributed to each particle through its contacts with other parti-
cles or walls. The model is in perfect equilibrium when the net force vector at each
particle centroid is zero (i.e., the forces acting in each particle are nearly in balance).

If the “unbalanced” or “out-of-balance” forces approach a non-zero value, this indi-
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cates that continuous movement of particles is occurring within the model.

If the unbalanced force approaches a constant non-zero value, this probably indicates that fail-

ure and granular flow are occurring within the model.

3.23 Micro-parameters

Micro-scale parameters of an assembly of granular mass can be defined in two categories:
contact parameters and particle physical properties. It is clear by now that DEM such as PFC
utilizes only three contact parameters with clear physical meaning, namely the two contact
stiffness (linear contact) or elastic properties of particle i.e. shear modulus G and Poisson ratio
v (Hertz-Mindlin) and interparticle friction coefficient p. In the physical properties category
falls the particle density.

It is, therefore, necessary to have a clear understanding about possible ranges of values of
above properties found in natural soil grains for effective simulation of boundary value prob-
lem involving natural soil by DEM. Although values of micro-properties for a particular mate-
rial will be eventually evaluated through calibration process, as described in Chapter 4, this is
important to check the validity of micro-properties assigned to PFC particles. Average values

of elastic properties for selected materials are presented in Table 3.3.

3.2.3.1 Measurements of interparticle friction coefficient (p)

As discussed by Proctor and Barton (1974), p is generally taken to be the average coefficient
of kinetic friction generated when one ‘typical’ soil particle surface is caused to slide slowly
over another through a significant displacement. Various workers in soil mechanics have tried
to measure p by laboratory investigation based on the common approach of a ‘constant p’ de-
fined in the form p or tang,=T/N. Proctor and Barton (1974) summarized the earlier works
and tried to build a general consensus on the matter discussing various environments affecting

its value. Table 3.4 shows the values of p of different mineral tested.

The results were found to be independent of: (a) apparatus tested, (b) range of normal force

employed, (c) shearing direction, and (d) speed of traverse.
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33 Summary

The discussion in this chapter revealed that a different but distinct mechanism exists, called
discrete element method or DEM, other than traditional continuum based methods of numeri-
cal modeling,. The fundamental principle of DEM is that only few parameters with physical
meaning are needed to formulate a boundary value problem compared to many and often not
so clear parameters in continuum based methods. This hypothesis has been tested and de-
scribed in the subsequent chapters starting with the material calibration in Chapter 4 by simu-
lation of triaxial tests to determine a best set of micro parameters to describe the macro behav-
iour of a particular soil and formulation and simulation of boundary value problems involving

that soil in Chapters 5 and 6.
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Table 3.1 Discrete mechanical quantities in 3D (after Satake, 1997)

Particle Contact Dual contact Void cell
Particle graph | Point Branch Loop Cell
MeCh' fp, up fc, Uc fd, U4 fv, Uy
Quantities

Table 3.2 Attributes to the four classes of discrete element method (after Cundall and Hart, 1992)

-
-]
5 2
T
Does not allow it, or = -1 =
Ed o B g
not applicable -% E o
£ S &
D Can model it, but may be = p:. = 3
inefficient or not well-suited % < 3 £
- g B 2
Tt = € §
Models it well £ g & £
k7] S
A = 8 =
Contacts Rigid X | XV
Deformable v [V X | X
Particles Rigid N4 V44
Deformable VIVIVX
Many particles N B4 ~
Polygonal shape VIV IV
Packing Dense N X1 X
Loose VIV ENVT X
Displacement| Large VIV VIV
Small v |V X
Others Static VIV IV X
Dynamic Vo[ (v

Table 3.3 Elastic properties of selected continuum materials (at room temperature): (after Santamarina,

2001)

Material Elastic modulus Shear modulus Poisson’s ratio
E (GPa) G (GPa)

Quartz 76 29 0.31

Steel 207 83 0.27

Wood 0.2-16 - -

Granite 10— 86 7-170 0-0.3

Shale 0.4 -68 5-30 0.01 -0.34

Glass 55 - 0.25

Limestone 2-97 1.6 -38 0.01 -0.32

Salt 31-40 10-16 0.25-0.27
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Table 3.4 Friction properties of selected continuum materials (at room temperature): (after Santamarina,

2001)
Saturated Material Particle-particle Particle-plane
];);y Mean ¢, Stapd?rd Mean ¢,,, Stapd?lrd
degrees | deviation, | degrees | deviation,
degrees degrees
Saturated Glass ballotini 17.9 +2.38 15.5 +5.1
Stainless steel
ballotini 8.1 +2.1 8.6 +1.7
Quartz 26 * 222 +23
Feldspar * - 28.9 +1.1
Dry Glass ballotini 5-10 * 5-10
Quartz * - 17.4 +0.6

* Insufficient data to give meaningful values.

- No tests performed
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(1) Orientation (2) Relative Configuration

G - grain, P - contact, Ni - contact normal, L-axis: long axis

Figure 3.1 Fabric elements of granular sand (after Oda, 1972)

+5B = contact normal

1AB‘ = contact vector

AB

f contact force

a} Non-circular particle ) Disc-shaped particle

Figure 3.2 Contact normals, contact vectors, and contact forces (after Bathurst & Rothenburg, 1988)
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Figure 3.3 A dilatancy model for granular materials (after Oda, 1997)

particle 2
02

Figure 3.4 Kinematics at a contact: rolling and sliding (after Bardet, 1994)
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Figure 3.5 Particle graph (after M.§a_ta!<_e, 1997)
-~ s

i

Figure 3.6. Basic contact model (after Bardet, 1998)
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Figure 3.7. Contact force-displacement relationship
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(G

I produces aceeleration of particle

¥ Mi produces angular acceleration (spin) of particle
Time step is assumed to be small such that accelerations and velocities
are constant in this small time.

Time 1+ Ot
~ Parlicle occupices new position due 1o aceeleration

= New Pi's, Mi's arc computed for new position
= ¥Pi . Y Mi and process is repeated

Figure 3.8 Calculation scheme in distinct element method (after Dobry and Ng, 1992)

Wall
Wall Ball Wall
Wall

— Contact Force

Figure 3.9 Basic PFC configurations — assembly of balls bounded by walls (plane view)
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CHAPTER 4

Discrete Element Analyses of Triaxial Compression

Tests on Uniform Sand

The Discrete Element Method or DEM has attracted a great deal of research in the geotechni-
cal engineering due to its perceived capability to model soil grains. Material calibration is a
useful starting point for any numerical modeling method as it involves a small volume of ma-
terial with clearly defined boundary conditions. Details of the calibration of material response
formulated by DEM against laboratory test data will be presented. Only data from standard
Ottawa sand was considered due to its favorable grain shape i.e. round to sub-round which

could easily be modeled using spherical particles or clustered of spherical particles.

The following key questions were considered:

1. What are the key factors affecting stress-strain-volumetric and strength behaviour of a
DEM sample as observed through testing in simulated triaxial tests? What is the role
the shape and size of the DEM particle play on the calculated response?

2. How the behaviour from the simulations compares with the observed laboratory be-
haviour of natural sand (Ottawa sand)?

3. What are the appropriate values of the micro scale material parameters that closely re-
late the relevant macro-scale properties of sand and hence could be used to formulate

a boundary value problem by discontinuum modeling?

First of all, the physical triaxial test environment and the constitutive behaviour of uniform
quartz sand (sub-rounded to rounded in shape) as observed through conventional compression
tests (6, = o3) will be briefly reviewed in section in 4.1. The review will be restricted to the
engineering behaviour of sand mass where individual particles do not undergo inelastic de-
formations and/or rupture caused by elevated stress or temperature. This is consistent with the
scope of this research work. Hence, stress-strain-strength and volumetric behaviour under low
to medium stress conditions will be discussed. Influence of grain ruptures are beyond the

scope of this work. Also only the behaviour of dry sand or fully drained behaviour is consid-
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ered.

In the following the terms PFC and DEM are used interchangeably.

4.1 TRIAXIAL TEST AND SAND BEHAVIOUR

4.1.1 Conventional triaxial compression test

Laboratory test results on granular soil samples are interpreted by relating stresses and strains,
presuming that the granular material under consideration is a continuous medium (Hicher,
1998). In the case of granular soil, an element of finite volume contains particles, which are

discontinuously in contact with each other. The initial condition in the laboratory triaxial test

is usually a state of isotropic stress (0] = 0, = 0;). Compression at a constant strain rate
follows (o, >0, =03). 0|, 0, and 0, are the major, intermediate and minor effective

principle stresses.

A typical response of cohesionless granular medium from conventional triaxial compression
test is shown in Figure 4.1. A brief description of the differences between dense and loose

sample is provided below.
4.1.2 Triaxial response of sand

Hicher (1998) summarized the experimental behaviour of granular material. As discussed by
Hitcher (1998), the key points of the behaviour of sand as observed through triaxial compres-

sion test are:

e In a loose state (defined by relative density, Dr, 0<Dr<0.3) a continuous increase of
deviatoric stress (0°;-6°3) is observed until it attains a maximum value unaffected by
further changes in axial strain (g,). This final state is termed perfect plasticity.

e In a dense state, strain softening is observed after the peak. However, depending on
the boundary conditions and slenderness of the specimen, the softening or post-peak
response could be abrupt with out achieving perfect plasticity or could be smooth i.e.

stress-strain curve continue to reduce after peak. The former is well known as effect
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of strain localization i.e. the existence of a very pronounced peak followed by rela-
tively sharp drop in deviatoric stress. Reducing the slenderness of a specimen and
minimizing the friction between the rigid end platens and the specimen can lead to the
later response i.e. smoother post-peak behaviour.

e The relation of volumetric strain to axial strain is also distinct between the loose and
dense specimen. In a loose state, the volume change tends to attain a constant value as
axial strain (g;) increases and no further volume change occurs consistent with the
perfect plasticity condition of loose stress-strain behaviour. In a dense condition, the
specimen is initially contractant (decrease in void ratio) and then void ratio starts to
increase resulting in dilatant behaviour. This phenomenon of increase void ratio even
under compressive stresses is well known for dense granular media and is called “di-

latancy”.

Lee and Seed (1967) investigated the effect of increasing confining pressures on the stress-
strain and volume change characteristics of sand. For a dense sample, the effects of increasing
confining pressure are:

e the brittle characteristics of stress-strain curve are reduced,

o the strain to failure is increased, and

e the tendency to dilate is decreased.

In case of loose samples, the tendency for dilation at low pressures is not so strong as for
dense sands, while at high pressures the tendency for compression is greater. One interesting
observation was that at each confining pressure the void ratios at failure were the same for all

samples regardless of their initial void ratios.
4.2 MODELLING DETAILS FOR TRIAXIAL COMPRES-

SION TEST

4.2.1 Particle shape

Ottawa sand particles are round to subround (Salgado et al, 2000). Norris (1977) discussed the

definition of sphericity and roundness which formulate the shape of sand particles. Koerner
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(1968) points out that Ottawa sand consists of soil particles of well rounded shapes having
high sphericities (sphericity = 0.71). As discussed by Norris (1977), unlike sphericity, which
relates to the length to width ratio of a particle, roundness makes some assessment of the cor-
ner in a particle. Based on the discussion of Norris (1977) no natural sand particles are com-

pletely spherical (sphericity of 1).

In this research study a non-spherical particle is created by the concept of a ‘cluster’. Several
particles may be bonded together to form a cluster that can act like a particle of non-spherical
shape. In this analysis a cluster has been defined as a bonding of two particles in order to get
a shape closer to that of an Ottawa sand grain (Figure 4.2). It was ensured that cluster would
behave as a single rigid body with a deformable boundary and would not break apart, regard-
less of the forces acting upon it. This was achieved by bonding the pair in a cluster with high
bond strength and stiffness. Table 4.1 shows the assigned values of bond properties at a con-

tact between two spherical particles in a cluster.
4.2.2 Particle size

Figure 4.3 shows the grain size distributions of Ottawa sand and DEM particles (spherical par-
ticles). DEM samples contain particles whose sizes are just horizontal translation of grain size
of sand as explained below. Total of 5 different sizes of DEM particles are chosen in order to
show the effect of particle size on the constitutive behaviour of DEM samples. A closer look
of the size distribution of Ottawa sand reveals that the whole curve can be divided into two
distinct zones: (1) 0.2 to 0.4 mm and (2) 0.4 to 0.6 mm with d,;=0.28 mm and dg=0.42 mm,
where djg o g0 is the grain size by which 10% or 60% by mass are finer than that grain size.
Initial simulations were run generating particles of two sizes and single size ranges. No differ-
ence was found in the macro behaviour. Hence, all of the following simulations were con-
ducted using one size range between d;o and dgy of Ottawa sand but multiplied by a factor to
make the number of particles within the practical limit of computer power. Using an up-
scaling factor of 10 (Achmun and Rahman, 2002) the corresponding d;q and dgy for DEM par-
ticles become 2.8 and 4.2 mm, respectively. DEM samples were created generating particles

with plus or minus of this size range.

In case of non-spherical or clustered particles the same grain size distribution as shown in

Figure 4.3 applies as, in this work, a clustered particle is just made of two overlapping spheri-
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cal particles. In other words, only particle shape is altered by bonding two equal size particles
making up the same particle size distribution of Figure 4.3.

4.2.3 Particle contact

The Hertz-Mindlin contact law (Mindlin and Deresiewicz, 1953) models the contact
behaviour for simulations involving spherical particles. This is advantageous over the simple
linear model, in which k; and k; are constants independent of the history of N and T at that
contact (Dobry and Ng, 1992).

However, the above contact law could not be used for the case of clustered particles. Both
contact and parallel bonds are present in a clustered particle. The PFC ver.2.0 does not allow
Hertz-Mindlin law to be used along with contact bond. Therefore, linear contact law was used

in simulations involving clustered particles

4.2.4 Stages of the analysis

4.2.4.1 Sample generation

The objective of this stage of the analysis is to generate particles with a particular size and
distribution within a parallelepiped sample and compact the assembly to achieve a target po-
rosity. Compaction of the assembly was performed during particle generation to obtain the
target porosity. Two different techniques were followed for spherical and non-spherical parti-
cles (PFC User’s Guide, 1999). In the case of spherical samples, particles were generated with
a radius smaller than the required size and later expanded until the desired porosity was ob-
tained. This is a trial-and-error process and all the necessary spheres were generated based on
the required porosity and particle size distribution. In the case of bonded particles, each pair in
a bonded particle was generated at a time including the overlap, if any, to the desired position
and porosity was calculated after each pair was created. The particle generation process would

be automatically halted once the porosity became less than the target porosity.

During the above process the lateral boundary of the sample defined by the six walls remain

fixed in position i.e. zero lateral displacement. Note that all synthetic DEM samples are
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parallelepiped rather than the cylindrical shaped soil sample in a real triaxial test.

4.2.4.2 Isotropic consolidation

The second stage of the analysis deals with the application of equal and all-around confining
pressures to the sample through the six frictionless walls. Wall stresses were brought to the
desired confining stresses in an iterative manner. A tolerance limit of 0.5% (ratio of difference
between calculated stress at the walls and required stress to the required stress expressed as a

percentage of the required stress) was used in all the simulations performed.

Interparticle friction coefficient, 1, was then assigned to all particles at this stage compared to
zero friction during sample preparation stage. For a dense assembly, the value assigned to p
was found to have no effect on the porosity of the sample during sample generation; however
in the case of a loose assembly, it was found that p was required to be greater than zero to re-
tain the required porosity. In all the numerical simulations described below (dense and loose),

p was set equal to the 0.5, which is presumed to be the value of natural sand grains.

4.2.4.3 Application of deviatoric stress

In this third and final stage of the triaxial simulation, deviatoric stress was applied to the nu-
merical sample up to the desired strain level. The specimen was loaded by controlling the ax-
ial strain. This was achieved by moving the top and bottom platens toward one another at a
constant velocity (v). In order to minimize effects from dynamic impact to the sample, the ve-
locity was applied in stages. This was done by adjusting the velocities to reach the final value
in a sequence of specified number of stages (_nsteps) over a specified number of cycles
(_nchunks). An attempt was taken to see the effect of different values of the above parameters
to ramp up the platen velocity on the simulated results. The different scenarios are shown in
Table 4.2. Figure 4.4 shows little effect on stress-strain-volumetric response as both the above
parameters have been changed except a narrow band in the stress-strain curve beyond the peak
deviatoric stress. In the remainder of the section the values in Case A5 was considered as it

showed an average value in the band.

Throughout the loading process, the confining stress was kept constant by adjusting the lat-

eral-wall velocities in such a way as to reduce the difference between the measured stress and
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the required stress. Unlike the physical test where lateral confinement is done through a
flexible membrane, in PFC’ rigid walls were used to apply the confinement. The value for p
was set to its final value, which was required to correctly simulate the strength of the DEM

sample.

At each stage of the analysis the history of the mean unbalanced force with timestepping, the
ratio of mean unbalanced force to mean contact force and the history of movements of
particles at critical locations of the entire sample were assessed to ensure that the numerical
calculation reached a stable solution. Each of these indicators to assess the state of the DEM

model (stable, unstable or continuous flow of particles) has been described in Chapter 3.

4.2.5 Boundary conditions

4.2.5.1 Properties of loading platens

As was discussed in section 3.2 of Chapter 3, contact forces in DEM are directly related to the
external velocity applied and therefore, it is essential to assess the dynamic impact of loading
platen on stress condition inside the sample. This was done by setting the platen velocities to
zero at different axial strain increments, and noting the changes in stress components; if the
changes were too large, the whole test was repeated at lower platen velocities. The influence
of platen velocity on the calculated results for a dense simulation (void ratio, e=0.56) with
spherical particles is presented in Figure 4.5. These results were obtained by applying an in-
crement in platen velocity and then cycling until equilibrium was attained (ratio of the mean
unbalanced force to the mean contact force equal to 0.005). For a platen velocity of 0.25 m/s,
there was a large (60-100 kPa) decrease in deviatoric stress when cycling to equilibrium. The
drop increased with increasing axial strain. Reducing the platen velocity reduced the magni-
tude of this decrease. A value of V=0.01 m/s was able to minimize the drop to close to zero.
However, note that the V=0.01 m/s was obtained for a dense sample under a 100 kPa confin-
ing stress. Similar analyses were undertaken for dense sample at other confining stresses as
well as loose sample with different confining stresses. It was found that equilibrium platen
velocity depends on both void ratio and confining stress level. In the simulation results de-
scribed below, the platen velocity mentioned was the required value at which an equilibrium

condition could be maintained.
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The effect of the roughness of the platen on the calculated response is examined in Figure 4.6.
These results were obtained from small-scale simulations (50x21x21 mm sample) of a dense
material. Three platen roughness values (p,) of 0, 0.2 and 0.5 (referred to as cases B1, B2 and
B3, respectively) were considered. Figure 4.6 shows that both the peak stress and dilation in-
creases with increasing roughness of the loading platen. However, both the initial contraction
and initial dilation at low to medium strain (zero to two percent) was unaffected. In addition,
platen roughness seemed to affect the strain level at which peak stress develop; higher the
roughness smaller the peak strain. A clear pointed peak was developed for p,=0.5 friction co-
efficient while peak was smoother for p,=0.2 and 0.The calculated results show a similar trend
to the physical observation by Vardoulakis and Drescher (1985) that the onset of post-peak
strain-softening is earlier in the case of rough platens due to the formation of rigid cones at the

boundaries.

4.2.5.2 Lateral boundary condition

The lateral boundary condition in a laboratory triaxial test would impose constant radial pres-
sure on the sample. This would be achieved by flexible rubber membrane that surrounds the
sample, which is loaded by fluid pressure. This boundary condition would permit lateral dis-
placement along these boundaries (i.e., sample bulging). In PFC’®, the feature exists to im-
pose an average pressure along a boundary, but this boundary wall is rigid (Figure 4.7). The
consideration of a ‘rigid wall’ only option could be due to the simplicity of the analyses and
bulging may not be important for rock material. This would result in uniform lateral displace-
ment along the boundary and not allow the sample to bulge more in the middle than at the
ends of the specimen. There is still no efficient method to simulate flexible boundary in DEM.
Recently Tang Tat-Ng (2004) presented a historical perspective on the subject along with dis-
cussion on his proposed method to simulate flexible boundary. As discussed by Tang Tat-Ng
(2004), the only method developed so far is the placement of additional boundary particles to
simulate the rubber membrane. However, the method increases the computational effort sig-
nificantly. Tang Tat-Ng (2004) developed a method, which simulates the water pressure and

not the rubber membrane itself. The method has yet to gain any general acceptance.

An alternate approach of using multiple rigid wall segments is presented here. The premise
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being that bulging along the lateral boundary can be simulated using the available rigid wall
option provided that enough segments are employed along the boundary. Figure 4.8 illustrates

the approach of dividing the lateral boundary into a number of segments.

Three cases were considered to examine the influence of the effect of lateral bulging on the
calculated results. The first (C1) involved a single rigid wall segment for each lateral bound-
ary. In Cases C2 and C3, each of the four lateral walls was discretized in several vertical
(along the height: ny) and horizontal (along the width: ny) segments, as given in Table 4.3.
The segments were free to move, as they were not interconnected. In case of Series C3 the
heights of the middle three vertical segments were smaller relative to the top and bottom seg-
ments in anticipation that sample will bulge more in the middle. The three horizontal segments
in the direction of sample width were of equal width. The particular case of a dense sample

with smooth spherical particles was considered.

Figure 4.9 show the sample deformation at an axial strain of 20% for single and discretized
lateral walls. The calculated results for Cases C1-C3 are presented in Figure 4.10. In general,
allowing the sample to deform freely (approximately here) in the lateral directions resulted in
higher peak stress compared to rigid walls. An increase of 8.4 and 5.4 percent in peak stress
was observed as the lateral walls were discretized from C1 to C2 and C3, respectively. A
slight drop in peak stress at greater discretization could not be explained. However, flexibility
of lateral walls did not show any changes in the initial stiffness. Similarly, C2 showed highest
dilation compared to C1 and C3. A slight increase in dilation was observed in C3 compared to

Cl1. Also the initial volumetric compaction was insensitive to the lateral wall discretization.

While it is difficult to judge the effect of lateral boundary stiffness on the constitutive behav-
iour the bulging in DEM sample similar to that of physical sample is obtained through multi-
ple segment walls. Although the higher the number of segments the greater the computational
difficulty, one more case with higher discretization than C3 was tried. The lateral walls were
discretized in 10 vertical segments while horizontal segments remained three. Unfortunately
the program crashed during the consolidation stage after completing few cycles. The probable
reason could be that the boundary walls loose contact with the balls (remember that wall seg-
ments gets smaller) and if there is no contact PFC can not compute the wall stresses (it has a

equation where some parameter has to be divided by the contact count).
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This suggests that 7 vertical segments is the limit in the particular program used. Since only
small changes occurred between C2 and C3, it appears that C3 case provides reasonable

solution.

4.2.6 Numerical damping

The theoretical background behind damping in PFC has been described in Chapter 3. To in-
vestigate the effect of damping constant (o) on the calculated response, analyses were carried
out using sample size of 50x21x21 mm. In the original case o was equal to 0.7, which is the
default PFC value. Simulations were then run with a=0.5 and a=0.8. The three conditions are
named as D1, D2 and D3, respectively. The results are presented in Figure 4.11. It was found
that the value of the damping constant influenced obtaining stress equilibrium of the sample
during shear. The smaller the value of the damping constant, the more steps DEM required to
reach equilibrium. For example, for a model comprising of 495 particles, the case with a=0.5
required 1150 steps compare to 860 steps for the case with a=0.8. It is expected that the num-
ber of steps will increase with the number of particles as in DEM this local non-viscous damp-

ing is applied to each particle.

In the case of 0=0.5, the constitutive behaviour of DEM samples are somewhat inconsistent,
especially after peak stress, compared to o=0.7 and 0.8. The higher peak stress observed in
0=0.5 was probably due to the effect of accelerated motion of particles under reduced damp-
ing. Little changes in stress-strain relationship were observed for the cases of a=0.7 and 0.8.
Volumetric response was also somewhat inconsistent for the cases of o=0.5 and 0.7 and
higher dilation was observed as damping was reduced. The changing numerical damping was

further investigated in conjunction with the varying particle size and is discussed below.

It is clear that a damping constant of 0.8 helped to reach a stable solution within a reasonable
number of cycles as well as reduced the vibration in the calculated response. In the remainder

of the analyses damping constant equal to 0.8 was used unless otherwise mentioned.

4.2.7 Contact model

The Hertz-Mindlin contact law as described in Chapter 3 modeled the contact behaviour for

simulations involving spherical particles.
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However, the above contact law could not be used for the case of clustered particles. Both
contact and parallel bonds are present in a clustered particle. The PFC ver.2.0 does not allow
Hertz-Mindlin law to be used along with contact bond. Therefore, linear contact law was used

in simulations involving clustered particles.

4.2.8 Initial porosity

As has already been mentioned, during ball generation stage a porosity is specified. The num-
ber of balls generated depends on the specified porosity; the higher the porosity, the fewer the
number of balls. Also the forces generated on the boundary walls at this stage depend on the
porosity specified; the denser the assembly, the greater the forces exerted by balls on the
walls. During the consolidation stage, as the forces on the lateral walls are changed to gener-
ate the required confining stresses so does the porosity. This is examined in detail by using a
50x21x21 mm sample (495 balls). The configuration of the measurement spheres and their
locations are shown in Figure 4.12 The porosity is the average of the measurement spheres at
top, middle and bottom of sample. Details of the porosity measurement are mentioned in Ta-

ble 4.4 and important observations are summarized below:

- The measured porosities are always lower than the specified one at the end of sample
creation stage.

- There are increases in normal stresses at the sample creation stage if the specified po-
rosity is lowered from 0.38 to 0.35.

- The initial porosities at the end of isotropic consolidation depend on the required con-
fining stress; the higher the confining stress, the lower the porosity.

- The sample is not uniform in terms of porosity from top to bottom.

In order to evaluate the effect of particle size on porosity, the same sample but smaller particle
sizes (1671 balls) were investigated and the results are reported in Table 4.5. Only one
porosity (n,=0.38) was considered. Compared to the bigger size particle, higher wall forces
were generated even at the specified porosity of 0.38. In general, the final porosities at the end

of consolidation stage are lower than that of bigger size particle.

4.3 PARAMETRIC STUDIES WITH SMOOTH SPHERICAL
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PARTICLES

4.3.1 Particle size and number of particles

Particle size and subsequently the number of particles are important considerations in DEM.
As discussed by Cundall (2001), it is not possible to include in the numerical model every
grain of sand presents in any real construction involving sand mass. Even discrete element
samples cannot have the number of grains present in a laboratory triaxial sample. In this sec-
tion, results from analyses conducted with different particle size are reported to examine their
effect on the calculated stress-strain and volumetric behaviour. Also an attempt was made to
reach a final conclusion on the value of damping constant in conjunction with the particle
size. The particle sizes were constantly decreased until little changes on the constitutive be-
haviour due to changes in particle size were found keeping the sample size fixed at
165x70x70 mm. The sample size in the simulation was the same as the one used in the labora-
tory triaxial tests by Salgado et al. (2000) in order to minimize the simulation time during the
actual calibration of the DEM sample. Table 4.6 provides the details of the particle size and
number for the different cases analyzed. Dy is the diameter of sample (i.e. D=W=2.4L) and
ds, is the average particle size. Please refer to Figure 4.3 for comparison of particle size distri-

bution between DEM sample and sand.

Figures 4.13 and 4.14 shows little effect on the overall stress-strain-strength as well as volu-
metric responses of dense samples for the different particle sizes considered . There are, how-
ever, differences when particle size was increased to ‘Dy/dsq=8 (E1)’ and ‘D¢/dse=11.2 (E2)’.
Triaxial simulation on both these samples (E1 and E2) revealed that stress-strain response was
less stiff and post-peak strain softening was not as smooth as other cases. A little higher peak
stress as well as higher dilation after peak was observed compared to smaller particle sizes

(Dy/dsy=18.66 to 46.66 i.e. E3 to E6).

The above study of particle size was extended to a much smaller sample size (50x21x21 mm)
including only hundreds of particles. Only two cases of particle size distribution (minimum
and maximum in Figure 4.13) were considered, namely Dgy/ds=21/3.75=5.6 and
Do/dsy=21/2.5=8.4. Once again it was found that the peak deviatoric stress was insensitive to

the size effect only if the damping constant is equal to 0.8. This is shown in Figure 4.15.
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The above finding is significant regarding selection of particle size (in relation to the model
size) and the damping constant in DEM modeling. Size or scale effect was negligible provided
that the average particle sizes (dsp) of numerical sample remains close to or less than 4 mm
(for uniformity coefficient, C,=1.5) for a model size equivalent to a triaxial sample but only

with internal damping equal to 0.8.

Figure 4.16 shows the influence of particles size on the loose simulated behaviour. The
number of cases were reduced to 3 compared to 5 as in dense sample, namely, E1, E3, and ES.
These results were obtained with a=0.8. Notice that the platen velocity at which sample was
in equilibrium has been changed from 0.01 m/s for the dense case to 0.1 m/s in the loose case.
Similar to the dense case there is no significant difference in the stress-strain relationship us-
ing internal damping a=0.8. Also, except for the case of Dy/dso=8, little effect of particle size
variations on loose volumetric responses was found. The calculated results from cases E3 and
ES5 were very similar with higher deviatoric stress (by 20 kPa) beyond 4% axial strain. The
case with a larger particle size (E1) showed higher stiffness and less contraction compared to

E3 and ES5.

4.3.2 Elastic properties of particles

Cohesionless, granular materials are commonly assumed to be composed of elastic-frictional
particles, which obey Hertz-Mindlin contact theory (Morgan and Boettcher, 1999). As dis-
cussed in Chapter 3, the Hertz-Mindlin contact constitutive law at a particular contact is de-
fined by two parameters: shear modulus G [ML'T™]; and Poisson’s ratio v [-] of contacting
particles. The overall constitutive behaviour of a material, particularly the stiffness, is simu-
lated in DEM by specifying appropriate values of these parameters. It is therefore important to
know what impact would different values of these parameters have on the macro response of

an unbonded granular assembly.

Four different combinations of G and v were considered. They were named as F1 (G=1.0 GPa,
v=0.2); F2 (G=10.0 GPa, v=0.2); F3 (G=1.0 GPa, v=0.3) and F4 (G=1.0 GPa, v=0.1). The
reason to select these values was based on comparison of some preliminary DEM analyses to

that of sand. The particle shear modulus, G, was found to affect the stiffness, peak deviatoric
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stress as well as dilation of dense sample; the higher the G, the greater the stiffness and dila-
tion but the smaller the peak stress (Figure 4.17). However, initial contraction of the sample
was found to be less compared to G equal to 1.0 GPa. Negligible effects of particle Poisson’s
ratio on the constitutive behaviour were found. This is similar to the findings of Borja and
Regueiro (1998) who concluded that for a given particle assembly the predicted overall stress-

strain response depended almost exclusively on the chosen value of G.

The value of particle shear modulus of G=1.0 GPa which was found to closely match the ini-
tial stiffness of Ottawa sand is 30 times lower than the typical value for a quartz mineral (see
Table 3.3 of Chapter 3). This is probably because particle shape is perfectly spherical com-
pared to sand particles (Borja and Regueiro, 1998). This will be further discussed in the cali-

bration section of this chapter.

The influences of G and v on loose sample responses are shown in Figure 4.18. The observa-
tions were quite similar to that of dense samples. G has only a direct effect on the stiffness of
the sample; the predicted overall response becomes stiffer as G increases and subsequently the
stress-strain curve shifts upward or downward based on the higher or lower value. On the
other hand, changing G was found not to affect the volumetric response of the loose sample.
As was observed for the dense sample, varying the particle’s elastic Poisson’s ratio has virtu-

ally no effect on the overall loose constitutive response.
433 Interparticle friction

In the physical world, the parameter p is generally taken to be the average coefficient of ki-
netic (sliding) friction generated when one ‘typical’ soil particle surface is caused to slide
slowly over another through a significant displacement (Proctor and Barton, 1974). The im-
portance and significance of p in relation to the overall strength of a granular mass has been
discussed in section 4.1.2. It is therefore, important to measure this parameter in order to get
the total available strength of a sand mass. Numerical experiments could be a viable alterna-
tive to the physical testing to measure interparticle friction or at least confirm the physical
findings. One of the advantages of simulations is to see the role of contact friction on the

macro behaviour of a granular mass.

The different cases were named as: G1 (u=0.1); G2 (u=0.5) and G3 (p=1.0). These friction
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values were assigned to the particles after the consolidation stage and before the application of
deviatoric stress in the simulated triaxial tests. The other parameters were G=1.0 GPa, v=0.2,
0=0.8 and V=0.01m/s. The following observations were made in case of dense specimens

(Figures 4.19 and 4.20):

e Keeping other parameters constant, the peak deviatoric stress increases with increas-
ing values of . It was also found that the higher the value of p, the greater the strain
softening. At p = 0.1, there was no clearly defined peak in stress-strain curve. As p
increases from 0.1, the peak was more clearly seen.

e The effect of p was also observed on volumetric response; the higher the value, the
greater the dilation (Figure 4.19). This was consistent with the sample void ratio
measured at any strain level during shearing (Table 4.9); the smaller the p, the smaller
the void ratio. Table 4.9 shows comparison of void ratios.

e The initial compaction during shearing also varied with p; higher compaction was ob-

served with higher values of p (Figure 4.19).

Figure 4.21 shows the influence of particle friction coefficient on loose simulated sample be-
haviour. The stiffness of the stress-strain curve was changed based on different p values: the
higher the p, the higher the stiffness. Subsequently the stress-strain curve moved upward as p
was increased (an increase in deviatoric stress of 142 % was observed at p equal to 1.0 over p
equal to 0.1 at 8.5 % strain). Dramatic changes also were observed in sample volume change
as p was changed from 0.1 to 1.0. At u equal to 0.1, the sample experienced the highest con-
traction within a short axial strain (less than 1 %). In other words, the loose DEM material
compressed instantly to a large value at comparatively low p value and continued compressing
but at much lower rate as the sample was strained resulting in higher stiffness. On the other
hand, for 1 equal to 1.0, the material experienced first an initial contraction, reached a plateau
and started to dilate at axial strain equal to 4 %. The contraction reduced greatly at both p
equal to 0.5 and 1.0. The observation was anticipated as lower friction values encourage rapid

displacement and re-arrangement of particles at much lower boundary forces.

4.34 Effect of particle rotation

Due to computational simplicity most of the DEM research so far has been concentrated using
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perfectly smooth circular (2D) discs or spherical (3D) particles (e.g. Sitharam et al., 2002;
Sitharam and Nimbkar, 2000; Thornton, 2000; Morgan and Boettcher, 1999a, 1999b; Bardet
and Proubet, 1991 and 1992; Bathurst and Rothenburg, 1990). However, simple circular discs
or spheres were found to roll excessively resulting in peak simulated friction angle often lower
than those of soils (Oda and Iwashita, 2000; Thomas and Bray, 1999; Jensen et al., 1999;
Bardet, 1994; Rothenburg and Bathurst, 1992). One of the options in DEM is to freeze the
particle rotation. Although this option is not considered to be logical anymore (Iwashita and
Oda, 1998; Jansen et al., 1999; Mirghasemi et al., 2002; Thomas and Bray, 1999), it is carried
out as one of the parametric studies in this research to examine the particle rotations in detail

and to confirm the previous research findings.

The effect of particle rotation on the simulated results is presented in Figure 4.22 for a dense
sample. The dimension of the sample was chosen to be smaller (50x21x21 mm) than the pre-
vious cases to reduce the computational demand. All other conditions were similar to those of
the previous simulations including particle size range of 3.0 to 4.5 mm. Three specific condi-
tions were considered: (H1) rotations of all particles were fixed, (H2) rotations of particles
along the middle-third of sample were fixed while keeping the top and bottom-third particles
free, and (H3) all particles free to rotate. The case H3 was originated from the idea that in
laboratory triaxial test bulging occurs mostly at the middle third of the sample and therefore

the spherical particles at the middle third have the greater tendency to rotate.

Fixing the rotations (H1) increased the peak strength by a factor of 7 and at a higher axial
strain (5 % compared to 1.5% in H3) and showed much larger initial volumetric compression
that with the particles free to rotate. However, interestingly, fixing particle rotation only at
the middle third of the sample generated stress-strain behaviour comparable close to that of
free rotation case. The peak strength (H2) was increased by a factor of 1.5 only while volu-

metric strain closely follows to that of H3.

In addition to the effect on peak strength, degree of particle rotation has also effects on macro

stiffness of the assembly; the smaller the particle rotation, the greater the stiffness.

The degree of particle rotation was examined at various locations of the DEM sample with

free particle rotation. The average incremental rotational velocities in X, y and z directions are
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plotted against axial strain and are shown in Figure 4.23. Details of particle rotations are pre-
sented in Appendix A. The observations are similar to those of Oda and Iwashita (2000) in
that the rotational velocities are distributed uniformly with both positive and negative veloci-
ties so that the mean velocities are close to zero. As explained by Oda and Iwashita (2000),
this is due to the fact that clockwise rotation of a particle makes its neighboring ones rotate
counterclockwise in a sample where rotation is not controlled. Figure 4.24 shows the average
particle rotational velocities of the top one-third of the sample where particle rotations at the
middle-third of the sample were fixed. Comparing Figures 4.23 (b) and 4.24, clearly, there are
fewer rotations at the top part of the sample up to axial strain of 4% due to fixing particle rota-

tions in the middle of sample.

Hence, there is rotational resistance to all the particles in a sample during pre-peak and peak
response in stress-strain behaviour and on average, simple smooth spherical particles acted
like a natural sand grain having roughness and non-spherical shape. Having said that it was
not intended to use this option any further as it represented just an arbitrary modeling option
without broad application. The objective was to confirm the previous research finding of ex-
cessive rolling (smooth spherical particles) on peak strength of an granular assembly i.e. DEM
simulations using simple disks or spheres with free rotation usually underestimates the shear

strength of a granular medium subjected to uniform compressive loading.

4.4 PARAMETRIC STUDY WITH NON-SPHERICAL PAR-

TICLES

Probably the most effective way to capture interlocking of natural soil particles and thus the
true shear resistance between them by discrete element modeling is to model the shape of the
soil particles as accurately as possible. The simple logic of ‘particle clustering’ has been ex-
plained in section 4.3 (see Figure 4.2). Two spherical particles can be bonded together to cre-
ate a more natural looking Ottawa sand grain. Once again small-scale simulations were per-
formed using few hundred particle ‘clusters’. The individual particles were created using the
size range of 2.0 to 3.5 mm to keep the clustered particle size close to that of non-clustered

Casces.

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The investigation was intended to see the influence of overlap, x, and different particle size in
a cluster on calculated results. In the first case, two equal size particle having three different
overlaps were examined: I1 (x=R); 12 (x=0.8R) and I3 (x=0.5R). In the second case, three dif-
ferent particle sizes in a cluster of two particles touching each other (no overlap) were consid-

ered, namely, (R2=R1), (R2=0.8R1) and (R2=0.5R1).

Figures 4.25 and 4.26 show the result of this parametric study on a dense sample. As was ex-
pected, the smaller the distance x, the greater the angularity of the particle and hence, the
higher the peak deviatoric stress (Figure 4.25). The rate of post-peak strain softening was also
higher as x was increased. On the other hand, angularity of particle does not have any effect
on the stiffness of the mass. This is exactly similar what is usually observed in physical tests
between sub-rounded to sub-angular shaped quartz sand mass (Norris, 1977; Koemer, 1968).
Volumetric response did not change between x=R and x=0.8R until x was reduced to half of R
where much higher dilation was observed. This is also similar to the case of physical results
where sand consisting of angular shaped grains have greater dilation compared to less angular

shaped grains.

Similarly, as can be seen from Figure 4.25, both peak stress and dilation increased as the size
of the second particle was increased from half of the first particle (R2=0.5R1) to being the
equal of the first particle (R2=R1). This confirms the previous research using DEM on the
effect of particle shape (Ni, 2000 and 2003) who defined the shape of a non-spherical particle
by the term ‘shape factor’ as (R1+R2)/R1, where R1 and R2 are the radii of the larger and
smaller spheres in a cluster. A single spherical particle has a shape factor of 1, whilst a
particle comprising two spheres of the same size has a shape factor of 2. As discussed by Ni

(2003), both the peak angle of shearing resistance and dilation increases with shape factor.

Finally, comparing Figures 4.22 (series E3) and 4.25 and 26, it is shown that a DEM sample
comprising simple clusters of two spheres has the higher peak stress compared to a sample
comprising smooth spheres. This is due to the availability of greater interlocking opportunity
in a clustered sample. Similar calculations were obtained by Rothenburg and Bathurst (1992)

using planar elliptical particles compared to that of disk-shaped particles in two-dimension.

4.5 COMPARISON WITH MEASURED TRIAXIAL COM-
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PRESSION RESULTS

This section describes the comparison between results from measured physical triaxial data on
Ottawa sand to that calculated from DEM comprising an assembly of spherical particles and
general shaped particles (clustered particles). Please note that the Hertz-Mindlin contact law
only applies to the case of spherical particles. It can not be used in the PFC code for the
cluster particles and consequently, the linear contact law was used in the case of cluster parti-

cles.

The physical data against which the numerical results were calibrated is shown in Table 4.8.
Ottawa sand, which is round to sub-round in shape (Salgado et al., 2000) was selected for this
work. Various researchers have described the behaviour of Ottawa sand from triaxial com-
pression tests (e.g. Salgado et al., 2000; Norris, 1977; Koerner, 1968; Holubec, 1966). Figure
4.27 shows the variability in peak friction angle of Ottawa sand for a wide range of confining
pressures and densities under drained triaxial compression tests as tabulated in Table 4.8. Ta-
ble 4.8 revealed that friction angles of dense to medium dense Ottawa sand varies among the

different laboratories under different testing procedures.

Based on the findings of parametric studies in the previous section and literature review on
elastic properties as well as interparticle friction of sand grains, Table 4.9 shows the various

input parameters and their values for numerical triaxial simulation on DEM samples.

In the case of clustered simulations no changes were made to the values of micro-parameters
used in the simulations involving spherical particles. This is acceptable as the objective was to
model only the shape of the grains and not the grains itself. For segmental lateral walls only

the case of seven (length) by three (width) segments at each side was considered.

4.5.1 Dense sample (c;=100 kPa)

The comparison of the constitutive behaviour calculated by DEM samples (dense) to that of
Ottawa sand is shown in Figure 4.28. The number of particles for the cases of ‘PFC spheres
free and fixed’ and ‘PFC general’ were 18154 spherical particles and 16560 particles, respec-
tively. Regarding the overlap distance between two particles in a cluster, it was found that x

equal to 0.9R (between the cases F1 and F2 in Figure 4.25) best represented the physical data

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in matching both peak stress and post-peak response. The overlapping distance of 0.8R and R
overestimated and underestimated the peak stress, respectively. Therefore, data obtained from
x equal to 0.9R is only shown in Fig 4.28. Very good matches have been obtained in overall
stress-strain-volumetric responses, especially the hardening part of the stress-strain curve. The
calculated peak stress of DEM sample is just little higher than that of the physical one (284
and 296 kPa for PFC spheres fixed and PFC general, respectively compared to value 282 kPa).
However, the strain to failure of DEM sample is less than that of the physical one (2.13 and
2.18 % compared to 3.75 %). The rate at which the stress decreases after the peak is similar in

both the physical and DEM stress-strain behaviour.

The volumetric response as observed in the DEM sample matched the general trend of the
physical sample with initial volumetric contraction followed by an increase in volume. How-
ever, the calculated results are less than the measured volumetric strains from 0.5 to 3% axial
strain and are larger than those measured beyond 3% strain. Also, the onset of dilation in both
the physical and the DEM samples was before the peak stress but at smaller axial strains (0.5
%) in laboratory triaxial sample compared to 1 % in the DEM samples. This small difference
in initial volumetric response could be attributed to the specified particle elastic properties,

especially the particle shear modulus, in DEM samples.

4.5.2 Loose sample (c;=400 kPa)

The comparison of the constitutive behaviour obtained by DEM simulation of DEM samples
(loose) to that of Ottawa sand is shown in Figure 4.29. The number of particles for the cases
of ‘PFC spheres free/fixed’ and ‘PFC general’ were 15518 and 16284 particles, respectively.
Input parameters were similar as mentioned in Table 4.9 except V and p. V=0.1 m/s was cho-
sen as it maintained the stress equilibrium under 400 kPa lateral stress (see discussion on pa-
rametric studies). The particle size distribution was kept similar to that of dense sample. How-
ever, the number of particles was less than that of dense sample because of the higher void

ratio.

Very good agreement has been obtained using clustered particles. However, volumetric com-
pression of DEM samples was higher than that of physical one. For example, at 2 % axial

strain compression was overestimated by 0.4 %. Also the DEM materials were less stiff com-

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



pared to the Ottawa sand. The stiffness increased as interlocking of grains were modeled accu-
rately i.e. either by incorporating rotational resistance to spherical particles or shape of the
Ottawa sand into the numerical model. Similarly rotational resistance of DEM particles has
helped to reduce the rate of sample compression gradually similar to that of Ottawa sand.
DEM samples of perfectly spherical particles (PFC spheres free) tended to compress at a high

rate and deviated from the observed triaxial volumetric response at higher strain.

4.5.3 Effect of confining stresses

The physical triaxial laboratory data of Holubec (1966) on Ottawa sand were considered. Ho-
Iubec (1966) conducted triaxial compression tests on both dense (e=0.55) and loose (e=0.66)
sands at three different confining stresses (210, 415 and 690 kPa). The dimensions of DEM
sample were 102 mm x 51 mm x 51 mm similar to the physical dimensions of 51 mm diame-
ter and 102 mm height. Minimum particle radius was 1.0 mm and a ratio of rmax/rmin of 2.0
was used based on the grain size distribution of sand. Loading platens were smooth as was the
case in laboratory tests. Values of the other required parameters were the same as mentioned
in Table 4.9. Only the case of ‘PFC general’ with the overlapping distance between particles,

x, equal to 0.9R was considered.

Once again stress equilibrium was checked during shearing by stopping the platen and cycling
to equilibrium. The platen velocities at which no large stress drops were observed were 0.05
and 0.1 m/s for 210 kPa and 410 kPa and beyond, respectively. This is consistent with the pre-
vious simulation cases of 100 kPa and 400 kPa lateral stress for which 0.01 m/s and 0.1 mV/s,
respectively were needed to reach stress equilibrium. Figure 4.30 shows the comparison at
different confining stress level for the dense sample. The results of the simulation from 100
kPa are also shown. First of all, DEM simulations captured the well-recognized behaviour of
granular material i.e. peak stress is confining stress dependent. Secondly, there is a consistent
pattern as the confining stress was increased; the tendency to overestimate the peak stress in-

creased as the confining stress was increased including the curve at 100 kPa (see

Figure 4.30).

The pattern of volumetric responses closely follow to that of the physical ones i.e. the higher
the confining stress, the greater the initial contraction and smaller the dilation. Notice that the

physical volumetric responses as obtained from Holubec (1966) did not show any significant
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changes with the changing confining stresses. Also as in the case of 100 kPa, the DEM curves

underestimated the observed physical curves.

Figure 4.31 shows the comparison at different confining stress level for the loose sample.
Once again the simulated curves closely follow to those of the physical ones i.e. loose sample
tends to contract after a certain axial strain at lower confining stress. However, as noted ear-
lier a perfect match was not obtained between the simulated and physical response. The DEM
simulated loose volumetric response tends to overestimate the volumetric strain. However, as
can be seen from Figure 4.29, the tendency to overestimate reduced at the lower confining

stress.

In summary, the peak stress of the dense and volumetric strain of the loose DEM samples tend

to match the respective responses of the physical samples better at lower confining stress.

4.6 Summary

Triaxial Compression tests on uniform sub-rounded sand were simulated using the discrete
element program Particle Flow Code in three-dimension (PFC’®). Assemblies of smooth
spherical particles as well as ‘clustered’ particles at both dense and loose densities were mod-
eled. The shape of Ottawa sand grain was modeled by clustering two equal spheres overlap-
ping each other. Both rigid single and segmental walls were used as lateral boundaries. The
concept of segmental walls as an alternative to flexible boundaries was introduced. It was
shown that this more simplistic approach to otherwise complex flexible membrane in three-

dimension has allowed the numerical sample to bulge.

First of all, detailed parametric studies were undertaken to explore and identify the sensitivity .
of the numerical output to the various input parameters such as particle size and shape, parti-
cle elastic properties and friction coefficient, particle rotation, as well as sample size. Next the
calibrations of the simulated triaxial responses from DEM samples were done against
laboratory triaxial data on Ottawa sand at both dense and loose conditions as well as at differ-

ent confining stresses. The following conclusions were reached:

e Imrespective of density and confining pressures, the followings particle contact pa-

rameters (using the Hertz-Mindlin contact law) best fit the stress-strain-volumetric
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behaviour of Ottawa sand under triaxial compressive loading:

- Particle shear modulus: 1.0 GPa
- Particle Poisson’s ratio: 0.2

- Contact friction coefficient between particles: 0.5

e To capture peak strength as well as the modulus of uniform sand, the best modeling
approach is for clustered particles using linear contact law.

e The stiffness of the numerical sample was insensitive to particle rotation or particle
shape and was only affected by the particle elastic properties such as shear modulus,
G and Poisson’s ratio, v.

e For a model size close to that of a triaxial sample (165 mm x 70 mm x 70 mm), the
size or scale effect was negligible provided that the average particle size (dsp) of the
numerical sample remains close to or less than 4 mm (for a uniformity coefficient,
C,=1.5) and with internal damping equal to 0.8.

e Bulging in DEM samples can be simulated by multiple wall segments. While each
unit of the discretization is rigid the overall response is close to the rubber membrane
as is used in laboratory tests of soil samples.

e The proposed modeling to capture the shape of Ottawa sand grain i.e. overlapping of
two equal spheres, has worked well to replicate the laboratory peak strength of stan-

dard Ottawa sand.
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Table 4.1 Bond properties of clusters

Parallel bond
Parameter | Normal Shear Normal Shear Radius
strength, strength, stiffness, stiffness, multiplier*
N/m’ N/m’ N/m’ N/m’
PFC Pb n Pb s Pb_kn Pb ks Pb r
command
Value Used | 1€20 1e20 lel3 lel3 1.0
Contact bond
Parameter | Normal Shear
strength, strength,
N/m’ N/m’
PFC nb s b
command
Value Used | 1€20 1e20

* such that parallel-bond radius equals this multiplier times the minimum radius of the two bonded balls

Table 4.2 Different cases of ramp up the platen velocity

_nsteps (total cycle to _nchunks (number of Cycle in each step Series
reach final velocity) : 1 steps): 2 3=1/2
1000 80 12.5~12 Al
4000 80 50 A2
2000 40 50 A3
2000 160 12.5~12 A4
2000 80 25 AS

Table 4.3 Different cases of lateral boundary conditions

Number of segments in Lateral Boundaries (Rigid Wall) Series
One C1
Three by three in each wall (ng=ny=3) C2
Seven (length) by three (width) in each wall (ng= 7, ny=3) C3
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Table 4.4 Initial Porosities of PFC samples (Tyip=1.5 mm)

Isotropic consolidation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Creating the sample
(tmin=1.5 mm)
Specified Measured Confining Measured
porosity average stress average porosities
porosities (kPa)
no 1y o 1y
0.38 Top - 0.364 30 Top —0.367
Middle - 0.367 Middle - 0.37
Bottom — 0.37 Bottom —0.376
100 Top —0.364
Middle — 0.367
Bottom — 0.37
500 Top—-0.35
Middle - 0.35
Bottom — 0.36
0.35 Top - 0.296 30 Top-0.37
Middle — 0.29 Middle - 0.366
Bottom — 0.29 Bottom — 0.356
100 Top—0.365
Middle - 0.36
Bottom — 0.35
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Table 4.5 Initial Porosities of PFC samples (fyin=1.0 mm)

Creating the sample Isotropic consolidation

(tmix=1.0 mm)

Specified | Measured Confining stress Measured
porosity | average (kPa) average
porosities porosities
1o ny o3 ng
0.38 Top—-0.34 30 Top —0.366
Middle - 0.336 Middle - 0.362
Bottom — 0.334 Bottom — 0.358
100 Top —0.363

Middle — 0.358
Bottom — 0.354
500 Top - 0.353
Middle - 0.35
Bottom — 0.344

Table 4.6 Configuration of different PFC samples

Cases Sample Size Particie Size Range Average Number of
(Dy) to Particle (mm) Particle Size Particles
Size (d) Ratio (dso)
(mm)
El Dy/dso=8 7.0-10.5 8.75 1429
E2 Dydsp=11.2 5.0-6.25 5.62 3921
E3 Dy/dsy= 18.66 3.0-45 3.75 18154
E4 Dy/dsy=23.33 24-36 3 35457
E5 Dy/dsp= 28 20-3.0 25 61270
E6 Dy/dso = 46.66 1.2-1.8 1.5 283660
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Table 4.7 Average sample void ratios at different particle friction

Particle friction | Initial void ratio | Void ratio at 10% strain
(W

0.1 0.36 0.37

0.5 0.36 0.396

1.0 0.36 0.404
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Table 4.8 Physical and mechanical properties of Ottawa sand

Designation C. €max €min e D, o3 End Ormax Sample Size
(Reference) (kPa) | Conditions | (degree) | (mm)
D=diameter,
H=height
A 2.0 0.822 | 0.443 0.465 94 207 frictionless 38.3 D=51
(Holubec, 414 H=102
1966) 690
0.537 95.7 207 39.5
0.632 60.3 207 34.6
B 1.25 0.796 | 0.524 | 0.555 70 207 frictionless 33.7 D=H=
(Koerner, 414 102
1968) 690
C - - - 0.499 89 42 frictionless 38.5 D=H=51
(Norris, 1977) 0.571 60.5 118 34
0.495 96.5 333 37.7
0.546 97 42 41.8
0.532 103 118 39.9
0.628 66 333 344
D 1.48 0.78 0.48 0.558 74.1 100 not known 35.9 D=70
(Salgado et al, 0.537 80.9 100 36.5 H=165
2000) 0.59 63.3 400 34.7
0.586 64.6 100 34




Table 4.9 Fundamental Input Parameters in PFC?® for material calibration

Name Symbol Value
Particle shear modulus G 1.0 GPa
Particle Poisson’s ratio v 0.2
Contact normal stiffness ky 1x10° N/m
Contact shear stiffness ks 1x10° N/m
Particle contact friction n 0.5
Particie density Pd 2650 kg/m3
Numerical damping o 0.8
Loading Platen Friction 0.0/0.2
Lateral wall normal stiffness K 1x10° N/m
Loading platen normal stiffness Kop 1x10° N/m
Platen velocity \%

o3 < 100 kPa 0.01 m/s

63> 100 <400 kPa 0.05 nvs

o3 2 400 kPa 0.1 m/s
Particle size (diameter) d 3.0-45mm

2.0-4.0mm
Overlapping distance in X R, 1.1R and 1.2R
clustered particles R=particle radius
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DEM simulation

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—o— D/d50=18.66
—a— D/d50=23.33
- —=— D/d50=28

—x— D/d50=46.66
| —%— Salgado etal

(o]
o

@
[0
=
>
'g ,;6 0 —+— Holubec
e Koerner
w
= 40 D=sample diameter DM Sarm
o d,,=average particle ample
o 20 - size da:!mm15
o
0
0.01 0.1 1 10

Particle Diameter (mm)

Figure 4.3 Particle size distributions of numerical samples and Ottawa sand
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Figure 4.4 Effect of parameters to ramp up the platen velocity on simulated dense constitutive behavior
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Figure 4.4 (Contd) Effect of parameters to ramp up the platen velocity on simulated dense constitutive
behavior (Sample size: 50x21x21 mm, G=1.0 GPa, v=0.2, 0=0.8, p=0.5 and v=0.01 m/s)
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Figure 4.5 Effect of platen velocity on stress equilibrium of dense PFC samples
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Figure 4.9 Macro deformation pattern of dense PFC sample (smooth spherical particles, (55=100 kPa): (a)
initial condition (b) rigid single walls (c) rigid discretized walls
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Figure 4.10 Effect of lateral boundary on simulated dense stress-strain-strength and volumetric behavior
(Sample size: 165x70x70 mm, G=1.0 GPa, v=0.2, 0=0.8, n=0.5 and v=0.01 m/s; C1: single wall; C2: 3 by
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Figure 4.11 Effect of numerical damping on simulated dense constitutive behavior (Sample size: 50x21x21
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Figure 4.12 Size and locations of measurement spheres within a pfc sample
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Figure 4.13 Effect of particle size on dense simulated stress-strain-strength and volumetric behavior
(Sample size: 165x70x70 mm, G=1.0 GPa, v=0.2, a=0.8, u=0.5 and v=0.01 m/s; E1: Dy/dso= 8; E2: Dy/ds
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Figure 4.14 Effect of particle size on dense simulated peak strength
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Figure 4.15 Size effect on simulated dense peak strength
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Figure 4.16 Effect of particle size on loose simulated stress-strain-strength and volumetric behavior
(Sample size: 165x70x70 mm, G=1.0 GPa, v=0.2, 0=0.8, p=0.5 and v=0.1 m/s)
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Figure 4.17 Effect of particle elastic properties on simulated dense stress-strain-strength and volumetric
behavior (Sample size: 165x70x70 mm, 0=0.8, p=0.5 and v=0.01 m/s; F1: G=1.0 GPa, v=0.2; F2: G=10.0
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Figure 4.18 Effect of particle elastic properties on simulated loose stress-strain-strength and volumetric
behavior (Sample size: 165x70x70 mm, o=0.8, u=0.5 and v=0.1 m/s)
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Figure 4.19 Effect of u during shear on simulated dense stress-strain-strength and volumetric behavior
(Sample size: 165x70x70 mm, G=1.0 GPa, v=0.2, o=0.8 and v=0.01 m/s; G1: p=0.1; G2: p=0.5 and
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Figure 4.21 Effect of p during shear on simulated loose stress-strain-strength and volumetric behavior
(Sample size: 165x70x70 mm, G=1.0 GPa, v=0.2, «=0.8 and v=0.1 m/s; Gl: p=0.1; G2: p=0.5 and
G3: p=1)
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Figure 4.22 Effect of particle rotation on simulated dense constitutive behavior (Sample size: 50x21x21
mm, G=1.0 GPa, v=0.2, p=0.5, a=0.8 and v=0.01 m/s; H1: rotations of all particles were fixed; H2:
rotations of particles along the middle-third of sample were fixed while keeping the top and bottom-third
particles free; H3: all particles free to rotate)
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Figure 4.23 Variation of average incremental particle rotational velocities versus axial strain: free rotation
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Figure 4.24 Variation of average incremental particle rotational velocities (top one-third of sample) versus
axial strain: fixed rotation (middle-third)
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Figure 4.25 Effect of clustering (overlap) on simulated dense constitutive behavior (Sample size: 50x21x21
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Figure 4.26 Effect of clustering (particle size but no overlap) on simulated dense constitutive behavior
(Sample size: 50x21x21 mm, ko=ks=1.0xe® N/m, 0=0.8, p=0.5 and v=0.01 m/s)
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Figure 4.27 Variability in friction angle of Ottawa sand
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Figure 4.28 Matched constitutive behavior (dense) between physical test and PFC simulation (G=1.0 GPa,
v=0.2, u=0.5 and v=0.01 m/s)
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Figure 4.29 Matched constitutive behavior (loose) between physical test and PFC simulation (G=1.0 GPa,
v=0.2, u=0.5 and v=0.1 m/s)
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Figure 4.30 Dense simulated and physical constitutive relationships at different confining stresses (PFC
general: G=1.0 GPa, v=0.2 and p=0.5)

106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1200

Loose
1000 }
§ o,=0=415 k.Pa
%, 800 . J
[72]
o
» 600 |
2
2 400 o '
>
3 . measurgd( H%Iugec)t )
! e measur ado et a
200 ~— PFC simulation
0 A
0 2 4 6 8 10
Axial Strain (%)
2
Loose a measured (Holubec: 210 kPa
I =  measured (Holubec: 415 kPa
1f e measured (Salgado: 400 kPa
= i = PFC simulaton (400 kPa)
s [ —— PFC simulation (210 kPa)
g o . S L L
0] ® 3
o 4, 2 4 6 — . 10
= A A A A
g-']: ...lll-.Ill-'l
3 1 * . o o .
O 3
= A
2
3L

Axial Strain (%)

Figure 4.31 Loose simulated and physical constitutive relationships at different confining stresses (PFC
general: G=1.0 GPa, v=0.2 and p=~0.5)

107

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5

Discrete Element Modeling of Centrifuge Testing of a

Shallow Tunnel in Sand

Soil behaviour is highly stress dependent. Consequently, a centrifuge modelling technique has
been employed to a test small-scale model (1/Nth-scale) under high gravity (Ng) so that field-
scale stress levels are reproduced. The centrifuge is a convenient tool to simulate field-scale in
a small-scale model. Centrifuge testing is often conducted to simulate problems that challenge
a model numerically. Chambon and Corte (1994) (hereafter, C and C [1994]), used centrifuge
testing to investigate the near-face behaviour of circular tunnels in clean sand. They analyzed
several tunnel diameters and various tunnel depths, and presented their findings in terms of
face-pressure collapse and near-face deformation patterns. A discussion of C and C’s results
will be presented in section 5.1.1. In this chapter, discrete element modeling (DEM) was used
to simulate the problems posed by C and C (1994). Results of discrete element modeling were
compared to those of C and C (1994), and to results from closed form solutions (discussed in

Chapter 3 and summarized in section 5.1.2).

First the numerical results are presented for a typical test of a tunnel in dry sand with a C/D of
2.0. A parametric study and a more in-depth discussion follow regarding the influence of vari-
ous numerical variables on these results. Finally, comparisons are drawn between the numeri-

cal results and physically observed failure mechanisms.

The discrete element modeling used in this chapter to simulate the C and C (1994) centrifuge
testing used the best-fit particle stiffness parameters (Table 4.8) established in Chapter 4 for
clean sand. The grain size for the centrifuge simulation models was higher than the typical
grain size considered during material calibration. The effect of grain size was studied in detail
and is discussed in section 5.3. Also simulations in this work were limited to using spherical

shaped particles only.
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5.1 PHYSICAL TESTING AND ANALYTICAL

PREDICTIONS

511 Centrifuge modeling of tunnel face stability

Chambon et al. (1991) and C and C (1994) investigated the face stability and near-face defor-
mation patterns of circular tunnels in Fontainebleau sand (Table 5.1) using a series of
centrifuge tests. The configuration of the centrifuge model used for all their tests is shown in
Figure 5.1. The tunnel face was simulated with a thin (0.2 mm) latex membrane, with slack
left to prevent mechanical influence on the face displacements. Details of the tunnel model are
shown in Figure 5.2. The pressure in the tunnel model during preparation (spreading of sand
in a rigid container) and during acceleration of the centrifuge was kept equal to the geostatic
stress at the centerline of the tunnel. Pressure on the face was then gradually reduced until
failure occurred. Two types of support for the tunnel face were reproduced: (1) a uniform
pressure for the compressed-air shield; and (2) a hydrostatic pressure to simulate the pressure
diagram in the case of a slurry shield. Specific details of the test procedure can be found in C
and C (1994).

The physical properties of Fontainebleau sand are shown in Table 5.1 where C, and e indicate
coefficient of uniformity and void ratio, respectively. Unit weight of the sand ranged from
15.3 to 16.1 kKN/m’, corresponding to relative densities from 0.65 to 0.92. The well-rounded

quartz and fine-grained Fontainebleau sand was white and clean (more than 99.5% SiO;).

C and C (1994) investigated the effects on face stability of tunnel diameter and of depth below
the ground surface. The level of acceleration used dictated the dimension of the prototype, as
the principal scaling law applying to tunnelling problems is that of length. Prototype diameters
of 5 m, 10 m, and 13 m were chosen corresponding to accelerations of 50 g, 100 g, and 130 g.
C and C (1994) expressed their results in terms of a ratio of the depth of the tunnel (C), meas-
ured from the ground surface to the top of the tunnel, to tunnel diameter (D). The full range of

parameters investigated is summarized in Table 5.2.
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C and C (1994) found that for the case of uniform face pressure on the face of a fully lined
tunnel (compressed-air shield) with C/D equal to 2.0, collapse occurs in three stages (Figure
5.3). No face movement was detected until the face pressure was decreased to 20 kPa as the
pressure was decreased gradually from an initial value equal to the weight of the earth at the
height of the tunnel centre line (K, condition). Any further decrease in internal pressure from
20 kPa, called the characteristic pressure (p.) by C and C (1994), resulted in an increment of
face movement (yielding). The limiting collapse pressure (ps) corresponding to the onset of
large deformations was detected by the sudden acceleration of movement (see Figure 5.3). C
and C found that the collapse pressure was little affected by changes of geometry at the rela-
tive depths considered (C/D = 0.5, 1, 2, 4) or by the density of the soil. For instance, for a C/D
ratio equal to 1, a change in density from 15.3 KN/m® to 16.1 kN/m® resulted in a change in
collapse pressure of only 0.1 kPa. An increase of 0.6 kPa in the collapse pressure was found as
the C/D ratio was changed from 0.5 to 2.0. On the other hand, the diameter of the tunnel has
an approximate linear relationship with the collapse pressure, e.g., doubling the diameter re-

quires an approximate doubling of the supporting pressure (Figure 5.4).

In addition to monitoring the face displacements, Chambon et al. (1991) and C and C (1994)
investigated the deformation patterns ahead of the tunnel face. They used coloured sand to
create horizontal planes in each sand block. After each test the sand blocks were moistened to
provide an apparent cohesion induced by suction. The blocks were then cut along different
vertical planes and the displacement pattern identified was carefully traced onto grid paper.
Figure 5.5 shows the displaced coloured sand layers. By combining both deformation and face
pressure Chambon et al. (1991) and C and C (1994) were able to clearly define the onset and
extent of yielding.

C and C’s centrifuge test simulates a complex problem involving shallow tunneling in soft
ground. The tunnel model was assumed to be the finished tunnel (i.e., permanent tunnel lining
installed). Therefore, the complete tunnel process involving tunnel advancement and associ-
ated changes in ground stress and displacement (radial loss, overcutting, etc.) around the tun-
nel were not modeled. Their experimental results are significant in understanding the parame-
ters affecting the short-term deformation response in cohesionless soil, i.e., face stability and

failure mechanism.
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5.1.2 Analytical results

Details of the mechanism (three-dimensional) and prediction of the drained stability of shal-
low circular tunnel construction are discussed in section 2.3.2 of Chapter 2. As discussed by
Sagaseta (1998), analytical solutions, used in conjunction with numerical methods and inter-
pretation of actual observations, form a basis for the prediction of performance in engineering
problems. This is particularly true for soil deformation around tunnels. Figure 2.5 (reproduced
here as Figure 5.6) shows predictions of collapse pressure in a shallow tunnel using different
analytical methods (equations 2.1 to 2.5 in section 2.2.2). Also shown in Figure 5.6 are the
centrifuge results for dry and clean sand. For a given tunnel diameter, in a case of dry, clean
sand (¢ = 40%, ¢ = 0), the analytical predictions of collapse pressure are always higher than
predictions from centrifuge testing. For instance, for a 5.0 m diameter tunnel, the theoretical
collapse pressure estimated by Vermeer and Ruse (2000), which was closest to the physical

results, was 39.4 percent higher than the collapse pressure measured by C and C (1994).

Although analytical predictions are based on an idealized tunnel model and a simplified fail-
ure mechanism in the ground ahead of the face, they are still used in practice for design pur-
poses. Due to their simplicity, analytical results are valuable in quantifying the face pressure
required for face stability and therefore are compared here with the numerical results using

discontinuum modeling.

5.2 SIMULATING CENTRIFUGE TESTS WITH DEM

5.21 Model Description

The dimensions of the actual centrifuge box (containing sand) used by C and C (1994) in their
centrifuge tests was 1200x800x360 mm (see Figure 5.1). During the time of this analysis it
was not practical, using desktop computers, to simulate the complete centrifuge box with par-
ticles of 2 mm diameter (approximate average grain size of Fontainebleau sand). In order to
simplify the analyses and take advantage of symmetry, the DEM models were reduced to half
of the physical model (Figure 5.7). In addition, because this research focused only on behav-

iour near the tunnel-face, grading of the particle size distribution was used to reduce the total
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number of particles, i.e., by increasing particle size toward the model boundaries (Figure 5.8).
This is similar to the approach used commonly in the finite element method where finer dis-
cretization is used in the zone of interest and coarse discretization is used in approaching the
model boundaries. Figure 5.9 shows the three-dimensional view of DEM material discretiza-

tion.

The second issue in simulating the centrifuge tests was simulating the steel tube used to repre-
sent the tunnel lining. This was solved by identifying the space which would be occupied by
the steel lining, and then bonding the particles in that region with bond properties that simu-
lated a perfectly rigid body. To eliminate any kind of movements of the particles simulating
the lining tube the particles were assigned zero velocities (x, y, and z components) and the
velocities were then fixed. The excavation was modeled by deleting the particles inside the
lining particles (see Figure 5.9). Forces equivalent to the required face pressure was specified
to each particle occupying the face to simulate the face pressure. The force to each face parti-
cle was calculated by multiplying the required face pressure times the area and dividing by the
number of particles. This process was different than that of physical modeling where pressur-

ized flexible membrane was used to control pressure.

5.2.2 Particle Characteristics

It is important to note that the tunnel problem involves much smaller strain than the triaxial
simulations and only the consideration of stress-stain behaviour up to pre-failure will suffice.
Figure 5.10 shows the stress-strain-volumetric response of dense DEM material up to 2% axial
strain. PFC-general refers to non-spherical particles and in Chapter 4 it was found that PFC-
general captured the stress-strain behaviour including the initial modulus of real sand. Figure
5.3 shows that during stage 2 of face deformation and just before face collapse, material strain
varies between zero and 0.7 percent. From Figure 5.10 the secant modulus is almost the same
up to 0.1 percent and becomes 23 and 36 MPa at 0.7 percent strain for cases of smooth spheri-

cal and clustered simulations, respectively.

Due to the limitation of computer power, although the initial modulus of DEM material of
spherical particles fell short compared to that of material consisting of non-spherical particles,
it was decided to proceed with the simple spherical shaped particles in tunnel simulations

rather than using the more computationally rigorous non-spherical particles. As will be shown
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later in this chapter, this worked well as it was found that a somewhat less stiff stress-strain
relationship of DEM material obtained from using smooth spherical particles produced little
deviation from the experimental result as far as comparison of collapse pressure was con-
cerned. In the following simulations, therefore, spherical particles with free rotation were util-

ized.

The particle sizes in the area of the tunnel face (region 1 in Figure 5.8) were chosen using the
ratio in the small-scale model of tunnel diameter (100 mm) to particle diameter (2 mm) as ap-
proximately 20. Table 5.3 shows the size distribution and number of particles in each zone

shown in Figure 5.8 (for the standard simulation case shown in Figure 5.12).

5.2.3 Boundary Conditions

The six walls that provided boundaries for the centrifuge box were frictionless, rigid, and
fixed in position. The top wall did not play any role as the particles in contact with the top
wall moved downward under gravity during the generation of initial stress. Therefore, there

was a free surface at the top of the model.

The tunnel tube was also rigid as described above. The particles were glued together by paral-
lel bonds with high strength. The glue properties of the particles simulating the tube are
described in Table 5.4. The surface friction of the particles comprising the liner was same as

the particles that made up the material.
524 Initial Conditions and Tunnel Simulation

The procedure followed in the DEM simulation was similar to that used in centrifuge testing

and constituted the following steps:

e After generating particles within the model boundaries, the tunnel tube was created
and the particles inside the tube were deleted to form the tunnel.

e Required gravitational acceleration (here 50g to model a 5 m diameter tunnel) of the
initial assembly of particles was specified and then cycled to equilibrium with the
tunnel model in place.

¢ During cycling, face pressure in the DEM simulation was gradually increased to the
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required pressure (geostatic horizontal stress at the centre line of the tunnel) while
stresses in surrounding material were also increasing under 50 g.

e At the end of cycling, the tunnel face condition was checked for any cave-in or blow-
out of face material. The 2™ and 3 steps were repeated with a
revised internal face pressure value if any of these conditions were noticed.

e Finally, the unit weight of the DEM material was checked for vertical stress at a cer-
tain depth. The vertical stress was taken as the average of three measurement spheres

installed at the required depth.

Two factors played a critical role during the gradual increase of face pressure in the DEM
model: (1) the number of increment stages and (2) the total number of cycles. In addition to
the required face pressure itself, the values assigned for the increment stages and total cycles
also dictated the initial face condition, i.e., whether the face would blow out or cave-in. This
was a trial-and-error process. Too few or too many cycles than actually required could result

in blowout or cave-in, respectively, of the face.

Table 5.5 summarizes the initial conditions for the all the simulations for the 5.0 m diameter
tunnel described below. Once the desired initial state was achieved, the face pressure (i.e.,
forces on the face particles calculated automatically from the new pressure) was gradually
reduced until face collapse occurred. The model was cycled to equilibrium during each face
pressure stage. A flow chart describing the procedure required for setting the initial conditions

and subsequent testing is given in Figure 5.11.

The Hertz-Mindlin contact law was used to model the contact behaviour between spherical

particles for the tunnel simulations described below.

53 CALIBRATION AGAINST PHYSICAL MODELING

53.1 DEM Modeling: Evolution of the Tunnel Face

Only three micro-parameters are needed to formulate and simulate a boundary value problem
in DEM, namely: two contact stiffness or particle/particle elastic properties (shear modulus, G

and Poisson’s ratio, v) and particle contact or interparticle friction, p. The values for these
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micro parameters were established in Chapter 4 and were found to be G = 1.0 GPa, v =0.2,
and p = 0.5 regardless of particle shape. Although particle shape played an important part in
matching the overall triaxial compression behaviour of the DEM sample to that of real sand,

this was ignored in the following simulations as explained in section 5.2.2.

Regardless of the calibrated values of the above mentioned parameters, it was intended to see
the effect of variation of these parameters on the tunnel response. In addition to the micro-
properties, which were needed to simulate the interaction of particles, numerical damping was
found to play a part. It was also found that model size and timestep affects the response of the
DEM sample. Hence, in order to get a clear picture of the tunnel response using DEM, the
effects of particle elastic properties and friction, damping, model size, and timestep were also
investigated. Finally, the effect of particle size was investigated. The simulation was started
with a size distribution of r;; = 3.5 mm and ratio rya/rmn = 1.5 in the zone of interest up to 1y,
= 5.5 mm at the boundaries, which resulted in 67143 particles (Table 5.3). The particle sizes

were reduced gradually while keeping in mind the limitation of computer power.

Unfortunately, Chambon and Corte (1994) published only one plot of horizontal face dis-
placement versus internal support pressure for the case of a C/D ratio of 2.0, a tunnel diameter
of 5.0 m, and uniform face pressure. Therefore, DEM simulations were performed mainly for
the above case and were compared with the results of the centrifuge data of Chambon and

Corte.

5.3.1.1 DEM curve using calibrated parameters

Figure 5.12 shows the comparison of the horizontal displacement of the tunnel face with de-
creasing confining pressure for a tunnel diameter of 5.0 m and a C/D ratio of 2.0. The micro
parameters were obtained by calibration against triaxial data of uniform clean sand, i.e., G =
1.0 GPa, v = 0.2, and p = 0.5 (regardless of particle shape). Although the overall trend was
consistent with the physical data, the DEM simulation showed 10 mm more settlement on av-
erage. The onset of yielding was also different, occuring at 10 kPa face pressure in the case of
DEM compared to 15 kPa in the physical observation. Another noticeable difference was ob-
served in the face deformation as the initial face pressure was gradually reduced to 10 kPa; the

face deformed at a constant but slow rate unlike the physical case where virtually no face
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movement occurred until face pressure was reduced below 20 kPa.

First, the differences could be attributed to the way the face movement was measured. In the
centrifuge model the face was represented by a thin (0.2 mm) latex membrane separating the
inside and outside of the cavity. Figure 5.2 indicates a displacement transducer was attached
to a rigid plate but it was not clear how it was fixed with the membrane or kept in place during
face deformation. In other words, there is uncertainty as to how the deformation of the mem-
brane was translated onto the transducer. In the DEM simulation, the measurement of face
deformation was more direct as displacements of each particle comprising the face were
counted and the average of the face particle displacements was used in the plot. It seems,
therefore, that a membrane in a physical test could artificially restrict the face deformation

while DEM measures the face deformation without any constraint.

Second, the differences could be due to the effect of particle shape as DEM material consist-
ing of smooth spherical particles showed less initial modulus than material consisting of non-

spherical shaped particles.

5.3.1.2 Parametric Studies

Figure 5.13 shows the effect of particle contact friction on the DEM simulation of tunneling in
sand and a comparison with the physical result. The damping constant a was 0.8; particles
were free to rotate and the default timestep was used. Better match with physical data, espe-
cially below 10 kPa, has been obtained for the case of p = 0.6. While no difference in simula-
tion was found regardless of pu values while the face pressure remained at the high end, > 10
kPa, differences appeared at low internal pressure. Below 10 kPa, the tunnel face displace-
ment curve for the case of p = 0.5 was stiffer than at p = 0.6 and also deviated from the physi-
cal data. The possible reason could be that at low confining stress, sliding between particles
occurs more easily than at high pressure for similar particle contact friction, resulting in lower

material strength.

Figure 5.14 shows the effect of damping on DEM simulation and a related comparison with
centrifuge data. The other parameters or modeling conditions were: pu = 0.6, free rotation of

particles, and a default timestep. It was clear that a damping constant of 0.8 better matched the
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physical curve as it did in the case of triaxial simulations; particularly below 15 kPa face pres-

sure.

Figure 5.15 shows the effect of particle size for the same model size as described above. The
original analysis was based on a ratio of small-scale tunnel diameter (D = 100 mm) to an aver-
age particle diameter (dso) of 11.5. The revised model uses a ratio of 16, i.e., the minimum
particle diameter in the zone of interest was reduced from 7.0 mm to 5.0 mm. The smaller par-
ticle size (rmn = 2.5 mm instead of 3.5 mm) better matched the physical curve in the upper
confinement range and reduced the gap between the DEM result and centrifuge data. This was
consistent with the observation of triaxial simulation where the sample consisting of rp, equal

to 3.5 mm showed greater modulus than that of the sample having 1, = 2.5 mm.

Figure 5.16 shows the effect of model size for the smaller particle size. The reduced model
uses only three discretization zones (1, 4, and 5) instead of the six in the original model (see
Figure 5.8) and subsequently the left boundary was moved from zone 3 to zone 1. Other
boundary conditions were kept similar. There was a boundary effect on the tunnel response as
can be seen from Figure 5.16 in accordance with the observation of boundary effects on other
types of numerical modeling such as the finite element method. However, the deviation was
not large. A difference in face movement in the order of only 1 mm was observed up to 15-kPa
internal pressures; the gap widens a little bit thereafter but there was no major shift in the

overall trend of face movement.

The effect of numerical timestep on the solution is shown in Figure 5.17. Although no effect
on collapse pressure was observed, a significant deviation occurred in the final stage of pres-
sure-displacement plot below 10 kPa; the path to reach collapse was different for different

timesteps. The physical path (final stage) was somewhere between.

The numerical correctness of the result or sensitivity of the DEM analyses was also examined
as different increments of face pressure were used while reducing the confinement. The above
analyses were based on increments of face pressure higher than the physical testing, as the
objective was to simply observe the interplay of various factors on the simulation results.
Analysis of a particular case was then undertaken using lower increments of confinement. In

the above DEM analyses (parametric studies) the increments of face pressure were: 80, 65, 50,
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40, 30, 20, 15, 10, 5, 4.8, and 4.6 kPa when face collapsed. In the revised analysis the face
pressure was reduced in the following increments: 10 kPa from 100 to 50 kPa; 5 kPa from 50
to 20 kPa; 2 kPa from 20 to 8 kPa; 1 kPa from 8 to 5 kPa, then 0.2 kPa until face collapse. The
comparison of results is shown in Figure 5.18. No effects on the pressure-displacement curve
were found until confinement was reduced to 10 kPa. Below 10 kPa the revised DEM curve
(PFC_2 in Figure 5.18) first touched the physical curve and then followed the physical curve
during the rest of the face pressure increments. Obviously at lower confinement just before
face collapse, the pressure increment in numerical modeling should be as small as possible to

capture the true plastic nature of the load-deformation curve.

5.3.2 Collapse Pressure and Failure Mechanism

5.3.3.1 Effect of geometry

As mentioned earlier, Chambon and Corte reported only the influence of geometry on the
value of the limiting face pressure without showing pressure versus displacements plots. They
found no significant difference in the effect of depth on the limiting pressure for a given di-
ameter. However, tunnel diameter was found to play a significant role. DEM simulations were
carried out for a C/D ratio equal to 0.5 for D = 5.0 m, and a C/D ratio equal to 1.0 for D = 10.0
m. The gravitational acceleration for the 10 m diameter tunnel was 10g. Material density was

again 16.0 kKN/m’. The results will be discussed below.
5.3.3.2 Collapse pressure

In the centrifuge test of Chambon and Corte (1994), the limiting pressure at which face col-
lapse occurred was determined from the shape of the diagram of horizontal face displacement,
with special attention paid to the sudden acceleration of the movement. This was also fol-
lowed in the numerical modeling. First of all, the collapse pressures as observed in parametric
studies for a particular geometry are tabulated in Table 5.6. For convenience the parametric
studies are named according to their figure number mentioned above. Comparison with the
centrifuge result was then shown in Table 5.7. The range for collapse pressure in the case of a
5 m diameter tunnel and C/D ratio equal to 2.0 was obtained through the parametric studies
described above. Theoretical collapse pressures in dry sand found by Anagnostou and Kovari

(1996) and Vermeer and Ruse (2000) are also shown in Table 5.7.
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A few important comments on Table 5.6 and 5.7 follow:

e DEM solutions for a collapse face pressure ranged from 3.4 kPa to 4.6 kPa; different
variables were found to alter the value slightly. However, a particle contact friction
coefficient equal to 0.6 (or ¢,= 31 degrees) together with a damping constant of 0.8
gave a value close to the physical results. The slightly higher p value compared to the
calibration in Chapter 4 (. = 0.5) was probably due to the spherical particles used in
tunnel simulation. This shows that in the DEM modeling of a real engineering prob-
lem involving hundreds of thousands of particles, simple shaped particles with higher
particle friction coefficients could be used rather than computationally expensive non-
spherical particles. As shown here the larger friction value might have compensated
for the interlocking which arises due to the non-spherical shape.

e The insensitivity to different parameters of the collapse pressure probably was be-
cause strains were relatively small.

e Chambon and Corte reported a single value for collapse pressure for each 5 m and 10
m diameter tunnel whether the value actually varies based on the C/D ratio. For ex-
ample, the value found for a C/D ratio equal to 2.0 for a 5 m diameter tunnel was 4
kPa. Keeping this in mind, the DEM results clearly show the collapse pressure tended
to be close to the physical value as particle sizes were reduced; the model size was the
same as the physical size and the increments of face pressure were close to the physi-
cal ones (see Table 5.6).

e The analytical solutions give higher values for collapse pressure compared to physical
and numerical methods. Among the analytical methods, the Vermeer and Ruse method
gave reasonable agreement with the numerical predictions for both 5.0 m and 10 m di-

ameter tunnels.

5.3.3.2 Near face displacements

In the physical test, as discussed by Chambon and Corte (1994), the pattern of deformation
was recorded after the test by wetting the sand and cutting the soil mass along different verti-
cal planes. For each of these planes the displacement pattern was identified from a careful
tracing onto paper of the position of the layers of colored sand. Figure 5.19 shows the failure

envelope observed for different soil covers to the outside of tunnel diameter ratio C/D. As dis-
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cussed by the authors, the bulb-shaped zone was limited by a vertical plane passing through
the tunnel face and by a concave envelope that starts near the tunnel invert, extends a half-
diameter in front of the face, and rejoins the vertical plane at a height of about one diameter

above the face.

The ground surface was affected only with relative depths C/D < 1 (Figure 5.19). With deeper
tunnels, the bulb closes and arching with force transfers to the crown of the tunnel.

A similar technique was adopted in numerical predictions. The incremental particle displace-
ments under failure pressure at various vertical points along two longitudinal sections (y-
direction) in front of the face were calculated. The limit of the displaced zone was determined
by identifying the sudden acceleration of vertical movement relative to the neighboring parti-
cles. The simulation case in Figure 5.15 with D/ds, equal to 16 was used to check the DEM
displacement pattern. Details of the settlement patterns at two transverse locations (x-
direction) namely, at the plane of symmetry (x = 0.0) and half way (x = 1.0 m) from the plane
of symmetry are shown in Appendix B. It was observed that no apparent sudden acceleration
of vertical movement was found that can precisely determine the zone of failed soil mass. This
was particularly true above the crown. The limit of the area of movement toward the tunnel
was, however, defined by observing change in the gradient of particle displacements. Below
the crown there were only movements of particles within the displaced zone; there were zero
movements or heave outside the zone of failure. Figure 5.20 shows the predicted and physical
displacement pattern (side view at model plane of symmetry, i.e., x = 0.0 m) for a C/D ratio
equal to 2.0 and a tunnel diameter 5.0 m. Measurements of heave or opposite movements of

particles were taken as zero displacement.

Figure 5.20 also shows the near face displacement pattern for C/D equal to 2.0 as was ob-
served in the physical test. The vertical extension of the near face displacement zone from
DEM modeling was shorter (0.8 times the tunnel diameter) compared to the physical test
which was one diameter above the crown. There was also wider extension in a longitudinal

direction (0.8 times the diameter compared to half the diameter).

The above procedure was repeated for a C/D ratio equal to 0.5 (D = 5.0 m, D/dso = 11.5). De-

tails of the settlement pattern at one transverse location (x-direction) is shown in Appendix B.
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Clearly, the displacement has extended to the ground surface, as was the case in the physical
test. Figure 5.21 shows the corresponding failure mechanism that could possibly be defined
from the longitudinal extension of the particle displacement at various vertical locations (ex-
cluding the area where the displacement rate was constant). The longitudinal extension was
the same as predicted in the case of C/D equal to 2.0; 0.8 times the diameter. The shape of the
displacement pattern from DEM was somewhat irregular compared to the physically observed

pattern (see Figure 5.21).

Figures 5.20 and 5.21 support the analytical assumption that failure occurs as a movement of
blocks consisting of a wedge and a right-angled prism extending from the tunnel invert to the

surface.

5.3.3 Sand flow into the tunnel

One of the benefits of DEM is the large strain capability, which enables one to observe the
flow of material into the tunnel. In order to see a completely collapsed tunnel face under zero
face pressure, one of the models described above was taken to its final stage, i.e., face
pressure was reduced to zero. For this analysis the model described in Figure 5.15 but with
D/ds equal to 11.5 was used. Figure 5.22 shows the resulting flow of sand in a plane along the
line of symmetry (see Figure 5.9). Rows of particles were marked as black dots in order to get
a clear pattern of displacement in front and above the face. Displacement vectors of the
collapsed tunnel along the same plane are shown in Figure 5.23. It was clear that sand flow
stabilized at the angle of repose. Figure 5.23 indicates the failure zone, which was a chimney
failure as observed in previous physical and numerical modeling. The darker and longer the
arrow the greater the displacement. Figures 5.22 and 5.23 reveal that the chimney did not

propagate to the surface even under zero face pressure.

5.34 Solution Time

The number of cycles to complete a run involving tunneling was obviously much higher com-
pared to element tests discussed in the previous chapter. The minimum number of particles as
in the case of the original model (Figures 5.12 and 5.13) was 66801 and the maximum number
of particles as in the case of the original model with smaller particle size (Figure 5.15) was

145100. Table 5.8 shows the details of each model described above regarding the total number
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of cycles, timestep, and number of hours to complete a run. Computer power was similar to
that of element tests. As can be seen from the table the timestep in PFC was calculated based
on the number of particles and the fraction of critical timestep specified by the user along with

the contact stiffness, which was constant in all cases.

54 Summary

1. Particle stiffness parameters needed to model small-scale centrifuge tests of shallow
tunneling in uniform and clean sand were obtained from the results of triaxial calibra-
tion studies. A slightly higher interparticle friction coefficient (0.6 instead of 0.5) ob-
tained through calibration was used to better match the physical results of tunnel face
evolution, especially under 10 kPa face pressure.

2. Additional parameters related to DEM modeling were checked, for example, the ratio
of particle size to model size, to evaluate the sensitivity of results.

3. The collapse face pressure from all tests ranged from 3.6 to 4.6 kPa for a C/D ratio of
2.0 and a tunnel diameter of 5.0 m. The measured face collapse pressure in the centri-
fuge test was 4.0 kPa for a C/D ratio of 2.0. Simulated collapse pressure converged
with the measured physical value as particle size was reduced.

4. The discretization technique for distributing particle sizes used in these analyses pro-
vided acceptable results.

5. The near face displacement pattern from DEM simulations reasonably matched the
physical observations, at least qualitatively. With the deeper tunnel, the displacement
stops at a certain distance above the tunnel crown and does not propagate to the sur-
face. The opposite was observed for shallower depth where displacement, starting at

the face, continued to the surface.
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Table 5.1 Properties of Fontainbleau sand

Properties dso (mm) Cu €min

€max Particle Shape

Values 0.17-022 |14-1.5 0.6

09 Well-rounded

Table 5.2 Range of parameters in Chambon & Corte (1994) stud

Diameter (m) | Depth (m) C/D
5 2.5 0.5
5 1
10 2
10 10 1
13 52 4

Table 5.3 Particle size distributions in DEM tunnel model

Particle Particle Size Distribution, millimeters Number of Particles
Zone
1 Tmin = 3.5, Tmax = 5.25 20697
2 Tmin = 4.5, Tmax = 6.75 9738
3 Tmin = 5.5, Tmax = 8.25 4000
4 Tmin = 4.5, Tmax = 6.75 4869
5 Tmin = 3.5, Fmax = 8.25 10505
6 Tiin = 5.5, Tmax = 8.25 17334
Total number of particles, before excavation 67143

Table 5.4 Parallel bond properties of tunnel tube particles

Parallel bond | Parallel bond | Parallel bond

Parallel bond | Parallel bond

normal shear strength, | normal shear stiffness, | radius
strength, N/m* | N/m? stiffness, N/m® | N/m? multiplier*
1€20 1€20 lel0 1el0 1.0

Table 5.5 Initial conditions (5.0 m diameter tunnel simulation)

Initial Face | Gravitational Unit Weight,

Velocities and

Pressure, kPa | Acceleration, | kN/m’ Displacements
m/sec’ of particles
110 50g 16 Zero
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Table 5.6 Collapse pressures by DEM analyses (Tunnel Diameter, D=5.0 m, C/D=2.0)

DEM Variables
Figure Particle size Model size Timestep Face Pressure
Number (@=0.8) (u=0.6) (u=0.6, 0=0.8) (D/ds=16) Increment
0.5 06 | 0.7 | 0.8 | D/dso | D/dso |800x400{200x300| t,=0.8t | t,~0.5t |DEM_1|DEM_2
=11.5 =16 %430 x430
Collapse, Pressure, Pf (kPa)

5.13 4.6 3.6

5.14 46 | 3.6

5.15 3.6 4

5.16 4 4.6

5.17 3.6 3.4

5.18 3.6 3.8




Table 5.7 Comparison between experimental, theoretical and numerical results for

collapse pressure
Different studies Collapse Pressure, kPa Reference:
Diameter D Cover/Diameter
5m 10 m C/D
PFCP 4.6-3.6 2.0 Present study
10.0* 1.0
3.6* 0.5
Experimental 4.0 2.0 Chambon &
(Centrifuge Testing) 77 o Corte (1994)
33 0.5
Analytical 6.25 12.5 Little effect for | Anagnostou &
o> 30° Kovari (1996):
Equation. 2.3
4.6 2.0 Vermeer and
Ruse (2000):
9.4 1.0
Equation 2.5

*Ball damping coefficient=0.7; ball contact friction=0.5; D/d5p=11.5 mm and model size=400x650x430

mm
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Table 5.8 Solution time for 3D discrete element modeling of tunneling

Fraction | Figure Cycles to | Total cycles up | Timestep | Solution
of Critical | Number reach to collapse | (second) | Time
Timestep initial pressure (hours)
condition

0.8 513 & 5.14| 20000 225000 5.98x10° |72
(default) | (u=0.6, a=0.8)

5.15 40000 288000 431x10° | 187

(D/dso=16)

5.16 (reduced | 40000 259100 437x10° | 84

model:

D/dsp=16)

5.18 20000 249000 5.98x10° |79
0.5 5.17 20000 251002 3.7x10° 76

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




displacement tranducers

4.———'% E
E ” 'l —l i;r;l:;?e provided
v
N\ 1 N
N |
§ Ground surface C=Varies E > |
§ Latex membrane Tynd modiel # \ 320
- N

§ 430 rrm i‘LD=100mrn {1 \ !
\ 100mm [ \ |
k e U U . . . N i, . . W Y B . .Y \- *

T T T T 20mm T

Figure 5.1 Cross sectional view of the centrifuge model and container: 1,200 x 800 mm
(after Chambon & Corte, 1994)

300 mm
;Iﬂmm
LateX MEMBIANG ittt o mlemimiomtemimm )7
0.2 mm thick ¢
) Fluidinlet B | 100mm
e
&
i r-l Va
77T 7 el A

s 4
? i

Displacement transducer Pressure transducer

Figure 5.2 Cross sectional view of the cylindrical tunnel model in centrifuge test
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Figure 5.5 Failure bulb for fully lined tunnel (after Chambon et al, 1991)
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Figure 5.6 Experimentally determined and computed support pressures as a function of tunnel diameter for

dry and clean sands (modified after Anagnostou & Kovari, 1996)
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Figure 5.13 Comparison of DEM modeling of tunnel face displacement for different particle friction
coefficient

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0
-10 F
T 20 F
£ 20
€ -30 |
£
o -40 |
(&) N
8 s
g S0 ¢ ——PFC (Dc=0.7)
% 60 —o—PFC (Dc = 0.8)
@ i —s=— Physical (Chambon & Corte)
w -70 F
_80:\.|..‘x..;|l.L+.x|‘|4|--|.|....
0 5 10 15 20 25 30

Internal Pressure (kPa)

Figure 5.14 Comparison of DEM modeling of tunnel face displacement for different particle damping
coefficient (u=0.6)

D=50m
CD=20

——PFC (D/d50=11.5)
-60 F —»— PFC (D/d50=16)
—s— Physical (Chambon & Corte)

Face Displacement (mm)

-80 i . -
0 5 10 15 20 25 30
Internal Pressure (kPa)

Figure 5.15 Comparison of DEM modeling of tunnel face displacement for different particle sizes
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Figure 5.17 Comparison of DEM modeling of tunnel face displacement for two different timestep
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136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10 | *
E 20 | D=50m
Z a0 f C/D =20
Q
& 40 f
o
g !
g ¢ ——PFC_1
S 60 F | —=—PFC_2
(8] N .
S 70 g Physical (Chambon & Corte)
_80 t i3 lll L L I L i L | N N L L L L L L il i L i I il L L
0 5 10 15 20 25 30

Internal Pressure (kPa)

Figure 5.18 Comparison of DEM modeling of tunnel face displacement for different face pressure
increment (D/dso = 11.5, p=0.6 and =0.8)

=20

Ground Surface

A

CiD=1

|

CM=05 Ground Surface
TETRET

Failure Bulb = 1€
Ground Surface

3
\
W

s—

Tunnel

C-S—

\

Tunnel Tunnel

A
RN
m

M
, ‘\\\X

=

Figure 5.19 Failure bulbs for different C/D ratios observed in small-scale model
(after Chambon & Corte, 1994)

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ground Surface

SIDE VIEW (x=0.0 m)
0.8D |
I 0/ I —
7 =
i l 0.8D
i
— |
'I
Tunnel, /
D=5.0m /
-7 //.

(a) DEM result

l 05D '
=T
P,/ ; D
=
= +

Tannel % D
=

(b) Physical result

Figure 5.20 Failure bulb from discontinuum modeling (D=5.0 m, C/D=2.0)

SIDE VIEW (x=0.0 m)

+ ground surface
settlement

Ground Surface

---------- %'ﬂ_';m#:p%"""'"
{ .

Co=05
Ground Surface
! C

s—Vv o

i

Tunnel /2
=4 o
= ¥

i
—
0.5D

Figure 5.21 Failure bulb from discontinuum modeling (D=5.0 m, C/D=0.5)

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- R e
BEROALR0 S0 1!

£
M £ MOG

g . ot (®, ol
#%‘D‘.“;’.“.;i %tgi’*‘f"':":t‘ﬂ"
bOSD SRS £ 1y SRR e
AR ST AL
M TS ol 3’-.‘-10 &

o M40 o (e 4
T ol Lt at iy we !
e atost e ig gt a e Nges,
Y "0‘5“"%’6%"’5*’1’"’ :
wihity

50 g
3

s «Talt P eviafze s 4

L AL 84 LIRS A afyn: k

5 :5"-“:‘3‘;.* ARG IR SN Bl
P L R G AR s :

LA et e LY 2

*
i S ey
e "C"Eﬁ"' &
I‘a;r."!:,',.:,.’.i; o et ale o]

P 3 Y ALY s S5 h

{ P, B¢ Sy 6 Ot B Dk o Jho e L T PO 5

e e e e A s

(R0 .*Na"i*-;f"-"-z*"-:ﬁ'&&*-' X DD AR - 0.0

. "..\'.'.‘. - % .gv".,.‘:' :’&‘0":‘%3‘#’.‘:". : "1.'. " ”‘t‘

# ?. WMeaPapaBongt 2 ayles

O G RO QI AT L LA L L L)
T A LT NS Y 0 S LI A L TN K

L3 3 g1w] - . CEEY By L4 U fegb LT Aol 30

YL Y "'.‘"1‘.‘ '.‘*. LS ] Ty e ( Ch

GO A TS P R (AT AT Ry AArhy ]

S B OO R o 50 &S

Figure 5.22 Initial face condition (a) and subsequent flow of granular material into collapsed tunnel (b)
from discontinuum modeling: plane view (D=5.0 m, C/D=2.0)
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Figure 5.23 Dwasplacement vectors under complete tunnel collapse: plane view (D=5.0 m, C/D=2.0)

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6

Application Of 3D-DEM To Investigate Surface

Settlement above a 6.5-m-Diameter Shallow Tunnel

In Chapter 5 it was shown that the discrete element formulation in DEM could be scaled
to model the centrifuge tests with a modification (slightly higher interparticle friction) of
the calibrated micro-parameters. It was also shown that particle shape was not a
significant issue as far as comparison of face collapse pressure was concerned, which was
the main objective. This chapter describes the formulation and application of a three-
dimensional discrete element modeling (DEM) to simulate a 6.5-m-diameter South Light
Rail Transit (SLRT) tunnel excavated within the City of Edmonton. The primary
objective of these analyses was to evaluate whether the same micro-parameters calibrated
from the triaxial test (Chapter 4), with the same modification as in Chapter 5, and smooth
spherical shaped particles could be used without further scaling of the parameters for the
modeling of the SLRT tunnel. The other equally important objectives were to investigate:
(1) whether a 6.5-m-tunnel excavation can be practically modeled using DEM, (2)
whether the observed displacement pattern can be replicated using DEM, and (3) whether
the influence of mixed-face tunneling conditions (sand and till) encountered along the

SLRT route could be observed in the settlement pattern calculated by DEM.
6.1 SLRT project background

The recently completed southern extension of the City of Edmonton’s light rail transit
consists of twin tunnels approximately 6.5 m in diameter and 300 m long passing under
St. Joseph’s College and the Education Car Park of the University of Alberta Campus
(Figure 6.1a). In addition to these buildings the tunnels also pass beneath a major utility
tunnel that provides heating and water services to the University. One of the major

constraints to the tunnel construction was limiting the settlements, particularly below the
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buildings, to less than 30 mm (Washuta and Martin 2004).

The tunnels started at a depth of 12-m below the ground surface and were driven on a 6%
downward grade to connect to the existing University of Alberta Station at a depth of
about 25 m. As a result of this 6% grade the tunnels were driven through a number of
geological units that provided a variety of mixed-face tunneling conditions. As shown in
Figure 6.1b, five geological units were encountered along the tunnel route, consisting,
from the ground surface downward, of: (1) fill, (2) lacustrine silt and clay, (3) outwash
sand and silt, (4) glacial till, and (5) Edmonton formation bedrock (Washuta and Martin
2004). Washuta and Martin (2004) classified the outwash sand and silt as varying from
raveling/running ground to flowing ground conditions. Consequently, face and roof
support was required during tunnel construction. Figure 6.1b also shows the zones of

different cover to depth ratio (C/D) encountered along the tunnel route.

The construction of the tunnel started in July 2003 using an Earth Pressure Balance
(EPB) tunnel boring machine (TBM) manufactured by Lovat. Figure 6.2 shows the
details of the Lovat EPB TBM provided by the manufacturer. As with all EPB machines
the mixing of the soil and fluid injection takes place at the cutter head and face. This
machine also had injection ports for lubricating the overcut (the excavation of ground
larger than the shield diameter thereby producing a gap between tunnel shield and
ground) at the cutter head but these were seldom used during construction (Walter, 2004).
The EPB pressure was applied through ports at the face as shown in Figure 6.2b. Figure
6.3 is a photograph of the TBM just prior to commencing the excavation of the
Southbound tunnel in July. The southbound tunnel was completed in November 2003.
Construction of the northbound tunnel was subsequently completed in March 2004.
Figure 6.4 shows a photograph of the break through.

The entire project route was instrumented within the zone of influence of tunnel
excavation. These included deep and shallow settlement points, slope indicators, building

monitoring points, and tiltmeters (for monitoring inclination and vertical rotation for

convergence and other movements in structures such as tunnels) which are described
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further in Section 6.3. Only the results from the shallow settlement points are discussed in

this thesis.
6.2 Geotechnical characteristics of soil

Boone et al. (2004) described the characteristics of glacial deposits (mainly outwash and
glacial till deposits) along the tunnel route. Figure 6.5 shows the variability in grain size
distribution within the outwash deposits. For a typical curve the fines content (percent
smaller than 0.075 mm by mass) is less than 5% by mass. Figure 6.6 shows the variation
of natural gravimetric water content with elevation. The soil matric suction for sands at a
water content of 5% would be around 10 kPa. This is a negative pressure or tension
forces acting on the soil. The effect of ignoring this suction on the DEM analyses is

discussed in section 6.6.

The low water content (average of 5% compared to an average of 20% in silt and clay)
above the ground water level in sand and silt also indicates low fines content within the
outwash deposit. It is therefore reasonable to assume, based on Figures 6.5 and 6.6, that
the sand within the outwash deposit is relatively clean (low fines content) with uniform
gradation (the average uniformity coefficient of the outwash deposit is 8.6). As discussed
by Brachman et al. (2004), based on visual observations, the outwash sand deposit varies
from clean and dry sand sediments with thin (< 10 mm) silt layers to saturated silty sand
and silt outwash closer to the interface with the till. Figure 6.7 shows a photograph of the
sand showing the clean nature of the outwash sand exposed in the open-cut excavation
for the TBM portal. Table 6.1 gives the geotechnical engineering parameters for the
major stratigraphic units used in the design of the project (Washuta and Martin, 2004).

6.3 Field Monitoring

Details of the instrumentation monitoring program and the observed settlements were
presented and discussed by Bosse (2005). Only a few of the settlement plots from the
southbound tunnel are reproduced here and these will be used to evaluate the DEM
modelling results. Figure 6.8 shows the measured shallow settlements (recorded at a

depth of 1.5 m) in the region from the portal to the Education Car Park (C/D between 1
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and 0.5) for the construction of the southbound tunnel. The measurement accuracy was
within 21 mm (personal communication, Robin Tweedie, P.Eng.). Each data set on the
plot represents the settlement profile of an individual settlement point located along the
centre line of the route (‘ss’ refers to surface settlement). The chainage of each settlement
point is noted in the legend. The geology as well as the C/D relative to the chainage can
be obtained from Figure 6.1b. Figure 6.8 indicates that the settlements between the tunnel
portal (chainage +674) and the Education Car Park (chainage +580) were between —11
mm and —18.6 mm. As discussed by Bosse (2005), considerable settlement (up to 10 mm)
is observed over the length of the shield of the TBM (the steel cylindrical plate, the body
of the TBM, which permits the excavation of soil and the erection of primary lining) with
additional settlement occurring at the transition from the tail shield (the tail of the shield
extending behind the body) to the segmental lining (circular ring in segments to support
permanent ground pressure). These tunneling terms have been explained in section 2.2.3
of Chapter 2. This is in contrast to practical experience from other projects (see Figure
2.6) where the source of majority of the construction settlement is only induced at the tail

void.

Figure 6.9 shows the observed shallow settlement response during tunnel construction
under the Education Car Park (C/D equal to 1.5-2; chainage between +515 and +585).
This figure shows dramatically reduced settlements of approximately 4mm compared to
the region prior to reaching the Education Car Park. This is may be due to the tunnel
traversing mixed face conditions of sand and till (see the geological sections in Figure
6.1b). Figure 6.10 shows the maximum settlement along the centerline of the tunnel route
in conjunction with the tunnel face geology, expressed as a percentage of sand and silt.
Figure 6.10 shows that at the tunnel portal the tunnel face is 100% sand and silt, but by
the beginning of the Education Car Park the tunnel face has changed to 50% sand and silt
in the crown and 50% till in the invert. At the end of the Education Car Park the tunnel
face is 100% till. From Figure 6.10 it appears that the surface settlements correlate with
the percentage of sands and silts in the tunnel face, at least partially. There could also be
an effect of tunnel depth and effectiveness of tail-shield grouting. This important point

will further be discussed in section 6.6.
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In the following sections three-dimensional DEM is used to model the SLRT tunnel to
determine the settlement profile for the portion of the route with portions of sand and silt
in the tunnel face, and to evaluate if the reduced settlements under the Education Car

Park could be attributed to the mixed-face tunneling conditions.

6.4 MODELING PROCEDURE

6.4.1 Model description

Only half of the tunnel was modeled as shown in Figure 6.11 (C/D equal to 1) because of
symmetry along the centre line. The dark tunnel surface represents the rigid TBM shield
and lining which was formed by bonding the DEM particles together with strong bond
properties equal to those in Table 5.3, Chapter 5. The model size was made as small as
practical balancing scale and boundary effects. Figure 6.12 presents the geometry of the
domain that has been modeled for a C/D equal to 1. The length in front of the tunnel face
was 3 tunnel diameters, the width from the tunnel springline was 1.8 times the tunnel
diameter, and the height of the model was 3 tunnel diameters. The tunnel was excavated
through the centre of the model height resulting in a cover depth to diameter ratio of 1.0.
A total of three different C/D ratios were modeled, 0.5, 1.0 and 2.0. Typical model
dimensions and material discretization for a C/D equal to 1.0 are shown in Figure 6.12. In
order to create a model with a C/D equal to 0.5, the model in Figure 6.12 was used with
the top half of the particles above the tunnel crown being deleted after application of

gravitational forces and cycling to equilibrium.

Table 6.2 provides the size distribution and number of particles in each zone shown in
Figure 6.12. Particles are drawn at random from a uniform statistical distribution of radii
with specified upper (rma.x) and lower (rmin) limits. The material discretization pattern is
similar to the one described in Chapter 5 (centrifuge modeling) but has more
discretization zones (a total of 13) in order to reduce the model size. The tunnel model
shown in Figure 6.13 was a simplified version of the EPB shield tunnel used in the SLRT

project, which did not include the exact details of how the face pressure was applied and
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maintained during EPB shield operation or EPB tunnel motion.

The simulation utilized a ball size distribution of ry;, = 120 mm and ratio Ipax/Tmin = 1.5 in
the zone of interest (zone 1 in Figure 6.12) to 1y, = 200 mm at the boundaries (zone 7, 9,
and 11), which resulted in 124734 particles. The ratio of tunnel diameter to average
particle diameter was 16 in the zone of interest. This ratio was not considered a
significant issue because the purpose of the DEM simulation was to assess settlement at
the ground surface and not face collapse pressure as simulated in the centrifuge tests. The
parametric study on particle size in Chapter 5 where it was observed that particle size has

effects only near the face collapse pressure also supports this notion.

The face pressure applied by the EPB-TBM was assumed to be uniform in the vertical
and horizontal directions. In reality, the pressure likely varies across the face as the
pressure is applied using a soil paste, and hence the pressure at the bottom of the TBM
face will be greater than at the top of the TBM face. This face pressure was controlled by
the TBM operator and monitored using 6 pressure sensors distributed over the EPB-TBM
face. An average face pressure of 200 kPa was typically used for tunneling in the outwash
sands and silt and this pressure was used in the DEM modeling and applied in the same

fashion as in centrifuge modeling.

The most challenging part of the DEM modeling was simulation of the gap due to the
overcut and the gap between the bore-diameter and the outer dimension of the tunnel
lining. The gap was modeled by kinematically displacing the shield and liner elements
(here particles) inward by the specified gap amounts (discussed below). This was
performed by application of a radial velocity to the particles comprising the shield and
liner, i.e., in a vertical plane each ball was assigned two perpendicular but equal velocity
components (x- and z-direction) while the third component (longitudinal or y-direction)
was kept at zero. This is shown schematically in Figure 6.14. Particle friction for particles
comprising the shield and liner were kept at zero during the process. The magnitudes of
velocities were specified based on the required gap above the shield and liner. The model

was then cycled to reach the desired gap dimension. Finally, equilibrium of the model
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was checked by more cycles while maintaining the velocities at zero. It was observed that
movement along the shield and liner ring was uniform. A similar modeling process was
used by Augarde et al. (2001) to simulate a tunnel liner using a 3D finite element

technique (see section 2.2.4, Chapter 2).

6.4.2 Boundary conditions

The model boundary walls were rigid in this DEM modelling. The wall that was used for
the line of symmetry, the wall above the tunnel excavation and the wall where the
excavation begins were frictionless. All other boundaries were assigned the same friction
coefficient as the DEM particles. The free surface above the tunnel was formed under 1 g

gravitational acceleration.

6.4.3 Initial conditions and tunnel construction

The first step of the modeling procedure was to generate the initial conditions before
tunneling. After generation of an initial assembly of particles and formation of the TBM
shield and liner, a gravitational acceleration of 1 g was applied to all the particles and the
assembly was brought to equilibrium. The free ground surface was automatically created
at the end of the equilibrium stage. A unit weight of 15.2 kN/m® was obtained by
specifying the initial porosity (no = 0.4) during the generation of particles and by applying
a particle surface friction coefficient of 0.1 during application of gravitational
acceleration. A nominal value of 0.1 for particle surface friction was needed to obtain the
required density. The unit weight of the outwash sand and silt varied between 16.3 and
22.8 kN/m® with an average of 19 kN/m>.

Table 6.5 shows the specified porosity during ball generation stage and obtained porosity
in zone 1 after the initial stage. Also shown are the initial stress distributions from the
tunnel centerline upward close to the surface. Locations of the measurement spheres
within the zone of interest, zone 1, are shown in Figure 6.15. For each location a
collection of two measurement spheres of decreasing radius is generated and the average

of these two spheres are reported in Table 6.4 (see Figure 6.15). This would ensure the
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accuracy of the stress measurement as recommended by the PFC manual. As seen in
Table 6.4 the Ko values ranged from 0.77 to 0.92 with 0.84 in front of the face. These
values are higher than the observed Ko value for outwash sand based on Poisson’s ratio
of 0.3 as shown in Table 6. However, the lower observed value could be due to the fact
that the small-scale laboratory samples missed the highly layered sedimentation in the
outwash deposit (see Figure 6.7) with locked in horizontal stresses. There is limited
information available on the determination of Ko values in outwash sand based on in situ
tests. The actual Ko value could be between 0.6 and 0.8 (personal communication with

Dr. Derek Martin and Mr. Robin Tweedie).

The excavation due to the shield advancement and subsequent lining construction was
simulated in the second stage. Unlike centrifuge modeling, the face pressure in the
pressure chamber was applied instantly as was the case in the field. Also the objective of
the modeling and the modeling procedure were quite different here than in Chapter 5
which was to model surface displacement pattern as opposed to tunnel face displacement.
However, the model was run by applying face pressure in increments to check the
accuracy of the model results (surface displacement). Face pressure was applied in 10
increments with 100 cycles between the increments. The calculated settlement was higher
by a maximum of only 2 mm in front of the face for the case of 10 increments of face
pressure and gradually matched with the one increment case. There was no effect on the
maximum settlement. This is shown in Figure Cl in Appendix C. In order to be
consistent with the field conditions, in the following simulations face pressure was

applied in one increment.

The model was not run at this stage, i.e., no cycling was performed until it was taken to
the next and final stage—the creation of gaps between the tunnel shield and the ground
and between the tunnel lining and the ground. This simulated the field situation where the
gaps around the shield and liner were produced under a constant face pressure. In other
words, the tunnel face was maintained stable as the shield was advanced generating the
gaps. Finally the model was cycled to equilibrium after the desired gaps around the shield

and liner were achieved and with the face pressure in place. Figure 6.16 summarizes the
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various modeling steps in a flow chart.

6.5 PARAMETRIC STUDIES

This thesis was intended to model granular materials only. As can be seen from Figure
6.1b as part of the DEM modeling in this chapter cohesive material needed to be
considered. Simplification and idealization were needed to model the overlying clay and
fill layer and hard clay till/bedrock materials. The fill/clay layer was modeled as an
elastic cap on top of the sand by bonding the particles in the zone of the elastic cap using
the DEM parallel bond concept. The hard clay till/bedrock was modeled as a rigid
material by specifying higher stiffness and strength numbers to the parallel bond

properties used for the elastic cap.

In this Chapter no attempt was made to model the excavation sequence. The focus was on
the magnitude and shape of the longitudinal profile of ground displacements induced by
radial gaps around the shield and liner. The gap between the ground surface and the TBM
shield due to overcutting was assumed to be uniform (Figure 6.13). The theoretical gap
between the bore diameter and the outer diameter of the lining is 119.5 mm (see section
A-A, Figure 6.13). However, a couple of factors might have resulted in a different gap
scenario in the field such as the efficiency of grouting and workmanship during erection
of the concrete lining. Therefore, it is difficult to know the exact gap width. A parametric
study was performed by varying the distribution of the gap around the liner and
evaluating the effect on the surface settlement. In the case of non-uniform distribution of
the gap, the gap between the liner and the surrounding ground was gradually increased
from the crown and invert up to a value at the tunnel spring which was equal to the value
of a uniform gap. The analysis showed that the settlement profile from the non-uniform
gap distribution compared to the settlement profile from the uniform gap analysis resulted
in an average settlement difference of approximately 1 mm (see Figure C2 in
Appendix C). Both the shield and lining were modeled using a similar procedure for

modeling a rigid liner as discussed in Chapter 5.
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6.5.1 Elastic cap to model fill/clay layer

As mentioned above, for the sake of simplicity and idealization the “Lake Edmonton
Clay” was modeled as an “elastic cap” by bonding (parallel-bond) the spherical particles
in the zone of interest (the upper particles close to the surface). Assuming the clay
behaves as an elastic medium is not unrealistic as the TBM advanced between 10 and 15
metres per day, hence the settlement profiles would have been established when the clay
behaviour was undrained. The parallel-bond model describes the constitutive behaviour
of a finite-sized piece of cementatious material deposited between two particles and the
effective stiffness of this additional material acts in parallel with the contact point
stiffness (PFC3D, Theory and Background, 1999). The parallel bond in PFC is defined by
four parameters: normal (n) and shear (s) strength and stiffness (Kn;, Ks;, Kny, and Ks;
where: 1 and 2 refer to strength and stiffness, respectively). It was taken that Kn; = Ks;
and Kn, = Ks;. The dimensions of parallel bond stiffness and strength are
stress/displacement and stress, respectively. Figure 6.17 shows the effect of parallel bond
properties on the surface settlement pattern for the case of C/D equal to 1.0. The geology
around the tunnel is also shown in Figure 6.17, which consists of a 3.25 m clay cover
overlying sand (case Geo 2 in Table 6.3). Note that in order to reduce the computational
time, the material above and below the tunnel invert was modeled as sand, although the
field material was till and/or bedrock below the tunnel invert. Three different cases were
considered: (A) Kn; = Ks; = 1 x 10° kPa and Kn, =Ks, = 1 x 10° kPa/m, (B) Kn; = Ks, =
1 x 10° kPa and Kn, = Ks; =1 x 10'° kPa/m, and (C) Kn; =Ks; =1 x 10" kPa and Kn, =
Ks; = 1 x 10" kPa/m. The field curve related to C/D equal to 1 (ss103) was considered

for comparison.

In addition, two more cases, one with only spherical particles throughout the model
without any elastic cap at the surface and another with an elastic cap using Kn; = Ks; =1
x 10'° kPa and Kn, = Ks, = 1 x 10° kPa/m were also considered but no noticeable
difference in surface displacements were noted compared to case A. The results revealed

the following (for a 19.5 mm gap around the shield and a 78-mm gap around the liner):
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e Surface displacement is reduced by an average of 8§ mm (uniform upward
translation) when Kn; and Ks; is increased to 1 x 10'" kPa/m (case B) and case B
agreed well with ss107 up to the tail shield; and

e Displacement is reduced further, especially beyond the tail shield portion, when
Kn, and Ks; in increased to 1x10' kPa (case C). But the pattern of the
displacement curve did not match with the field curve compared to cases A and B
and the settlement curve reflected a stiffer and stronger cap material than

Edmonton clay.

From the above discussion it is reasonable to believe that the elastic cap with Kn; =Ks; =
1 x 10° kPa and Kny = Ks, = 1 x 10" kPa/m (case B) produced results comparable to the
field data with sand at the tunnel face and a clay cap. This statement will be further tested
in sections 6.5.2 and 6.5.3.

6.5.2 Magnitude of gaps around shield and liner

Figure 6.17 revealed that the calculated surface settlement beyond the tail shield is
relatively high compared to the field curves. This could be an effect of the specified large
gap of about 80 mm between liner and ground. In the actual tunneling process, the gap
between liner and ground was filled with grout. Bosse (2005) showed that this grout did
not set until after approximately 8 hrs by which time the tunnel had advanced about 10 m.
Investigative drilling of this gap at the end of construction indicated that grout thickness
varied significantly around the tunnel (Bosse, 2005). An attempt was made to quantify
the effects of shield and liner gaps on the calculated surface settlement. Three
combinations were considered taking case B of Figure 6.17 as the basis; that is, other
parameters are same as Case B; this is shown in Table 6.3. While B3 is close to the
theoretical gaps, the other numbers were arbitrarily chosen to see the effect of gap

magnitude. The results are shown in Figure 6.18.

Figure 6.18 shows clearly that the larger the gap, the higher the settlement. While the

liner gap is the same in B1 and B2, the difference in settlement is proportional to that of
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the shield gap (5 mm). Also, cases B1 and B2 provided surface settlement within the
range of field data while case B3 showed much larger settlement compared to the field

settlement magnitude.

The DEM modeling showed that there is a correlation between the gaps around shield
and liner and the surface settlement and it is capable of capturing the effects of these gaps

on the settlement.

6.5.3 Modeling gaps

As was mentioned earlier the gap around the shield and liner were modeled by applying
velocities to the particles comprising the shield and liner and by cycling the model to
reach the specified gaps. Therefore, two factors contributed to the final gap value: (1)
particle velocity and (2) number of cycles. In Figure 6.18, different gaps were produced
by changing the velocities while keeping the cycle constant at 10000. In this parametric
study, the gap was kept constant at B1 (Figure 6.18) while the cycle was changed from
10000 (B1) to 15000 (B1_1) and then to 20000 (B1_2) and 5000 (B1_3) corresponding to
velocities of 0.02 m/s, 0.068 m/s; 0.015 m/s, 0.05 m/s, and 0.04 m/s; 0.135 m/s to
particles comprising the shield and liner, respectively. The objective was to find the
combination of velocity and cycle at which minimum changes in surface settlement is
noticed. Once again a C/D ratio equal to 1 was considered. The result is shown in Figure

6.19.

Figure 6.19 shows that the greater the number of cycles, the smaller the particle velocity
comprising the shield and liner, the larger the settlement. However, the difference
becomes smaller as the number of cycles is increased and velocity is decreased. This is
quite similar to the effect of platen velocity found in the DEM triaxial test set up (Chapter
4), that is, the higher the platen velocity, the greater the material strength. To achieve
specific gaps of 17 mm and 55 mm around the shield and liner, respectively, in the DEM
model, a combination of 0.015 m/s (velocity to the particles comprising the shield) and
0.05 m/s (velocity to the particles comprising the liner) were specified.
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6.6 CALIBRATION AGAINST FIELD DATA

In order to accommodate the varying geology and C/D ratio along the tunnel route, three
cases were considered (Table 6.3). In each case a common clay layer was modeled at the
surface overlying sand. Modeling the till underlying the sand was not considered in cases
Geo_1 and Geo_2, which has only sand at the tunnel face (uniform face). This was done
to simplify the analyses and reduce the modeling time. It was assumed that the stiff till
below the tunnel invert had a minimal effect on the relationships among the face
pressure, gap around the shield, and liner and surface settlements. The glacial till in the
Edmonton area is heavily over consolidated and local tunneling experience has shown
that this soil has significant standup time (Bobey et al. 2004). Hence, ignoring the effect
of the till for the cases Geo 1 and Geo 2 appears reasonable. Modeling of the till was
only considered in case Geo 3 which is a mixed face condition of till and sand. These
three cases along with the modeling results and comparison with the field data are

discussed below.

In the following simulations the micro-parameters used are: G (particle shear modulus) =
1.0 GPa, v (particle poisson ratio) = 0.2 and p (inter-particle friction) = 0.6. The reason
for using p = 0.6 rather than 0.5 was to attempt to compensate for higher strength arising
from non-spherical shape, as discussed in Chapter 5. In line with the findings in Chapter

5, the damping coefficient, o, was equal to 0.8.

6.6.1 Uniform face: sand

The uniform tunnel face condition of sand represents the first two cases in Table 6.3. In
the following section the settlement prediced by the DEM model is compared to the field
data for the cases of C/D equal to 1 and 0.5.

6.6.1.1 C/D=1

The surface displacement along the centerline of the DEM model for a C/D ratio equal to

1 has been calibrated against field data to some degree and has been demonstrated in
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Figures 6.17 to 6.19. It appears that case B1_4 in Figure 6.19 represents the best possible
DEM curve within the model limitations such as saturation and corresponding suction of
the geological material in the field; size and shape of the particles; model dimensions
(only half of the tunnel was modeled rather than the full cylindrical tunnel), and tunnel

motion. A further discussion and comparisons are provided below.

Figure 6.19 is reproduced in this section showing only the plots of interest that is the best
calculated curve found through Figures 6.16 to 6.18 and a range of field measurements
(Figure 6.20). Comparing the calculated settlement curve from DEM to the field data
(Figure 6.8) the following observations are made regarding the capability of DEM to

model a 6.5-m-diameter shallow tunnel response in uniform sand:

e Despite the restrictions in model size and the simplified geometry, the surface
settlement predicted by the DEM model was in reasonable agreement with field
observations.

e For a specific gap around the shield and liner, the DEM model calculated ground
displacement as somewhat an average of two field curves whereas in the field
ground displacement around the liner could vary (depending on grout
effectiveness), indicating that the surface displacement from the DEM model is
quite comparable to that of the field situation.

e Figure 6.20 indicates that the applied face pressure of 200 kPa was adequate for
controlling the surface settlements ahead of the tunnel face.

e Approximately 3 mm of surface settlement was calculated immediately above the
tunnel face. This is within the range of observed surface settlements above the

tunnel face,

The calculated surface settlement curve from the DEM model shows three distinctive
zones of settlement: (1) a zone ahead of the tunnel face where the settlement remains
close to zero up to 3 m (~ 1/2 the tunnel diameter) ahead of the tunnel face where the
settlement curve starts to increase, (2) a zone above the TBM shield which is a linear

extension of the settlement rate from a point 3 m ahead of the tunnel face, and (3) at and
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beyond the tail shield where the settlements accelerate. These zones can be observed in
the field settlement profile (e.g., see ss103 in Figure 6.8) which is located at the start of
the tunneling near the portal. This settlement profile is in contrast to that provided in
Figure 6.8 for ss106 for a TBM-EPB machine and likely reflects the interaction of the
ground conditions with the geometry of the gaps around the TBM and the contactor’s

construction practice with respect to grouting from the tail shield.

6.6.2 Other C/D ratios and mixed face

Figure 6.21 shows the calculated settlement for a C/D ratio of 0.5 and comparison with
the field data. The model simulated in the first case is described in Table 6.3. This
represents the section close to the Education Car Park underneath the utility tunnel as
shown in Figure 6.1b. The field settlement curves shown in Figure 6.20 were used to
represent the observed settlements from portal to Education Car Park. All other model
parameters are similar to that of Figure 6.20. The results in Figure 6.21 show some
distinct characteristics compared to C/D = 1. First, heave ranging between 1.9 and 3 mm
was observed in front of the face followed by a sharp increase in the settlement profile
just in front of the face. The settlement becomes constant with a negligible rate just
before the transition from shield to liner; it goes to negative rate within a distance of 1 m
then drops sharply once again. The magnitude of settlement, however, was similar to that

in Figure 6.20 for a C/D ratio of 1.

Figure 6.21 clearly shows a surface heave using a face pressure of 200 kPa. This is no
surprise as the same face pressure of 200 kPa for C/D = 1 was applied for C/D = 0.5. In
the actual construction, underneath the Education Car Park heave was observed and the
face pressure was lowered to 160 kPa (personal comment, D. Martin). A DEM model
with a face pressure equal to 160 kPa resulted in the heave ranging from 1 to 1.6 mm (see

Figure C3 in Appendix C).
So far tunneling with uniform face conditions were simulated. As shown in Figure 6.9,
the surface settlement measured along the tunnel centerline changed significantly as the

portion of the tunnel face changed from 100% sand to almost 100% till. One of the major
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difficulties in mixed face tunneling conditions is maintaining a face pressure that can
prevent excessive surface settlements. To model this change in face composition using

the DEM model, several simplifications were made.

Local tunneling experience in the City of Edmonton, supports the notion that the till (a
heterogeneous cohesive material containing a trace—to-some-amount of silt, sand, gravel,
and coal) when first exposed will stand unsupported for considerable time. The
consistency of till is somewhere between stiff to hard with both the strength and modulus
higher than that of Edmonton clay (Bobey et al., 2004; Washuta and Martin, 2004). To
represent the till in the DEM model, the spherical particles were glued (similar to the
method used to represent the clay as an “elastic cap”) to achieve both high strength and
stiffness. In order to do that, the strength and stiffness of the bonds between particles
Were assigned values of 1 x 10% kPa and 1 x 10% kPa/m, respectively. A model with the
face percentage of 90% till to 10% sand was analyzed with a C/D approximately equal to
2 to assess the impact of the mixed-face conditions on the surface settlements (see Figure
6.2). The particle size distribution and micro-parameters were unchanged from those used

for uniform face simulations.

To meet the modeling objectives of calculating surface settlement due to changing tunnel
face condition from uniform to mixed face, the spherical particles representing the till
were integrated with the spherical particles representing the shield and lining at the level
of till. This implied that all the deformations were concentrated in the outwash sands
overlying the till and surrounding the tunnel; this is consistent with the SLRT monitoring
experience (schematically shown in Figure 6.22). Therefore, the closure due to the
construction gap was modeled only in the portion of shield and lining in contact with
granular material. This is a reasonable assumption as it was expected that the gap
between the higher strength till and shield and liner would not translate into immediate
deformation and gap closure (till has considerably higher stand up time than sand). The
magnitude of the gap was kept the same as for the uniform face case. The model was
initiated from the same initial condition as the uniform face and the 200 kPa face pressure

was also maintained.
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Figure 6.22 shows the surface settlement curve from the DEM model for a C/D ratio of 2
compared with the field settlement curve. Figure 6.22 clearly shows that the mixed face
with 90% till had a significant impact on reducing ground settlements and in particular
changing the shape of the settlement profile. As in the previous cases the DEM model
over predicts the total settlements. As discussed previously, this is likely due to the
uncertainty in the gap between lining and ground; in the DEM model the maximum

possible value of 55 mm was used.

Another aspect of the mixed face scenario at the SLRT project is that the presence of
sand and silt at the tunnel face gradually reduced as the tunnel advanced toward
University Station (Figure 6.1b and 6.10). The modeling in Figures 6.20 and 6.22
represent the limits between full face sand and 10% sand occupying the face,
respectively. The maximum settlements from these calculations are plotted in Figure 6.10
and reproduced here as Figure 6.23. The settlement points from the DEM models are
similar to those observed in the field, especially for a C/D ratio equal to 1, and clearly
show the effects of till in the tunnel face on the maximum surface settlements. The lower
field settlement underneath the Education Car Park are likely the result of the combined
effects of till in the tunnel face and the contractor’s grouting methodology for the tail

shield in this sensitive area.

6.7 Summary

A series of analyses were carried out to assess the application of the discrete element
method in simulating the surface settlements induced by a 6.5-m-diameter shallow tunnel
under uniform and mixed face conditions. Several model simplifications were made to
capture construction details that were known to impact surface settlements, e.g., face
pressure, shield gap, liner gap. In all cases model deformations were obtained that were
in reasonable agreement with measured deformations. A detailed summary of the

findings is given below.

1. Due to the limitation of not being able to model non-spherical particles to
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simulate a full-scale problem, micro-parameter values obtained through
calibration of the DEM model consisting of spherical particles against the small-
scale centrifuge testing of shallow tunneling in uniform sand (Chapter 5), were
used without further scaling of parameters to simulate the tunnel response.

2. Although not perfect, deformations obtained by the DEM model captured
reasonably well the measured deformations. This implies, as discussed by Cundall
(2001), although far fewer particles exist in the tunnel model than in the physical
system, the internal mechanisms remain essentially unchanged. Hence, equivalent
continuum measures of granular material such as deformation can be captured
realistically. This implies that the behaviour of sand is derived mainly from
microscopic contact behaviour and/or microscopic geometric changes induced by
loading.

3. The discrete element method has been successfully used to model a 6.5 m
diameter tunnel in three-dimensions with a uniform face. The critical construction
issues known to affect surface settlements, e.g., face pressure, shield gap, and
liner gap, were successfully implemented in the model. The model size was kept
relatively small and the simulation was run within a reasonable time frame (20 hrs
on a 1.7 GHz CPU with 1 GB RAM workstation with an Intel Xeon processor).

4. The calculated settlement profiles were in reasonable agreement with the
observed settlement profile, particularly in front of and up to 5 m behind the
tunnel face. In the liner portion, the model over predicted the surface settlement
and this over prediction could be controlled by controlling the size of the gap in
the numerical model.

5. The effects of mixed face conditions of till/sand on surface settlements was also
examined. The displacement profile from the numerical model when the tunnel
face was 10% sand and 90% till was very similar in shape with the measured
results. While the maximum settlement was over predicted, this over prediction
can be controlled by the size of the gap used in the model. The modelling result
showed that the settlement decreases as the till portion of the material at face
increased. These findings imply that for the SLRT tunnel the geology of the

mixed-face tunneling conditions was likely the controlling factor in reducing the
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surface settlements as the tunnel advanced from the portal to the Education Car

Park.
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Table 6.1 Geotechnical engineering parameters for major stratigraphic units (Washuta and Martin, 2004)

Shear Modulus
Unit Strength of
Weigl;t c ¢ Elasticity Poisson’s
Material (kKN/m”) (kPa) | (degree) (MPa) Ratio
Lacustrine 19 15 20 20 0.4
Clay
Outwash 19 0 35 40 0.3
Sand and
Silt
Glacial 21.5 10 35 60 0.3
Till
(Cohesive
Zone)
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Table 6.2 Ball size distributions (material discretization) in DEM tunnel model

Ball Zone Ball Size Distribution, millimeters Number of Particles
1 Fmin = 120, Ty = 240 25013
2 Tmin = 120, Tipay = 240 3589
3 Tmin = 130, Ty = 260 6050
4 Tmin = 140, T = 280 4844
5 Tmin = 160, Typax = 320 4588
6 Tmin = 200, oy = 400 2349
7 Lmin = 240, g = 480 3370
8 Toin = 160, Ty = 320 8952
9 Trnin = 200, Tinay = 400 4583
10 T'imin = 160, Tymax = 320 18203
11 T'min = 200, sy = 400 9320
12 Tmin = 100, Tmax = 150 23281
13 Tmin = 130, Tipax = 260 10592

Total number of particles, before excavation 124734

Table 6.3 Magnitude of gaps around shield and liner

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Case # Gap around Shield | Gap around Liner
(mm) (mm)
B1 17 55
B2 25 55
B3 17 120
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Table 6.4 Tunnel geology modelled in DEM

Case # Tunnel Location C/D Geology Tunnel Face
ratio Geology
Geo 1 Under the utility tunnel | 0.5 Clay up to tunnel | Uniform sand
crown ovelying sand
Geo 2 Between Portal and | 1.0 325 m of Clay | Uniform sand
Education Car Park overlying sand; sand
both above and
below tunnel crown
Geo 3 Education Car Park and | 1.5 -2.0 | 3.25 m of Clay | Mixed face: with the
beyond. and >2 overlying sand over | face percentages of
clay till/bedrock till to sand of 90/10

Table 6.5 Initial conditions in DEM model (specified porosity = 0.4, 1g gravity, C/D=1.0)

Parameters Measurement Spheres (radius = 1.5 and 1.2 meter)
Ko Ko Ko
1,2) 3.4) (5,6)
Depth from 9.75 7 5
ground, m
Porosity 0.372 0.373 0.386
o, kPa 150 108 80
oy, kPa 122 96.5 59.5
oy, kPa 127 0.84 100 0.92 61.8 0.77

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




EXISTING ;

UNIVERSITY STATION

680 —

670 —

ELEVATION (m)
g m,
(-1
l

640 —

5
g
5
g
g
3

|

C/D>2

ST. JOSEFH'S
COLLEGE

87 AVENUE

]

HERITAGE
MEDICAL
RESEARCH

¢ NORTHBOUND TUNNEL L
¢ SOUTHBOUND TUNNEL———

WALTER C. MackENZIE
HEALTH SCIENCES CENTRE

MEDICAL SCIENCES

114 STREET

7o

—

\

302+ 700 3024800 2 e}
7UN~Q
CUT AND COVER RETAINING WALL
(a) PLAN C/D=0.5

C/D=1.5-2

APPROXIMATE Mixed Face

GROUND SURFACE

FLL

EDUCATION CAR PARK

S

C/D=1 |

UTIUTY CROSS TUNNEL

/- UTILTY TUNNEL AND

QUTWASH

SAND AND SILT:

I i 1 1

402+500

STATION (m)

402+600

402+700

Figure 6.1 Project Location Plan and Simplified Geology (after Bobey et al., 2004)
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Figure 6.2a Longitudinal section of Lovat EPB-TBM used for constructing the City of Edmonton LRT
tunnels (figure provided by Lovat)
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Figure 6.2b Face section of Lovat EPB-TBM used for constructing the City of Edmonton LRT tunnels
(figure provided by Lovat)
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Figure 6.3 Photograph of the Lovat EPB_TBM in position to commence the driving of the southbound LRT
tunnel. Note the approximately 6-m of cover (1 tunnel diameter) above the tunnel crown (photo taken
during a tour of the site by the author)
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Figure 6.4 The cutting head of the Lovat EPB-TBM after breaking through on the Northbound tunnel
(photo taken during a tour of the site by the author)
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Figure 6.5 Variability in grain size distribution of soils in outwash deposit (after Boone et al, 2004)
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Figure 6.7: Photograph showing the clean nature of the outwash sand exposed in the open-cut excavation
for the TBM portal (photo taken during a tour of the site by the author)
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Figure 6.8 Observed shallow settlements range along the centre line of the tunnel during construction of

Southbound tunnel with proximity to TBM face, from Portal to Education Car Park (after Bosse, 2005)
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Figure 6.9 Observed shallow settlements along the centre line of the tunnel during construction of

Southbound tunnel with proximity to TBM face, Education Car Park (after Bosse, 2005)
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Figure 6.12 DEM model of SLRT tunnel construction
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Figure 6.16 Flow chart for SLRT simulation by DEM
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Figure 6.17 Quantification of ‘clay cap’ in DEM model of 6.5 m-diameter tunnel in sand: uniform face
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Figure 6.18 Quantification of gaps in DEM model of 6.5 m-diameter tunnel in sand: uniform face and
C/D=1.0 (G=1 GPa, v=0.2, u=0.6, spherical particles)
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Figure 6.19 Quantification of particle velocity to produce gaps in DEM model of 6.5 m-diameter tunnel
in sand: uniform face and C/D=1.0 (G=1 GPa, v=0.2, u=0.6, spherical particles)
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Figure 6.20 Surface settlement from DEM model of 6.5 m-diameter tunnel in sand: uniform face (G=1
GPa, v=0.2, u=0.6, spherical particles)
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Figure 6.21 Surface settlement from DEM model of 6.5 m-diameter tunnel in sand: uniform face
(C/D=0.5, G=1 GPa, v=0.2, n=0.6, spherical particles)
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CHAPTER 7

Conclusions and Recommendations

7.1 Conclusions

A series of three-dimensional numerical analyses of tunnel face stability and ground deforma-
tions in dry sand were carried out using Discrete Element Modeling (DEM). The simulation
results obtained from a commercially available DEM code, PFC’®, were compared with the
results from physical models of shallow tunnels in dry sand as well as with field data from a
recently constructed 6.5-m-diameter South Light Rail Transit (SLRT) tunnel excavated in the

City of Edmonton under conditions of sand and mixed face.

The following conclusions are reached about DEM capabilities to model the face collapse

pressure and deformations associated with shallow tunnels in dry, uniform sand:

A) Material behaviour

e The calibration of the PFC material against the laboratory standard triaxial test results
for uniform sand (standard Ottawa sand) resulted in the following values for the mi-
cro-parameters:

- Elastic properties of DEM particles (Hertz-Mindlin contact law):
Shear modulus (G) = 1.0 GPa
Poisson’s ratio (v) = 0.2

- Interparticle friction coefficient () = 0.5

o The above-mentioned values for the particle contact parameters are applicable to both
dense and loose densities. Also the stress-strain-volumetric response of the PFC mate-
rials compared well to that of laboratory triaxial test results at different confining

stresses using the same values for the contact parameters.
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o For a model size close to that of a triaxial sample (165 mm x 70 mm x 70 mm), there
is no size or scale effect as long as the average particle size (dsp) of the numerical
sample remains close to or less than 4 mm (for uniformity coefficient C, = 1.5) and

the internal damping is equal to 0.8.

e PFC samples of smooth spherical particles failed to match both the peak strength and
the initial modulus of dense standard Ottawa sand. Non-spherical particle shape was

needed to capture both the peak strength and the modulus of the sand.

e The sub-rounded shape of the Ottawa sand grains was modeled by bonding two
spherical particles of equal size with a slight overlap. This approach to capture the
shape of the Ottawa sand grain worked well and replicated the laboratory peak
strength of standard Ottawa sand.

e While the stress-strain response of PFC samples determined for non-spherical parti-
cles under triaxial compression loading matched well the stiffness and post-peak sof-
tening of laboratory triaxial test results of uniform sand, slight differences were ob-
served in the volumetric responses. Initial contraction in PFC sample was higher and
occurred over a wider strain level compared to the laboratory sample. The onset of di-
lation in both physical and synthetic samples occurred before peak stress but at
smaller axial strain (0.5%) in the laboratory triaxial sample compared to 1% in PFC
samples. This small difference in initial volumetric response could be attributed to the
specified particle elastic properties, especially the particle shear modulus, in PFC

samples.

e Bulging of PFC samples was obtained using discretized lateral walls. The stress-strain

behaviour of dense PFC samples showed a clear peak, and post-peak strain softening.
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B) Discrete element modeling of centrifuge testing of tunneling in sand:

e The three-dimensional discrete element simulations of small-scale centrifuge tests of
shallow tunnels in sand gave results comparable to that of the physical testing as far as
tunnel face stability is concerned. Somewhat less stiff DEM material response
obtained from using smooth spherical particles compared to that of sand produced lit-
tle deviation from the physical response as far as comparison of collapse pressure was
concerned.

e Simulated collapse pressure converged with the measured data as the particle sizes
were reduced. The study indicated that among the analytical methods, the Vermeer
and Ruse method gave reasonable agreement with the numerical predictions for both

5.0 m and 10 m diameter tunnels.

e DEM response of tunneling in sand is sensitive to the following parameters (while

keeping the particle elastic parameters and numerical damping coefficient constant):

- Particle size: The smaller the particle size from the original size (dso) of 8.75
mm the better the response, particularly up to 20 kPa face pressure.

- Particle friction coefficient (u): the value of 0.6 (or ¢, = 31 degrees) better
matched the centrifuge results than 0.5 (or ¢, = 26.5 degrees). The slightly
higher p value than found through calibration in Chapter 4 (u = 0.5) was
needed to compensate for the spherical particles used in tunnel simulation.

- Increment of face pressure: DEM results showed the collapse pressure tends
to approach the measured value as the increment of face pressure grows

smaller.

e The near face displacement pattern from DEM simulations reasonably matched the
physical observations, at least qualitatively. With the deeper tunnel, the displacement
stops at a certain distance above the tunnel crown and does not propagate to the sur-
face. The opposite was observed for the tunnel at shallower depth where displace-

ment, starting at the face, continued to the surface.
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C) Application of 3D-DEM to investigate surface settlement above a 6.5 m diameter tunnel in

sand:

e Like the case of centrifuge simulations of shallow tunnel stability in sand, discrete
element modeling (using simple spherical shaped particles) has been successfully used
to model a 6.5 m diameter tunnel in three-dimensions. The critical tunnel parameters
known to affect surface settlements, e.g., face pressure, shield gap, and liner gap, were

successfully implemented in the model.

e For the case of uniform face conditions, considerable settlement was observed over
the length of the shield of the TBM. Despite restrictions in the model size and the
simplified geometry, the calculated settlement profiles were in reasonable agreement
with the observed settlement profile, particularly in front of and up to 5 m behind the
tunnel face. In the portion over the liner, the model over predicted the surface settle-
ment and this over prediction could be controlled by controlling the size of the gap in

the numerical model.

o For the case of mixed face conditions of till/sand, it was found that the maximum set-
tlement was over predicted. However, this over prediction can be controlled by the
size of the gap used in the model. The modeling results showed that the settlement de-
creased as the till portion of the tunnel face increased. These findings imply that for
the SLRT tunnel the geology of the mixed-face tunneling conditions was likely the
controlling factor in reducing the surface settlements as the tunnel advanced from the

portal to the Education Car Park.

7.2 Recommendations

A great deal of opportunity exists to apply DEM to solve full-scale engineering problems in-
volving granular particles and flow of materials. Assuming that computing power will con-

tinue to increase, the following are some recommendations for future research.

e Material calibration should be extended to include data from tests other than triaxial

tests including plane strain and true triaxial tests. These latter two tests can be used to
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capture shear band formation in DEM.

e The effects of boundary on material behaviour can be explored through modeling of
flexible membranes in DEM.

e More Improvements are needed to realistically capture particle shape.

e Effects of material saturation (due to suction when ground water is below the tunnel)

and the ground water table on the DEM tunnel response should be explored.
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Measurement of Particle Rotation
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Measurement of Failure Zone (C/D=2.0)

Ground Surface

SIDE VIEW (x=0.0 m)
Tunnel Failure
Crown ~ Bulb
7 y
\ i |
i
— I
!
!
Tunnel, !
D=5.0m N4
- //
0 P ®ewfs cns-wenmomoec wova s oo mace - O vw33
® E SE
Z 8 2§
S E S E
5 8 5 3
£§3 + 5m above crown §=
@ 2
ga ga
-1 1

-2 0 2

ooy RN Y o Som > « ane f%

{ *

3.5 m abowe crown

4 6 8

0 2 4 6 8

-2
Distance from face, m Distance from face, m

0 0
_ “Mm....;.;.- - - ..;..'-.’-“‘..M’.QQ IR I SRR :.w,...Q.OQ.0.0!
[ 1 [ 24 [
[4] E O E &
-1 — Y *
£ E £ E Yo
St $32 ‘
—Z o Z 0
& E s E
c o € o
] g @ g
E& 2mabowecrown| | £ &
s 2 S T below |
‘_é a c_é a . e 0.5m below

-1 L . | I L I -1 L ( I L I L

-2 0 2 4 6 8 -2 0 2 4 6 8

Distance from face, m

Reproduced with permission of the copyright owner. Further reproduction prohibited without permisision.

198

Distance from face, m




Incremental Vertical

Incremental Vertical
Displacement, mm

Displacement, mm

)
-

o PP TTEWIIINTY

o 2m below crown |

1 . { L A

2 4 6 8

Distance from face, m

00 %0 @0 e osen 00000 e o

[ o 4.5m below crown |

4 ) ) L 1

2 4 6 8

Distance from face, m

199

Incremental Vertical
Displacement, mm

o

[
=y

.
»
. *
o
202008 4000000000
|« 3.5m below crown
, P
-2 2 4 6

Distance from face, m

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Incremental Vertical

Incremental Vertical
Displacement, mm

Incremental Vertical
Displacement, mm

Displacement, mm

-1

Measurement of Failure Zone (C/D=0.5)

M et ® ® L2
v o Py ®e =
4 L
5
>
K]
=
(]
£
]
o
£
|« 1.5m above crown
-2 2 4 6 8
Distance from face, m
L] XK
o ®o
L
®
. L
5
>
s
-4
3
£
]
2
[ ¢ 1.0 mbelowcrown | | =
-2 2 4 6 8
Distance from face, m
®
8
€
* ]
>
e o+ e e v o0 E
ot 5
£
o
*
|« 3.0m below crown | £
-2 2 4 6 8

Distance from face, m

200

Displacement, mm

Displacement, mm

Displacement, mm

[

e 0.5 m abowe crown

{

-2

2

4 6

Distance from face, m

o o%o0 @

¥

l

*

2.0 m below crown

-2

2 4 6

Distance from face, m

-

s

|« 4.0 m below crown ]

L L L L )

-2

2 4 6

Distance from face, m

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




APPENDIX C

201

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Distance in meters
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