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Abstract
The closure of underground mines is of major interest for the population and a big challenge
for engineers. An important part of this task is the backfilling and sealing of mine shafts. In
practice, most abandoned mine shafts are backfilled with granular material, i.e. rock ballast. If
the underground space is utilized for storage of waste, special sealings or dams are used in
addition. The ballast backfill can produce pressure on the retaining structures that isolate the
shaft from underground openings, such as drifts, filling stations, cavern etc. Therefore, stability
and settlement of the ballast column inside the mine shaft are very important. Moreover, the
pressure of backfill exerted on retaining structures like retaining wall and locking plug is an
important input parameter for geotechnical design and dimensioning. Due to the particulate
nature, ballast material has a complicated response. The boundary conditions and the
mechanical parameters of the ballast are important aspects governing the stability and
deformation of a ballast system. This thesis presents research work on the mechanical
behaviours of rock ballast material and the ballast backfill column in mine shafts using the
three-dimesional Discrete Element Method. A number of numerical models were built to
simulate conventional laboratory tests, i.e. repose test, dumping test, and oedometer test. Grain
size distribution, particle density, porosity and to some extend also grain shape were considered
in the numerical models. By matching the numerical results with those from the lab, the microparameters of the synthetic material were obtained. These calibrated micro-parameters were
afterwards employed for modelling of shaft backfill process. The numerical model of shaft
backfilling depicts the dumping process until the final backfill column is built up. The stress
distribution in the backfill and the induced pressure on retaining structures were predicted.
Comparisons between the results obtained from numerical calculations and analytical solutions
were performed. A new modified analytical model for estimating the horizontal and vertical
stresses/pressures is proposed. The built numerical model also allows prediction of settlement
and stability of the ballast column in mine shafts under loading conditions.

Zusammenfassung
Die Verwahrung aufgelassener Untertagebergwerke ist derzeit ein wichtiges Thema für die
Bevölkerung und eine große Herausforderung für Ingenieure. Ein wichtiger Teil dieser Aufgabe
ist dabei die Verfüllung und Versiegelung von Schächten. In der Praxis werden die meisten
stillgelegten Schächte mit stückigem Haufwerk, d.h. mit Schotter verfüllt. Falls der verbliebene
untertägige Hohlraum für die Einlagerung von Abfall und Reststoffen genutzt wird, werden
besondere Dichtplomben oder Dammbauten zusätzlich genutzt. Der Schotterversatz kann aber
Druck auf die Strukturen verursachen, die den Schacht gegenüber unterirdischen Hohlräumen
- wie Stollen, Füllörter, Kavernen, usw. - abdichten. Daher sind die Stabilität und das
Setzungsverhalten der Haufwerksäule im Schacht sehr wichtig. Außerdem ist der Druck des
Versatzes auf Stützkonstruktionen wie Stützmauern und die Verschlussplombe ein wichtiger
Eingabeparameter für die geotechnische Planung und die Dimensionierung. Aufgrund seiner
Partikelnatur sind die Reaktionen des Schottermaterials kompliziert. Die Randbedingungen
und die mechanischen Parameter des Schotters sind für die Stabilität und die Verformung des
Versatzsystems wichtige Aspekte. Die Arbeit

präsentiert

Forschungsergebnisse zum

mechanischen Verhalten der Steinschottermaterials und der Schottersäule im Schacht unter
Anwendung der Diskrete Elemente Methode. Es wurde eine Reihe von numerische Modellen
entwickelt,

um

konventionelle

Labortests,

d. h.

den

Schüttkegelversuch,

den

Schüttdichteversuch und den Oedometerversuch zu simulieren. Korngrößenverteilung,
Partikeldichte, Porosität und ansatzweise auch einige Partikelformen wurden in numerischen
Modellen betrachtet. Durch einen Vergleich der numerischen mit den aus dem Labor
gewonnenen Ergebnissen wurden die Mikro-Parameter des synthetischen Materials erhalten.
Diese kalibrierten Mikro-Parameter wurden dann zur Modellierung von Problemen des
Schachtversatzprocesses verwendet. Das numerische Modell der Schachtverfüllung zeigt den
Dumpingprozess, bis die endgültige Verfüllsäule aufgebaut ist. Die Spannungsverteilung im
Versatz und der auf die Stützkonstruktionen induzierte Druck wurden vorausberechnet. Es
wurden Vergleiche der aus numerischen Berechnungen resultierenden Ergebnisse mit den aus
der analytischen Theorie abgeleiteten angestellt. Ein neues, modifiziertes Analysemodell zur
Schätzung der horizontalen und vertikalen Spannungen/Drücke wurde vorgeschlagen. Das
entwichkelte numerische Modell erlaubt Vorhersagen des Setzungsverhaltens und der Stabilität
der Versatzsäule im Schacht unter Belastung.
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1 Introduction
1.1 Background
Due to the requirements of sustainability and long-term safety, mines should be closed after
exploitation. For the underground mining space, i.e. stopes, shafts, boreholes, adits, drifts,
caverns etc. there are potential risks after closure. The potential issues associated with those are
subsidence, illegal access, fire, gas emission, pollution of groundwater, illegal dumping of
rubbish or even injury to stock, fauna and people. The underground space should be backfilled
to prevent these risks. According to mining regulations, shafts must be secured by backfilling
and capping them to avoid instability and to ensure the safety of the public nearby. Backfilling
plays a role as ground support to keep stability of rock mass around the hollow space by it’s
confinement. Besides, backfilling of the underground openings improves the regional stability
within the mine, so that ore can be exploited from the adjacent areas. The backfilling material,
hereafter called ‘’backfill’’, must also guarantee the stability for other closure-relevant
structures for sealing or retaining purposes, such as sealing plugs and caps above the backfill
column or barriers, retaining walls or dams in the drifts or horizontal excavations that intersect
the shafts. The role of sealing is very important for safety and environmental protection. It is
even more important in some special cases, where waterproofing plays a crucial role like in salt
mines or excavations in soluble rockmass.
Abandoned mine shafts are often backfilled with granular material, especially rock ballast. It is
known that vertical settlement occurs and that these settlements can induce a risk to surface or
overlying structures. In some cases complete system failure may occur. Backfilling with
granular rock is one of the oldest and most common approaches for underground mine closure.
In most cases, this is the preferred method especially in case of availability and abundance of
filling materials.
The mechanical properties of backfill material, i.e. ballast, are not simple to obtain like for other
geotechnical materials. The difficulty to get properties of backfill material is mainly due to their
particulate nature and the large grain size. Experiments for this type of material usually require
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large non-standard test equipment. Moreover, the availability of empirical data is also very
limited.
Due to the shaft dimensions (large height to diameter ratio) the behavior of granular shaft
column is characterized by silo and arching effects. Besides, particle size distribution, particle
shapes and properties of granular material play a very important role. Also, the character of
contact between the backfill and shaft wall affects the behavior of granular column inside the
shaft. The silo effect has been investigated by numerous authors but research in the field of
mining, especially in relation to shaft backfilling, is quite limited. Most studies were performed
in civil and processing engineering. They are mainly based on conventional analytical theories
accompanied by experiments. However, these conventional methods have several constraints
in respect to silo flow of granular material.
Shafts have connected adits, drifts etc. These openings influence the filling work, including the
quantity of backfill material and the stability of filling column. The filling can move into the
horizontal accesses and fill them up to certain length. These horizontal accesses may cause
instability of the granular column inside the shaft.
In some regions dynamic excitation due to earthquakes has to be considered because additional
settlement or even instability of the ballast column in the shaft can occur.
The research presented within this thesis concentrates on the stability, deformation and stress
distribution of granular column inside a shaft. Rock ballast is selected as fill material. Particle
flow code PFC3D, Vers. 4.0, is used to perform the numerical simulations. This method is able
to simulate a multi-body system considering the interaction between particles and between
particles and shaft wall incl. connected drifts. This is a major advantage compared to classical
continuum based codes.
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1.2 Purposes and scope of study
The main objectives of this research are:
-

to investigate the physical and mechanical behavior of rock ballast, i.e. to deduce
relations and equations to predict the compression behavior and the apparent angle of
shearing resistance of rock ballast via results obtained from laboratory tests;

-

to build-up numerical models based on DEM to simulate different laboratory tests and
to investigate the behavior of ballast at the micro scale with respect to grain size, grain
shape, distribution of contact forces, degree of compaction and loading condition, to
find suitable micro parameters for the numerical model by calibration and validation
and to compare simulation results with experimental data obtained from own research
or literature;

-

to set-up a DEM model of shaft fill and to simulate the ballast behavior inside the shaft
under different boundary conditions and to investigate the stability and settlement of
granular material filled into shafts, boreholes, drifts etc.,

-

to study the silo effect in tube-like structures,

-

to derive the micro parameters for particle flow simulation and to investigate the factors
that influence the simulation results.

1.3 Organization of dissertation
Chapter 1 describes scope and methods of the presented research.
Chapter 2 highlights the theoretical and practical background of the research. It presents
literature review including granular flow in shafts, silos and related problems. This chapter
concentrates on the application of the discrete element method (DEM) to study the behavior of
granular material. Finally, recent developments of DEM modelling related to mine shaft backfill
problems are presented and evaluated.
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Chapter 3 gives an overview about the discrete element method and the principles of particle
based simulations. Specific features of the 3-dimensional numerical code PFC3D are explained.
Different types of contact and damping models are presented. The clump and cluster logic to
create irregular shaped particles is introduced as well.
Chapter 4 presents the own numerical simulations of laboratory tests with glass balls. Several
simulations are performed for calibration and determination of micro-parameters. Small-scale
lab experiments of shaft backfilling with and without additional loading were performed. In
parallel, the lab experiments were modelled with PFC3D. This procedure was used to validate
the numerical approach against the problem of shaft backfilling.
Chapter 5 presents PFC3D simulations of special laboratory tests performed to study the
behaviour of shaft ballast material. These simulations are used to determine the micromechanical model parameters. Each simulation is described in detail by presentation and
discussion of the results in order to find relations between micro- and macro-mechanical
properties and to evaluate the sensitivity of these parameters.
Chapter 6 presents models of shaft backfilling. Several different constellations were simulated
in respect to shaft geometry, backfill material properties as well as its interaction with the shaft
wall. Results of simulations are presented by plots and numerical values. Special attention is
paid to stress distributions and settlement of the ensiled material. Finally, results are discussed
for different types and constellations of shaft filling.
Chapter 7 gives conclusions of the research and recommendations for further studies.

2 Literature Review
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2 Literature Review
2.1 Introduction
Research about the process of shaft backfilling and related problems is limited, especially in
terms of numerical modeling. This chapter reviews the existing references and describes
different approaches applied to that specific, but also related research topics. The review focus
on various numerical methods, i.e. the Distinct Element Method (DEM), to simulate the
behavior of granular materials. The mechanical properties of particulate material are very
important and consequently, a deep-going knowledge about particulate characteristics and their
influence on the overall behavior of granular flow inside the shaft is indispensable.
2.2 Studies on granular materials using DEM
Granular material in general has been the object of extensive fundamental and applied research.
Experiments are the direct approach to investigate the mechanical behavior of material.
Numerical methods can support or partially replace these studies to save costs of experiments
and to get deeper insight into the mirco-mechanics. In some cases, numerical simulations are
the only approach, because it is impossible to perform corresponding experiments. DEM as a
simulation tool for granular media was introduced by Cundall and Strack (1979) and found
wide application and further development in the following decades.
Various lab tests have been back-analyzed using DEM. Direct shear tests for different materials
have been modeled (Zhang and Thornton 2002; Liu et al. 2005; Härtl and Ooi 2008;
Bagherzadeh-Khalkhali and Mirghasemi 2009; Yan 2009; Yan and Ji 2010; Thongmunee et al.
2011). Oedometer compression tests have also been simulated using DEM (Katzenbach and
Schmitt 2004; Stahl and Konietzky 2011; Thongmunee et al. 2011; Tuấn and Konietzky 2013).
Notably, DEM is very suitable and effective to simulate triaxial compression test of granular
material (Sitharam et al. 2002; Katzenbach and Schmitt 2004; Belheine et al. 2009; Widuliński
et al. 2009; Stahl and Konietzky 2011; Bono et al. 2012; Kozicki et al. 2014; Mehmet and
Alshibli 2014). Besides, many special tests for granular materials which could not be modeled
using continuum methods have been simulated by DEM, such as the repose test (Zhou et al.
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2001; Li et al. 2005; Ai et al. 2011; Stahl and Konietzky 2011), dumping and compaction tests
(Kong and Lannutti 2000; Zhang et al. 2001; Fu and Dekelbab 2003; Yu et al. 2006; Stahl and
Konietzky 2011) and rotating drum test (Xu et al. 2010).
The effects of micro parameters on the macro behavior were carefully considered and
investigated. For instance, Yan (2009) describes the large effect of microscopic fractional
coefficient on the peak strength and the overall dilation of soil samples. Katzenbach and Schmitt
(2004) found some general laws, how different micro parameters influence the macro
mechanical behavior of soils deduced from triaxial compression tests.
The effects of particle size and distribution of granular material on the mechanical properties
have been examined on the basis of DEM simulations (Katzenbach and Schmitt 2004; Stahl
and Konietzky 2011). Their results indicate that the grain size distribution has significant effect
on the macro mechanical behavior, and therefore, particle size distribution should be considered
explicitly. Besides, the authors recommended the use the upscaling factors for more efficient
modeling.
Particle shape and angularity is another major characteristic of granular materials. Many studies
have shown that particle shape has a significant effect on different characteristics, such as
packing density, stiffness, shear strength or dilation. There are three common parameters to
characterize particle shapes: sphericity, angularity and surface roughness. The first two
parameters can be directly measured and reproduced in DEM by more complex particle shapes.
The third factor, i.e. the roughness is best characterized by inter-particle friction (Santamarina
and Cho 2004). Most of the DEM codes use spherical particle shape, because this leads to strong
simplification of contact detection and therefore to reduction in computational time. However,
such idealized shapes may not be able to reproduce characteristics such as dilation and
interlocking friction (Jensen et al. 2001). Other special particle shapes were also used, but they
are not very common and not computational effective. For example, elliptically shaped particles
were developed by Ting et al. (1995). Its use appeared to be better than the use of spherical
particles to replicate the resistance of particles against rotation (Lin and Ng 1997). However,
the difficulty of effective contact detection algorithm limits its application.
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Fortunately, super particles with irregular shape composed of bonded or clumped spherical or
circular particles were proposed. Jensen et al. (1999) introduced a clustering technique by
combining a number of spherical particles in a semi-rigid configuration. He also demonstrated
the effectiveness of clustered particles by comparing the use of simple circular particles with
clustered particles for shear tests with sand. The simulations showed that the particle rotations
were significantly reduced when clustered particles were used. As a result, the shear strength
of the clustered particle assembly is increased compared to the non-clustered particle assembly.
The advantage of using clusters has been proved also by other researches (Thomas and Bray
1999; Li and Holt 2003). In addition, clusters have the capability to break under loading or
impact and can therefore be used to simulate disintegration processes.
The clump logic has been employed to produce particles of irregular shape (Lim and McDowell
2005; Lu and McDowell 2007) for modeling of railway ballast. For other purposes the clump
logic was used by a number of researchers (Yan et al. 2009; Yan and Ji 2010; Stahl and
Konietzky 2011). These studies showed that the interlocking provided by the clumps provides
a much more realistic load deformation response under loading. The use of clumps leads to
higher peak and residual stresses. Higher shear strength, friction angle and dilation are observed
in comparison to the use of spherical particles.
Crushing and breakage of soil particles has been studied experimentally by a number of
researchers, and the influence of particle breakage on frictional behavior and deformability of
granular materials has been investigated by triaxial and unconfined compression tests. One declustering technique to describe particle damage was introduced by Jensen et al. (1999) and
altered by Deluzarche et al. (2003). Comparing data obtained from lab tests of real rockfill, it
was found that particle breakage leads to a decrease in internal angle of friction and an increase
in granular material compressibility (Seyedi and Mirghasemi 2007).
DEM is found to be a favorable method to investigate the effect of confining pressure from the
micro-mechanical point of view (Sitharam 1999; Li and Holt 2003).
In addition to the studies of lab tests, DEM has been effectively and largely used for simulation
of quite different granular systems under static and dynamic conditions. Major applications can
be found in a review by (2008).
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2.3 Silo flow problems
In certain aspects backfilling a shaft with ballast is rather similar to flow of granular material
inside a silo. In both cases the material flow is driven by gravity and confining boundaries
control the flow process. The long columnar boundary creates special stress distributions inside
the fill and to the walls. Also, arching effects are important in both cases.
‘Silo effect is known as a phenomenon in which the pressure acting on the bottom of the silo is
not proportional to the height of filled granular material because some of the stored material
weight is transferred to the walls by the influence of frictional resistance along the wall of silo’
was written by Pipatpongsa and Heng (2010). This major phenomenon occurs in ditches,
bunkers and silos, and was experimentally investigated already by Janssen (1895). Therefore,
the “silo effect” is also called “Janssen’s bin effect”. Arches or bridges in the fill can be formed
due to interlocking and friction when the granular material flows downwards. This phenomenon
is termed ‘’arching effect’’. Arching effect is related to stress redistribution process in which
differential straining mobilizes shear strength and transfers part of the pressure of yielding mass
to relatively stable neighboring zones. A comprehensive review about the arching effect is given
by Tien (1996). The rigid wall of the mining shaft will support the fill partially. Adjoining
particles move with respect to the remainder of the granular fill. With increasing filling height
a certain point is reached, where the whole overburden pressure is transferred to the surrounding
walls and the lower part below the arched zone is no more influenced by overlying material.
These effects are advantageous in respect to stability and settlement of the backfill in the shaft.
2.3.1

Stress distribution in silos

The stresses in a vertical silo were studied both theoretically and experimentally by a number
of scientists more than a century ago (Roberts 1883; Janssen 1895; Koenen 1896).
Irrespective of the calculated and measured differences in pressure for different materials, it
should be emphasized that the application of the theory of Janssen (1895) delivers a good
approximation of pressure distribution in a silo. Therefore, Janssen’s theory is commonly used
to estimate the pressure in ballast filled mining shafts. His theory was reviewed by several
authors (Bushmanova and Revuzhenko 1981; Schulze 2006; Pipatpongsa and Heng 2010).
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Janssen (1895) has performed experiments and found that the stresses inside the ballast as well
as along the silo walls increase with depth with a decreasing gradient and tend to reach a
maximum value at a certain depth. The author declared that the calculation of the pressure in a
silo cannot follow the formula of hydrostatic fluid pressure, which increases linearly with depth.
In case of ballast, the pressure transfer is affected by the existence of friction at the surrounding
walls. Therefore, the pressure increases non-linearly with increasing height of ballast column.
The common formulae of earth pressure against straight retaining walls are also not applicable
because ballast material inside a silo is all-around surrounded by walls. The pressure at the floor
of a silo is considerable lower than the corresponding lithostatic pressure and reaches a constant
value independent of height.
Janssen (1895) used the incremental theory based on the equilibrium of horizontal slices using
relationships between vertical and horizontal stresses considering wall friction. Janssen’s
analysis is based on two assumptions: 1) the coefficient K, equal to the ratio of the normal
pressure on the wall to the mean normal pressure in a horizontal cross section, is constant;
2) the tangential stress on the walls is completely developed and is proportional to the normal
pressure. He considered a slice-shaped volume of infinitesimal height dz as the vertical section
of the silo (Figure 2-1) and assumed that friction, bulk density, and lateral stress ratio across
the whole cross-section are constant. Due to its simplicity, this model is often used for silo
design.

Figure 2-1 Slice element in the vertical section, after Schulze (2008)
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Vertical stress 𝜎𝜎𝑣𝑣 is calculated by:
σv =

−Ktanφw Uz
gρb A
gρb A
A
�σv0 −
�e
Ktanφx U
Ktanφx U

Horizontal stress 𝜎𝜎ℎ and wall shear stress 𝜏𝜏𝑤𝑤 are given by:
σh = Kσv =

−Ktanφw Uz
gρb A
gρb A
A
+ �Kσv0 −
�e
tanφx U
tanφx U

τw = σh tanφx =

gρb A
gρb A −Ktanφw Uz
A
+ �Ktanφx σv0 −
�e
U
U

(2-1)

(2-2)

(2-3)

where:
σv

= vertical stress

σh

= horizontal normal pressure at wall

φw

= wall friction angle

σv0

= vertical surcharge pressure at top surface

τw

= shear stress at wall

ρb

= solid bulk density of material

g

= gravitational constant

A

= sectional area of silo

U

= perimeter of silo

Pressure and stresses of bulk material in a silo can be illustrated as shown in Figure 2-2.
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Figure 2-2 Pressure and stresses in liquids and bulk solids (Schulze 2008)
The theory of Janssen (1895) has been validated by several experiments by a number of
researchers. During the experiments, the floor and wall pressures were measured. Based on
experimental results, different analytical theories have been developed, which mainly consider
stress distributions inside the silo.
Butterfield (1969) used idealized models of single-sized particles in combination with
numerous observed failures of silos as well as comparison with available published
experimental data to investigate the variation of K value. An ‘arching factor' was introduced in
order to analyse different stages of pressure distributions.
Millet et al. (2006) presented an analytical approach considering the material as a continuum,
which can be considered as an improvement of Janssen’s theory. This approach is based on two
dimensional equilibrium equations coupled with the Mohr–Coulomb criterion and a slip
condition at the walls of the silo. Therefore, it is usable to calculate the stresses on silo walls
for both, cohesive and non-cohesive filling materials. Nevertheless, Millet’s analysis is limited
to a linear horizontal distribution of shear stresses and to the assumption of equal internal and
wall fiction angles. Similar to Millet et al. (2006), Rahmoun et al. (2009) developed an
analytical approach which improves other existing approaches to calculate the stresses at any
point of the ballast material. Besides, the influence of friction angle of Mohr–Coulomb criterion
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to the stresses was investigated. However, both approaches are limited to silos of cylindrical
shape.
Pipatpongsa et al. (2009); Pipatpongsa and Heng (2010) have studied and evaluated silo theories
developed by Janssen and Jáky (1948). Jáky considered slip of material along silo walls
whereby the whole mass is not mobilized, but considered as a semi-rigid body with friction at
the walls. Based on both methods, Pipatpongsa and Heng (2010) found exact solutions of
stresses in cylindrical coordinate system. Both methods give similar results at great depth, but
it is essential to apply a constant coefficient of lateral pressure to the centre line as suggested
by Jáky (1948). Using Jáky’s approach for quasi-static condition it was found that stacks of
arch appear of variable shapes for different depths changing from flat at top surface to stable
curves at great depths.

2.3.2

Other experimental studies

Similar to Janssen (1895), Sperl (2006) performed simple experiments with corn in a quadraticcrossed silo and measured the pressure by cells at moveable base. In this way it was possible to
determine the bottom pressure for various filling height. He inferred the saturation of pressure
with height in a granular system.
Brown et al. (2000) and Rotter et al. (2002) conducted series of experiments with a rectangular
shaped silo with a pyramidal hopper. The results showed that the wall pressures at any level are
systematically non-uniform. This is in contradiction to theories which assume that the
horizontal stresses are uniform in any horizontal plane. Moreover, the results showed that the
conventional theory of Janssen is incapable to predict the exact variation of stresses along the
walls in silos of non-circular cross-section.
Qadir et al. (2010) presented apparent mass measurements at the bottom of granular packages
for different bead and silo sizes. By experiments, it was recognised that the parameter K in
Janssen’s theory increases with the ratio of silo to bead diameter. This feature is attributed to
the friction between the beads and the silo walls. It is the friction that leads to variations in
shielding of vertical stresses as well as pressure screening. It has also been found that the
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presence of larger granular particles leads to stronger stress fluctuations at the bottom of the
silos.
To investigate stress fluctuations at the bottom of silos, Vanel and Clément (1999) and Ovarlez
et al. (2003) carried out experiments and measured the static pressure at the bottom of columns
composed of granular material. A quantitative analysis was made to detect the pressure
saturation for increasing height of column. Measurements have shown pronounced sensitivity
to particle packing density and the eventual presence of shear bands at the boundaries. Vanel
and Clément (1999) performed another comparison between theoretical models and their
experiments and proposed a modified Janssen model to calculate the pressure in silos.
Thornton and Randall (1988) realized an experimental setup to measure accurately and
reproducible the effective pressure as well as its fluctuations at the bottom of granular columns.
It was found that the saturated pressure is linked to a third power function of the silo diameter.
The data obtained are in agreement with the modified Janssen model proposed by Vanel and
Clément (1999).
Molenda et al. (2007) had used earth pressure cells for measuring pressures exerted by grains
on the walls and the floor of a model silo. The results showed that the static vertical pressure at
floor pressure varies contrarily to Janssen’s assumption.
Despite of various experiments, detailed measurements of the ballast material in silos are very
limited. Moreover, this issue becomes even more critical in case of blocky material as well as
for large scale systems, like mining shafts for instance.

2.3.3

Numerical studies

Numerical studies of silo problems are mainly performed via two methods: the Finite Element
Method (FEM) and Discrete Element Method (DEM). Finite element method has been used
earlier to investigate the pressure of granular material at the silo walls (Ooi and Rotter 1990;
Alauddin and Ahmad 1995; Ooi and She 1997; Karlsson et al. 1998; Briassoulis 2000; Goodey
et al. 2003; Rombach et al. 2005; Abdel-Fattah et al. 2006; Rombach 2006; Jianbao et al. 2010).
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Goodey et al. (2003) developed a finite element model to simulate the pressure distribution in
a filled silo of square cross section with flexible walls. It was observed that the flexibility of the
walls has a significant effect on the pressures. Their model-based predictions were compared
with experimental observations obtained in a previous study. Both, the state of stress in the
ballast and the pressures imposed to the silo walls were investigated. It was shown that the
horizontal pressure distribution at any given height at the end of the filling process is far away
from being uniform, with larger pressures developing in the corners than in the mid-sides of the
silo walls. It is evident that the wall pressures in flexible-walled silos with rectangular cross
sections are strongly affected by the stiffness of the stored ballast.
Recently, many studies have been performed to investigate wall pressures of silos by the help
of DEM (Langston et al. 1994; Rotter et al. 1998; Gavrilov and Vinogradov 1999; Hirshfeld
and Rapaport 2001; Xu et al. 2002; Goda and Ebert 2005; Coetzee and Els 2009; Klishin and
Revuzhenko 2014).
Rotter et al. (1998) reported briefly on the predictive ability and shortcomings of discrete
element and finite element calculations to describe the behaviour of granular material in silos.
Problems of filling a silo, discharge of granular material from flat-bottomed silos and hopper
silo were outlined.
Masson and Martinez (2000) have performed multi-scale simulations of granular material in
silos starting at the microscopic scale. Two procedures were considered in order to simulate the
mechanical behaviour at the macroscopic scale: 1) direct discrete simulation from the
microscopic scale up to the macroscopic scale; 2) two-step simulation procedure by first
discrete simulations at the microscopic level followed by continuum analysis at the macroscopic
scale. The macroscopic parameters are derived from discrete simulations of usual rheological
tests. An experimental validation of the distinct element approach is conducted via biaxial
compression tests. The macroscopic parameters of the ballast were identified and introduced
into a finite element analysis with an elasto-plastic constitutive model using the Mohr-Coulomb
criterion. It was found that the mobilized friction at the interface to the walls may be greater
than the bulk internal friction. Although the simulations are time consuming, this method seems
to be very promising to derive the macroscopic behaviour of granular materials and to reveal
the fundamental mechanisms of granular material in silos.
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Dynamic flow problems in silos were also studied with the discrete element method (Langston
et al. 1994; Hirshfeld and Rapaport 2001; Xu et al. 2002; Goda and Ebert 2005; Coetzee and
Els 2009). These authors confirmed the possibility of performing such simulations in real time
which is essential in process engineering. Flow rates and flow pattern were well reproduced by
DEM. This is one of the main advantages of DEM over FEM.
By comparing the two numerical methods (FEM vs. DEM), Rotter et al. (1998) found a big
difference in predicting wall pressures. It was found that FEM is suited to determine the wall
pressures quantitatively, however it is impossible to model the filling process and also
impossible to model the ballast behaviour in irregular shaped silos. Meanwhile, DEM offers
quantitative predictions and modelling of the dynamic process as well as the simulation of
ballast material in complicated shaped silos.
2.4 Studies about mine shaft backfilling
Compared with the silo problem in process engineering, much less attention is payed to the
problem of mine shaft backfilling, especially considering the use of DEM. This is probably due
to the particularity of its application. Moreover, some studies in this field have been done
internally and were not published.
2.4.1

Filling material and schemes

Different types of backfill are used in underground mining. Three most important types in hard
rock mining are rock fill, slurry fill and paste fill (Hustrulid and Bullock 2001). Shafts are
typically filled with granular materials, i.e. broken brick, concrete rubble, ballast or gravel. It is
beneficial from the economical point of view if waste materials are utilized. In special cases,
cohesive and hardening or concrete-like mixtures are used. Sometimes, cohesive material or
bitumen is injected into the backfill for sealing and safety purposes.
The backfill creates a granular column inside the shaft, which sometimes is divided into
different sections with various grain sizes and types of materials due to specific requirements.
Among those, rock fill is the first type used in mining to provide underground support and
commonly used due to its availability at sites.
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For long term serviceability under the influence of rising ground water inside the shaft, the
materials are selected based on some conditions. Backfill material must be stable in contact
with mine water, i.e. swelling or solution in water should be avoided. Also, dangerous chemical
reactions and negative impact to the groundwater should be excluded. Care should be taken in
respect to potential softening of the filling.

2.4.2

Filling techniques

Different filling methods can result in different quality. In practice, gravity placement, in which
the backfill is dumped down from a certain height or from top of the shaft or well, is the most
commonly used. The backfill can be directly poured from the surface or the backfill is lowered
by tube or bucket and then dumped from a certain height. Different drop heights may influence
the quality of a filled shaft due to different potential energy, particle breakage and the silo effect.
For example, dropping height of about 20 m is selected by Liu et al. (2009) because of effective
compaction without significant grain breakage. As shown in Figure 2-3, the backfill is
contained in a bucket which is lowered centrically inside the shaft. The dumping height can be
set as required. Once the height of dumping is reached, the conical bottom is opened via
auxiliary cable and backfill is dumped downwards.
There are two typical shaft filling schemes, namely partial filling and full filling.
In the partial filling schemes, a concrete abutment is installed in the form of seals, sheets or
spherical shells in stable rock strata and then covered with the filling. Here, the shaft lining is
removed and the surrounding rock is prepared for the abutment installation.
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Figure 2-3 Sketch of backfilling method. After Breidung (2002)
In the full filling method, the shaft is completely filled up from bottom (sump pit) up to the
surface. Application of this method has to consider that ballast material may run into crossing
openings (drifts, shaft stations etc.). Therefore, this method may require the installation of
barriers to avoid fill column instabilities. This method of backfilling was extensively applied in
the state of North Rhine-Westphalia, Germany.

A comprehensive report about the management and methods used for abandoned mine shafts
in the British Coalfields was published by Davies (1988). In this report, the author addressed
instability problems of shafts. He also mentioned methods of backfilling as well as sealing and
capping. These methods are typical and adopted in different countries. Further case studies are
published (Penzel et al. 2007; Lecomte et al. 2012).
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Figure 2-4 Scheme of shaft backfilling: (a) full backfilling and (b) partial backfilling. After
Klemm (1975)
2.4.3

Mechanical behavior of backfill column

Already in the 1970s research was performed using physical models. One of the remarkable
studies was conducted by the ´Westfälische Berggewerkschaftskasse´ (WBK, Germany). This
can be considered as state-of-the-art research about the stability of granular filling columns in
mine shafts and has been used as a guide for many shaft backfilling projects.
Recently, Fischer et al. (2010) have conducted small scale model tests of shaft filling by using
geotechnical centrifuge facility. In their studies, the test model includes a main vertical shaft
and horizontal tunnels. The behavior of granular column under different conditions was tested.
The influence of water saturation was also considered. Different scenarios of water inflow were
tested. It was shown that the inflow of water destabilize the granular backfill column.
Particularly, local instabilities were observed, which can cause progressive failure. Settlement
of up to 10 % of granular column height was observed.
Scherbeck et al. (2012) performed an analysis using 2D and 3D FEM based on the above
mentioned test results of Fischer et al. (2010) and incorporated also observations of in-situ shaft
filling projects. The whole research work was then rewritten and published by Scherbeck et al.
(2013). The behavior of backfill inside the shaft was investigated by application of the Mohr-
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Coulomb constitutive model. By compiling parameters obtained from lab testing and
calibration of parameters for the constitutive model, the calculations successfully duplicated
the behavior of the granular column confirmed by physical model measurement. However, the
FEM model does not account for the micromechanical aspects of the granular backfills. The
behavior of single particles within the backfill column, especially at the boundary of slope in
the horizontal drifts has not been considered. These aspects can be considered by DEM models,
which pay deeper attention to the micro properties of granular particles.
Closely related to this topic, a two-dimensional DEM simulation of shaft backfilling was done
in 2D by Breidung (2002). Using a 2D model can save computational costs, but does not cover
the full complexity of the 3D behavior (porosity, potential particle movements, stress state etc.).
Recently, Bock and Prusek (2015) developed a numerical approach using DEM to analyze the
horizontal and vertical pressure of granular column in a shaft exerted on barrier structures, i.e.
locking plug at shaft station and the retaining walls in horizontal drifts. In their studies, the
effect of grain size was considered. This study belongs to a very big research project, which
was recently published (Salmon et al. 2015). The results of their research show that the pressure
on retaining structures in horizontal drifts depends not only on the height of backfill column
but also on the distance from the wall to the main shaft. This study confirmed again the
suitability of DEM for analyzing shaft backfill problems.
There are already a few studies on the problem of shaft backfilling. However, the use of DEM
to investigate this problem is still very limited, although it has a huge potential to get further
insight into the mechanical and hydro-mechanical coupled behavior of shaft fillings.

3 Particle Based Simulation Methods
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3 Particle Based Simulation Methods
Particle Methods (PM) can be considered as a special version of the Discrete Element Method
(DEM). In a narrower sense, the basic elements of PM are circular or spherical-shaped elements
(balls). These elements are treated as rigid and the physical contacts between them are point
contacts. These rigid particles can be bonded to each other to create super particles of arbitrary
shape or synthetic mass with cohesion and tensile strength. In addition to the particles, PM can
contain wall elements to define the boundaries. Contacts may exist between balls and between
balls and walls. An algorithm automatically detects contacts and a force-displacement law is
applied at each contact.
Particle Methods are especially useful to analyse geomechanical problems. Some recent
application of this method in geomechanics can be found in a book chapter written by Jiang and
Yu (2006) or in a paper by O’Sullivan (2008). The considered geomaterials are of different type
and of different size. PM can be applied to investigate the behaviour of granular soil (Stahl and
Konietzky 2011), cohesive soil (Zhang and Li 2006), cemented soil (Wang and Leung 2008),
solid rock (Potyondy et al. 1996; Potyondy and Cundall 2004; Wang and Tonon 2009) and
jointed rock (Potyondy and Fairhurst 1999; Jing 2003; Wang et al. 2003; Lambert and Coll
2014; Lisjak and Grasselli 2014). PM are very favourable to study the interaction of
geomaterials with reinforcements, for example, soil with geogrid (Stahl and Konietzky 2011),
or soil with fibre reinforcement (Sivakumar Babu et al. 2008; Tuấn 2015). Problem scale can
vary from element or specimen of soil or rock to the large in-situ scale. Due to the discrete and
dynamic nature the PM are especially suitable for analysis of particulate systems in process
engineering and material sciences. These applications can be found in many publications, for
example in a paper by Cleary (2009).
3.1 Introduction
PFC (Particle Flow Code) is based on circular (2D) or spherical (3D) elements, which are also
called particles or balls. Balls in contact may overlap at contact points and the magnitude of the
overlap is related to a contact law (force-displacement law). Walls exist besides the balls, but
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they are passive elements and serve mainly as boundary condition. Contact detection is
performed automatically be usage of a cell-space algorithm.
3.2 Calculation cycle
PFC is an explicit, time-marching code. Integration is used to deduce particle velocities and
displacements from corresponding accelerations. The time step needs to be very small to ensure
accuracy. Particles in PFC are treated like springs that have a finite mass, size and stiffness.
From the constitutive law at the contact between particles, as demonstrated in Figure 3-1, forces
and moments acting on the particles are obtained. The critical time step can be estimated using
a linear spring system (Cundall and Strack 1979):

∆𝑡𝑡𝑐𝑐 = 𝑚𝑚𝑚𝑚𝑚𝑚 �

 m k n
∆t c = min 
 I k s
�𝐼𝐼 ⁄𝑘𝑘𝑠𝑠

translation

�𝑚𝑚⁄𝑘𝑘𝑛𝑛

rotation

(3-1)

where 𝑚𝑚, 𝐼𝐼, 𝑘𝑘𝑛𝑛 , 𝑘𝑘𝑠𝑠 are the mass, moment of inertia, normal and shear stiffness, respectively.

The critical time step depends on the constitutive law and the damping.
cs
ks
cn
kn

Figure 3-1 Scheme of a contact model
The calculation of PFC is based on the repeated application of the second law of motion to each
particle, a force-displacement law at each contact, and a constant updating of wall and ball
positions. The calculation cycle is illustrated in Figure 3-2.
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update particle + wall position and set of contacts

Law of Motion

Force-Displacement Law

(applied to each particle)

(applied to each contact)

Resultant force+moment

Relative motion

contact forces
Figure 3-2 Calculation cycle in PFC, after Itasca (2008)
3.3 Basic relations
3.3.1

Force-displacement law

The generated force between two particles or between a particle and a wall in contact, Fi , can
be resolved into normal and tangential components with respect to the contact plane as:
Fi = F𝑖𝑖𝑛𝑛 + F𝑖𝑖𝑠𝑠

(3-2)

where F𝑖𝑖𝑛𝑛 , F𝑖𝑖𝑠𝑠 denote the normal and shear component of the contact force vector.
Normal contact force is related to normal displacement by:
F𝑖𝑖𝑛𝑛 = 𝑘𝑘 𝑛𝑛 𝑈𝑈𝑖𝑖𝑛𝑛

(3-3)

∆F𝑖𝑖𝑠𝑠 = −𝑘𝑘 𝑠𝑠 ∆𝑈𝑈𝑖𝑖𝑠𝑠

(3-4)

Increment of shear contact force is related to increment of tangential displacement by:

where 𝑘𝑘 𝑛𝑛 and 𝑘𝑘 𝑠𝑠 are the normal and shear stiffnesses (unit: force/displacement) at the contact.

∆U𝑖𝑖𝑠𝑠 is the shear component of the contact displacement increment vector occurring over a

timestep of Δt:

∆U𝑖𝑖𝑠𝑠 = 𝑉𝑉𝑖𝑖𝑠𝑠 ∆𝑡𝑡

(3-5)
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Law of motion

The particle position is updated using the particle’s initial values and the displacement
increments obtained from the force displacement law. The motion can be separated into two
types: translational and rotational motions. At the beginning of each time step calculation each
particle has initial position, xi, velocity, xi , acceleration xi , rotational velocity, w i , and
rotational acceleration, w
i . Using Newton’s second law of motion of bodies with constant mass,
the equation of motion can be written in the vector form as follows:
𝐹𝐹𝑖𝑖 = 𝑚𝑚(𝑥𝑥̈ 𝑖𝑖 − 𝑔𝑔𝑖𝑖 ) translational motion

(3-6)

As in classical mechanics, the rotational motion of a particle can be described by Euler's
equations:
𝑀𝑀1 = 𝐼𝐼1 𝜔𝜔1̇ + (𝐼𝐼3 + 𝐼𝐼2 )𝜔𝜔3 𝜔𝜔2
𝑀𝑀2 = 𝐼𝐼2 𝜔𝜔̇2 + (𝐼𝐼1 + 𝐼𝐼3 )𝜔𝜔1 𝜔𝜔3
𝑀𝑀1 = 𝐼𝐼3 𝜔𝜔3̇ + (𝐼𝐼2 + 𝐼𝐼1 )𝜔𝜔2 𝜔𝜔1

(3-7)

where Fi is the resultant force (sum of all externally applied forces acting on the particle); m is
the total mass of the particle; and g i is the body force acceleration vector (e.g. gravity); M i is
the resultant moment acting on the particle; I is the moment of inertia of the particle.
3.4 Contact models
The constitutive models acting at a particular contact can be subdivided into three groups: a
stiffness model, a slip model, and a bonding model. Basic contact models are composed by
different basic components, such as elastic springs, viscous dashpots or frictional slider.
3.4.1

Stiffness models

The stiffness models relate the contact force and the relative displacement in the normal and
shear directions via an elastic force-displacement law. The normal stiffness relates the total
normal force to the normal displacement as shown in Eq. (3-3), whereas the shear stiffness
relates the increments of shear force to the increments of shear displacement as shown in
Eq. (3-4)
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The two most common built-in contact models in PFC are the linear elastic contact model and
the Hertz-Mindlin contact model. Besides, a number of alternative contact models are provided
but not presented in this work.

The linear-contact model
The linear contact model was proposed by Cundall and Strack (1979). This model establishes
a fundamental relationship between contact force and relative displacement in both, normal and
tangential directions. The interaction between two entities in contact is described by two linear
springs with stiffness kn for normal direction and ks for tangential direction as shown in Figure
3-3. The normal and shear stiffness of the contact is calculated by a rule of mixture from normal
and shear stiffness of particles, respectively, as shown in Eqs. (3-8) and (3-9).

Figure 3-3 Linear contact model (Jakob and Konietzky 2012)

𝑘𝑘𝑛𝑛 =
𝑘𝑘𝑠𝑠 =
The Hertz – Mindlin model

[𝐴𝐴] [𝐵𝐵]

𝑘𝑘𝑛𝑛 𝑘𝑘𝑛𝑛

[𝐴𝐴]
𝑘𝑘𝑛𝑛

+

[𝐵𝐵]
𝑘𝑘𝑛𝑛

[𝐴𝐴] [𝐵𝐵]

𝑘𝑘𝑠𝑠 𝑘𝑘𝑠𝑠
[𝐴𝐴]

(3-8)

(3-9)

[𝐵𝐵]

𝑘𝑘𝑠𝑠 + 𝑘𝑘𝑠𝑠

Non-linear contact models have been developed to represent contact forces and displacements
more realistically. The Hertz – Mindlin contact model (Mindlin and Deresiewicz (1953)) is one
of non-linear contact models that is integrated in PFC (Itasca (2008)). Using this model, the
contact normal secant stiffness is given by:
Kn=

�
2G�2R
√𝑈𝑈 𝑛𝑛
3(1-ν)

(3-10)
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and the contact shear tangent stiffness is calculated as:
3
2 �𝐺𝐺 2 3(1 − 𝜈𝜈)𝑅𝑅� 3 𝑛𝑛
𝑘𝑘 =
�𝐹𝐹𝑖𝑖
2-ν

𝑛𝑛

(3-11)

� is the multiplier, depending on
where 𝐹𝐹𝑖𝑖𝑛𝑛 is the magnitude of the normal contact force. R
whether ball-to-ball contact or ball-to-wall contact is considered. G is the elastic shear modulus,
ν is the Poisson’s ratio and 𝑈𝑈 𝑛𝑛 is amount of overlap between balls.

It is suggested that Hertz-Mindlin contact model is strictly applicable only to the case of spheres
in contact, and does not reproduce the continuous nonlinearity in shear (rather, the initial shear
modulus is used, but it depends on normal force) (Itasca 2008).
3.4.2

Slip model

The slip model describes a relation between shear and normal force between two contacting
entities such, that they may slip relative to each another. The relation provides no normal
strength in tension, and allows slip to occur by limiting the shear force. The slip model is
characterized by the friction coefficient µ at contact, which defines the maximum contact shear
force at which slip starts to occur.

3.4.3

Bonding models

𝑠𝑠
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
= 𝜇𝜇|𝐹𝐹𝑖𝑖𝑠𝑠𝑠𝑠 |

(3-12)

Bonding models describe a kind of glue bonding particles in contact. There are two standard
bonding models embedded in PFC: the contact bond model and the parallel bond model. The
contact bond model describes a bond which acts at the contact point (vanishing small area)
between particles and transmits only forces. The contact bond is defined by two parameters:
normal strength and shear strength. The parallel bond model describes a glue which act over an
extended area between particles and consequently can transmit both, forces and moments. This
bond is defined by five parameters: normal and shear stiffness, normal and shear strength, and
bond disk radius, which characterizes the glued surface. Both types of bonds may be active at
the same time. However, the presence of a contact bond supersedes the slip behavior. Once a
bond is formed at a contact between two particles, the contact exists until the bond is broken.
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Particles may be bonded only to each another; a particle may not be bonded to a wall (Itasca
2008).
Slip model and bonding model can occur simultaneously. Thus, in the absence of a contact
bond, the slip behavior is active in conjunction with the parallel-bond component.
3.5 Mechanical timestep
The particle flow codes use an explicit, central difference time marching calculation scheme.
The time-stepping algorithm assumes that velocities and accelerations are constant within each
cycle. Therefore, the timestep has to be chosen so small, that during a single timestep
disturbances cannot reach immediate neighbours. The speed at which a disturbance can
propagate trough a medium is a function of the physical properties of the system. PFC3D is able
to estimate the critical time step at the start of each calculation cycle. The actual time step used
in any cycle is taken as a fraction of this estimated critical value.
In this study, the approach proposed by Itasca (2008) was used to determine the critical time
step. This approach was developed for a system of a mass and a spring corresponding to a
second-order finite-difference scheme. The system of particles in PFC can be considered as an
infinite series of point masses and springs. For such a system the critical time step is found to
be:
𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2�𝑚𝑚/(4𝑘𝑘) = �𝑚𝑚/𝑘𝑘

(3-13)

where k is the stiffness of each of the springs.
If the Hertz-Mindlin contact model is used, the critical time step can be estimated by the
equation proposed by Thornton and Randall (1988):

𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝜋𝜋𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 𝜌𝜌
�
𝜒𝜒
𝐺𝐺

(3-14)

where 𝑟𝑟min is the minimum particle radius, 𝐺𝐺 is the shear modulus, 𝜌𝜌 is the density of particle.

χ is a function of the Poisson’s ratio ν and can be approximated as:
𝜒𝜒 = 1.063𝜈𝜈 + 0.8766

(3-15)
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Both equations for estimating the critical time step show that higher stiffness and/or smaller
size of particles in the system lead to smaller critical time steps.
A number of other methods are proposed to determine the critical time step for DEM modelling
of a granular system, but they are beyond the scope of this research.
The system modeled in PFC3D is a three-dimensional collection of discrete bodies of different
masses and different stiffnesses. The critical time step of the whole system is taken as the
minimum of all critical time steps computed for all degrees of freedom of all particles.
3.6 Damping models
In reality, kinetic energy of particle systems is dissipated through frictional sliding, collision,
plastification, heat, fracture energy etc. However, such a dissipation like frictional sliding may
not be active in a given constitutive model or, even if active, may not be sufficient. Hence,
additional damping is introduced to get reliable static or dynamic solutions. There are two
common built-in damping schemes in PFC which can be used, namely local and viscous
damping.
3.6.1

Local damping

During local damping (Cundall 1987) a damping force is assigned to each single particle which
affects the accelerating of particles.
𝑑𝑑
�����⃗
������⃗
𝐹𝐹(𝚤𝚤)
= −𝛼𝛼𝐹𝐹
𝚤𝚤

(3-16)

𝑑𝑑 �����⃗
where ������⃗
𝐹𝐹(𝚤𝚤)
, 𝐹𝐹𝚤𝚤 are damping force and real physical force acting on particle i, respectively. α is

the local damping constant (values of about 0.7 to 0.8 lead to nearly critical damping and
provide static solutions; values between 0.1 and 0.2 are typical for soils and rocks in case of
considering dynamic processes). The damping force acts in the opposite direction of the real
physical force.
3.6.2

Viscous damping

When viscous damping is used, normal and shear dashpots are added and act at each contact in
parallel with the existing contact model as shown in Figure 3-4. A damping force is added to
the contact force, whose normal and shear component are given by:
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(3-17)

𝐷𝐷𝑖𝑖 = 𝐶𝐶𝑖𝑖 |𝑉𝑉𝑖𝑖 |

where i = n: normal direction, I = s: shear direction
𝐶𝐶𝑖𝑖 is the damping constant in i-direction and 𝑉𝑉𝑖𝑖 is the relative velocity at contact in i-direction.

In PFC3D, viscous damping is characterised by the critical damping ratio βi and the damping
constant satisfies

𝐶𝐶𝑖𝑖 = 𝛽𝛽𝑖𝑖 𝐶𝐶𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(3-18)

where 𝐶𝐶𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the critical damping constant, which is given by:
𝐶𝐶𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2𝑚𝑚𝜔𝜔𝑖𝑖 = 2𝑚𝑚�

𝑘𝑘𝑖𝑖
= 2�𝑚𝑚𝑘𝑘𝑖𝑖
𝑚𝑚

(3-19)

where 𝜔𝜔𝑖𝑖 is the natural frequency of the undamped system, 𝑘𝑘𝑖𝑖 is the contact tangent stiffness,
and m is the effective system mass. In the case of ball-wall contact, m is taken as the ball mass,
whereas in the case of ball-ball contact, m is given by

𝑚𝑚 =

𝑚𝑚1 𝑚𝑚2
𝑚𝑚1 + 𝑚𝑚2

(3-20)

where m1 , m2 are the mass of ball 1 and ball 2, respectively.
The damping ratio is related to the coefficient of restitution 𝑒𝑒𝑟𝑟 and the relationship is given by
Tsuji et al. (1993)

𝛽𝛽 =

𝑙𝑙𝑙𝑙𝑒𝑒𝑟𝑟

�(𝑙𝑙𝑙𝑙𝑒𝑒𝑟𝑟 )2 + 𝜋𝜋 2

(3-21)
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Figure 3-4 Viscous damping at contact with linear contact model
3.7 Rolling resistance model
The main objective of this research is to simulate the behaviour of ballast. Like other particulate
material, the behaviour of ballast is largely dominated by the complex shapes of particles.
Particle shapes have strong effects on rotation and rolling of particles. Hence, the shape effect
is an essential aspect, which has to be considered for the description of ballast systems. This
type of resistance is not taken into account in PFC3D up to version 4.0, which was used for all
the simulations presented within this research. Therefore, special treatment is required in PFC3D
to capture the shape effect.
Two major alternatives are proposed to incorporate the rolling resistance. The first approach is
the direct consideration of irregular shapes of particles by using clumps or clusters. The second
option is to use spherical particles with incorporation of a suitable rolling resistance model.
The method of using clumps or clusters is briefly described in section 3.8. However, this method
is challenging due to the difficulties to determine grain shapes. Efficient set-up of clumps and
their implementation into the numerical model is difficult as well. Moreover, the use of clumps
or clusters requires larger computational power. Use of spherical particles will avoid these
difficulties but demands the implementation of rolling resistance. Rolling resistance plays a
significant role in deformation, packing, heaping, shear and dilation behaviour (Zhou et al.
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1999; Mohamed and Gutierrez 2010; Fukumoto et al. 2013; Zhou et al. 2013). Commonly used
models for rolling resistance were recently discussed (Ai 2010; Ai et al. 2011). The authors
classified the rolling resistance models into four main categories. Each model behaves different
and is suitable for specific problems.
Rotational lock is probably the first treatment used by Bardet (1994). By preventing the angular
rotation (rotational velocities are set to zero and fixed during the simulation), the particles have
only three translational degrees of freedom. This is the simplest method, but leads to some
unrealistic behavior.
Another simple approach was introduced by Morgan (2003). In this model rotational motion is
damped regardless of contact between particles and relative rotation. In a similar way Poisel
and Preh (2008) added a deceleration term to the angular velocity at every time step. In their
model, the rolling resistance is considered to be the consequence of the relative deformation
between the rolling body and neighboring entity in contact. The angular deceleration is a
function of eccentricity and sag and calculated as:

Δ𝜔𝜔𝑟𝑟𝑟𝑟 =

−𝑔𝑔𝑔𝑔
∆𝑡𝑡
2
𝑟𝑟 �𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑟𝑟�
5

(3-22)

Where e is the eccentricity, r is the ball radius and rrr is the difference between particle radius
and sag portion.
It can be denoted that the method proposed by Bardet (1994) is only a special case of general
rotational damping, i.e. full damping. The general rotational damping is implemented by
multiplying a damping factor to the rotational velocity. This damping factor is automatically
invoked by PFC3D at every time step. In this model, the equivalent torque is applied to particles
depending on and against rotational velocity of each particle. The use of this model may violate
equilibrium in some cases due to the fact that potential energy is much higher than kinetic
energy.
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Iwashita and Oda (1998) proposed a modified model of the conventional discrete element
method (MDEM) accounting for the rolling resistance in 2D simulations. Their model was then
profoundly investigated and validated for the problems of shear tests (Oda and Iwashita 2000)
and flow of granular material in silos (Iwashita and Oda 2002). In MDEM, one extra set of
elastic springs, a dashpot, a no-tension joint and a slider are added to each contact to create
rolling resistance as shown in Figure 3-5. This model is quite comprehensive. Rolling resistance
occurs by relative rotation between particles considering contact normal force and rotational
damping. This MDEM has been applied for many problems by different researchers and has
served as a good basis for a number of different rolling resistance models. Iwashita and Oda
(Iwashita and Oda 2000) also modified their own model. In their new model, the rolling
resistance considers both, the contact normal force and the overlap width of the two contacting
particles. However, MDEM has limitations because it requires calibrating a large number of
parameters.

Figure 3-5 Contact behavior in MDEM (Iwashita and Oda 1998)
Zhou et al. (1999) proposed an approach of using a torque resistance. In their models, rolling
resistance is described in terms of a torque Mr working against the rotation of the ith sphere.
Two different models were proposed:

𝑀𝑀𝑟𝑟 = −𝜇𝜇𝑟𝑟 𝑅𝑅𝑟𝑟 𝐹𝐹𝑛𝑛

𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
|𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 |

(3-23)
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𝑀𝑀𝑟𝑟 = −𝜇𝜇′𝑟𝑟 𝑅𝑅𝑟𝑟 𝑉𝑉𝜔𝜔,𝑖𝑖𝑖𝑖 𝐹𝐹𝑛𝑛

(3-24)

where 𝑀𝑀𝑟𝑟 is the rolling resistance torque, 𝜇𝜇𝑟𝑟 or 𝜇𝜇′𝑟𝑟 are the rolling friction coefficients and 𝑅𝑅𝑟𝑟
is the rolling radius:

𝑅𝑅𝑟𝑟 =

𝑟𝑟𝑖𝑖 𝑟𝑟𝑗𝑗
𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗

𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 is the relative angular velocity between two particles in contact:
𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜔𝜔𝑖𝑖 − 𝜔𝜔𝑗𝑗

(3-25)

(3-26)

𝑉𝑉𝜔𝜔,𝑖𝑖𝑖𝑖 is the relative tangential velocity due to rolling at the contact between particles i and j:
𝑉𝑉𝜔𝜔,𝑖𝑖𝑖𝑖 = 𝜔𝜔𝑗𝑗 𝑅𝑅𝑗𝑗 − 𝜔𝜔𝑖𝑖 𝑅𝑅𝑖𝑖

(3-27)

In both two models, the rolling resistance torque is proportional to the normal contact force and
has a direction opposite to the relative rotation. The difference between these two models is that
the rolling resistance is independent of the angular velocity in the first model, whereas it is
direct proportional to the relative angular velocity in the second model. The first model was
found to be more effective than the second one by comparing sand pile formation behavior
(Zhou et al. 1999).
One very favorable approach is to use an artificial eccentricity for spherical particles (Figure
3-6). In this model, the mass center and centroid are artificially separated. The eccentricity
creates a torque which leads to resistance in rotation. This torque is proportional to the
eccentricity e with consideration of normal contact forces between particles.
Extended rolling resistance model was introduced into 3D simulations by Kozicki and Donzé
(2008) and applied by a number of authors (Belheine et al. 2009; Plassiard et al. 2009;
Widuliński et al. 2009; Kozicki et al. 2014).
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Figure 3-6 Concept of the eccentric resistance model. Left: Motion of real shaped particle in
contact with neighboring entity; Right: Idealized shaped particle imitating real shape with the
aid of artificial eccentricity
In this study, clump logic in PFC3D was used to describe the irregular shape of ballast particles.
Therefore, the application of a rolling resistance model was not necessary.
3.8 Clump and cluster logic
Most grains have irregular shape and deviate significantly from spherical shape. However,
particles of general shape can be created by bonding or clumping several circular or spherical
particles together.
3.8.1

Clumps

The clump logic offers a method of arranging two or more particles to form one rigid super
particle, called clump. The particles comprising a clump remain at a fixed distance to each
other. Particles within a clump can overlap to any extent and contact forces are not generated
between these particles. Clumped particles cannot break apart regardless of the forces acting
upon them. A detailed description about clump logic can be found in Itasca (1999).
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(a)

(b)
Figure 3-7 Examples for clumps created by overlapping spheres: (a) Real ballast particle (left)
and models with decreasing number of spheres (Ferellec and McDowell 2010); (b) simple
clumps with small number of spheres (Tuấn and Konietzky 2013)
3.8.2

Clusters

Clustering technique was introduced by Jensen et al. (1999). A cluster consists of several
particles bonded together, so that a deformable super particle with deformable contacts is
formed. Clusters can experience disintegration, if bonds break. If contact forces at a specific
contact exceed the corresponding bond strength the bond breaks. Clusters and clumps differ
significantly:


Clusters can crush, clumps not



Clusters are deformable, clumps not



Particles inside a cluster can rotate while particles in a clump cannot (Figure 3-8)



Clusters are more computational intensive than clumps

Clustered particles

Clumped particles

Figure 3-8 Particle rotation mechanisms in clustered and clumped particles (Cho et al. 2007)
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3.9 Sample generation in PFC
PFC offers two basic methods to generate specimen: radius expansion and explosive repulsion.
In the first option, a specified number of particles with small radii is created within the desired
volume. These particles are then expanded until the desired porosity is reached. In the second
option, a desired number of particles is created with their final radii to obtain expected porosity.
Particles are placed randomly in the given space that initially causes some overlaps and
corresponding contact forces among particles. Several calculation steps are required to relax
the system, so that equilibrium is obtained. In this research, the method of explosive repulsion
was used.
3.10 Measurement Logic
A number of physical quantities can be computed and monitored during the simulations by the
so-called measurement logic, which considers a certain circular area (2D) or spherical volume
(3D). Typical physical quantities are for instance average values of stress, strain rate or porosity.
The measurement logic allows the observation of arbitrary number of sub-volumes of arbitrary
size.
3.11 Handling of large number of particles
A significant limitation of modelling particle systems with DEM is the need of large
computational power. This issue becomes even more serious when dealing with large number
of particles and high values of stiffness. To some extend the choice of a suitable upscaling ratio
for particle size or a downscaling of domain size can help. A better and more rigorous solution
is the use of high performance computing tools. Such a parallel computing can be performed as
shared-memory computing (standard in PFC beginning with Version 5.0) or distributed
memory computing by use of TCP/IP sockets for communication or by use of industry-standard
MPI (Message Passing Interface) as described in Itasca (2008).
One special method of parallelization provided in PFC is spatial partitioning (each processor
handles a certain spatial domain of the whole model). Unfortunately, this logic works only for
balls and not for clumps or clusters in the used Version 4.0. Another approach is to divide the
interested system into different subdomains for separate and sequential analyses. This method
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is proposed by Parisi et al. (2004) for silo simulation. The silo was partitioned into layers. These
layers were analyzed one by one. Meanwhile, stresses and velocities at the virtual interlayer
boundaries were determined and then applied to the next analysis.
3.12 Servo-controlled walls
A servo-control algorithm (ITASCA, 2008a) was used to control the wall velocity to achieve and
maintain specified stresses. For instance, constant normal stress needs to be maintained during
the shearing process in a shear box test. The servo-controlled algorithm consists of a function,
which is called every calculation step to determine the current wall stresses and adjust the wall
velocity to reduce the difference between the current stress and the required stress. The wall
velocity is set to satisfy the following relation:
u̇ (w) = G�σmeasured − σrequired � = G∆σ

(3-28)

where G is the "gain" parameter, which is estimated as:

G≤

αA
K n ∆t

(3-29)

∆𝑡𝑡 is the timestep, A is the area of the wall, 𝐾𝐾𝑛𝑛 is the sum of the contact stiffnesses of all contacts
with the wall and α is a relaxation factor proposed such that:
�∆σ(w) � < α|∆σ|

(3-30)

In this manner, the absolute value of the change in wall stress is controlled to be less than the
absolute value of the difference between the measured and target stresses. This prevents
overshooting of the target stress, which might lead to an oscillation about the target stress and
finally to instability.
The maximum increment in wall force arising from wall movement in one timestep is
∆F (w) = K n u̇ (w) ∆t

Hence, the change in wall stress is

(3-31)
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∆σ(w) =

K n u̇ (w) ∆t
A

(3-32)
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glass balls
This part of research work was executed to proof the suitability of the numerical modelling
approach to simulate the behaviour of backfilled shafts. Also, it should give insights into the
influence and sensitivity of different micro parameters on the macroscopic behavior. Hence,
compression, shear, dumping and repose tests were conducted using glass balls. The glass balls
are single-sized with diameter of 2 mm. This kind of material was selected due to the following
reasons: perfect spherical shape of particles, simple applicability in lab apparatus, easy
numerical model parameter determination, suitable ball size for small-scale shaft tests in the
lab. The size ratio between glass balls and the diameter of the tube (transparent glass) is similar
to the size ratio between ballast particles and shaft diameter.
Prior to the small-scale shaft tests with the glass balls, simple lab tests were performed to
determine the fundamental parameters of the material. Simultaneously, DEM simulations were
conducted to determine the appropriate micro parameters. These calibrations helped to
investigate the influence of different parameters on the mechanical behavior of the granular
model. Numerical micro parameters were obtained by matching the numerical simulations with
lab tests. The lab tests included dumping tests, loose and dense packing tests, angle of repose
tests, friction tests (glass balls – pipe surface), one-dimensional compression tests and direct
shear tests. The density of the glass balls is 2500 kg/m3. The loosest and densest packing
densities of the glass balls were determined according to German standard DIN 18126 (DIN
1996) which is used for both, non-cohesive soil and granular industrial materials. The average
bulk density was determined simply by filling a cylindrical container with the glass beads. The
mass of filling material was weighted. The bulk density was then calculated by dividing the
total mass by the filled volume.
4.1 Interface friction tests
Tests were conducted to determine the static interface friction between the spherical balls and
the inner surface of the small-scaled shaft (transparent glass tube). The test conditions avoid
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rotation of balls (pure frictional sliding). A layer of glass balls were glued and put horizontal
on a glass plate. Subsequently, the plate was lifted up gradually at one end while the other end
was fixed (Figure 4-1). The inclination angle of the glass plate at which the body started to slide
was recorded. The average value of several tests was calculated. The static interface friction
angle 𝛼𝛼𝑠𝑠 accounts 5.7 degree, which corresponds to a static interface friction coefficient of 0.1.
This value is used as wall-ball interface friction coefficient during the small-scale shaft
simulations.

𝛼𝛼𝑠𝑠

Figure 4-1 Experimental setup for determination of static interface friction angle between glass
balls and the glass surface
4.2 Repose tests
4.2.1

Repose test in the lab

Repose tests were performed to obtain the angle of repose. The repose tests were carried out
using the moving funnel method. Glass balls were filled into a conical funnel which is placed
on a flat surface and then slowly lifted. The glass spheres poured out of the funnel and formed
a conical shaped pile. The repose angle is identical with the slope of the resulting conical pile
of glass beads. Figure 4-2 shows the resulting conical pile of glass balls and the measurement
of the repose angle.
The critical angle of repose of glass beads was determined additionally by the direct shear test
as documented in section 4.4. The friction coefficient or internal friction angle is composed of
two components, the particle interlocking and the friction between particles. The particle
interlocking is affected by the particle shape and size.
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Figure 4-2 Conical pile of glass spheres from repose test. (a) Aerial view; (b) Side view
4.2.2

DEM simulations of repose tests

The geometry of numerical model is similar to that in laboratory but the dimensions are smaller
in comparison to real experimental setting to reduce the amount of particles. Besides friction,
damping influences the final inclination and stability of the cone, e.g. default local damping of
0.7 resulted in large angle of repose compared to damping out of action. For realistic simulation
of free fall, viscous damping was introduced. In this study, viscous damping was used with
normal viscous damping ratio βn = 0.1 and shear viscous damping ratio βs = 0.0. These values
were chosen such that the calculation converges to equilibrium more quickly and the contact is
sliding as recommended by Itasca (2008).
Identical to the lab test, the filled funnel was lifted so that the particles poured out and piled up.
The lifting speed was small (0.001m/s) to ensure that the pile is formed gradually and particles
can spread slowly. It was found that the stiffness has insignificant influence on the results of
the final slope of the conical pile. Therefore, contact stiffness can be lower than the actual value
to reduce computational time for simulations.
The base plate was modelled by a standard flat wall. In this case, the friction of this wall would
have significant influence on the repose angle of the assembly. If friction of this wall is small,
balls can roll and slide up to far distances. Therefore, a round sidewall was used to cancel the
effect of base wall on the repose angle. An alternative technique would be the use of a fixed
sheet of balls at the base. Using this layer of balls, the repose angle could be determined
disregarding the influence by friction of at base plate. However, a large number of balls is
required to create the ball sheet with negative influence on computational time. Moreover, if
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the balls of the sheet are created in a regular arrangement, e.g. cubic-or-hexagonal
arrangements, the pile will built up in a slightly polygonal shape instead of a conical shape.
The critical repose angle obtained from the numerical simulations is close to that of the lab
results. The numerical simulations depict well the spreading performance of lab tests as shown
in Figure 4-3.
The parameters used in the simulation of repose test are listed in Table 4-1. The critical repose
angles are almost identical (21.0o in lab test and numerical simulation). However, the shape of
pile in numerical simulation is slightly different from that in lab test. The slope at base of pile
in simulation is a slightly steeper than in the lab. This can be explained due to the difference in
frictional behavior of base.

Figure 4-3 DEM simulation of repose test with glass spheres

Figure 4-4 Profiles of conical piles of glass beads. (a) lab experiment; (b) numerical simulation
The repose angle was measured on different cross planes and estimated in average. Series of
simulations with different contact friction coefficients lead to a correlation between contact
friction values and macroscopic repose angle.
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Table 4-1 Parameters used for glass balls
Variables

Values

Diameter (mm)

2.0

Particle density (g/cm3)

2.50

Young’s modulus of ball contact (Pa)

5e6

Ratio of particle stiffness, kn / ks

1.0

Ball friction coefficient

0.3

Friction coefficient of the base plate

1.0

Local damping constant, 𝛼𝛼

0.0

Normal viscous damping ratio, βn

0.1

shear viscous damping ratio, βs

0.0

4.3 Oedometer test
4.3.1

Oedometer test in the lab

The oedometer test, which is also called confined compression test or one dimensional
compression test, was conducted according to the standard DIN 18135 (DIN 1999-06). From
this test, compressibility and load dependent deformation behavior are determined. Volume
change occurs only due to the vertical compression since the radial boundaries are confined.
The vertical loading process was performed at low rate. The obtained relationship between
compressive stress versus axial strain is used to calibrate the micro parameters in the numerical
model.
One dimensional compression tests with glass balls were carried out using a cylindrical ring
with cross sectional area of 40 cm2 and height of 21 mm. Glass beads were poured into this
cylindrical oedometer ring to prepare a specimen. After the cylindrical box was filled, the top
part of the specimen was levelled off to create a flat surface. Then, initial bulk density and
porosity of the assembly were calculated and loading plate was placed on top of the specimen.
A very small vertical load of 1.0 × 103 Pa was applied to ensure that loading plate has sufficient

44

4 Experiments and numerical simulations with glass balls

contact to the specimen. The vertical load was then applied to the specimen and the deformation
was measured. The procedure was performed according to DIN 18135.
Two compression tests (Figure 4-5) with glass sphere assemblies were performed with bulk
densities of 1539 kg/m3 and 1532 kg/cm3, respectively. The initial porosities of the two samples
are 0.3844 and 0.3872.
The initial part of loading leads to large compaction and strain was almost not recovered during
the subsequent unloading cycles. This behavior can be explained by massive rearrangement of
the particles. The higher the porosity at the beginning, the lower the recovered strain.
0.0

Axial strain [%]

0.2

Initial porosity = 38.44%
Initial porosity = 38.72%

0.4
0.6
0.8
1.0
1.2
0

50

100

150

200

Axial stress [kPa]

Figure 4-5: Laboratory stress – strain curve from oedometer compression test with glass spheres
4.3.2

DEM simulations of oedometer tests

Geometry according to Figure 4-6 of the numerical compression tests was exactly the same as
in the lab. The compression box was modeled by rigid walls. The wall stiffness was set close
to the stiffness of contacts between balls. Friction coefficient of the wall was set to 0.1.

45

4 Experiments and numerical simulations with glass balls

Figure 4-6 DEM model of one-dimensional compression test
The sample was generated identical to the lab tests with specified porosity and sample size
applying real grain size. Gravity was applied to the model. Micromechanical parameters were
adjusted by a calibration procedure. Loading was created by moving the upper wall at low rate,
i.e. 0.005 m/s to simulate the assumed quasi-static conditions. By moving the wall down and
up, loading and unloading cycles were duplicated. During the calibration process, the contact
Young’s modulus Ec was varied from 107 to 109 N/m. Ratio of particle stiffness kn/ks was set
to 1.0. Ball friction coefficient was varied from 0 to 1. Table 4-2 shows the parameters used in
these numerical tests.

Table 4-2 Parameters used for numerical simulation of oedometer tests
Parameter

Unit

value

Diameter of ball

mm

2.0

g/cm3

2500

-

0.1 to 0.5

Pa

1x107 to 1x109

Particle stiffness ratio kn/ks

-

1.0

Initial porosity

%

38.72

Density of ball particles
Friction coefficient between balls
Contact Young’s modulus, Ec

Figure 4-7 and Figure 4-8 show the influence of particle contact stiffness and damping on the
stress deformation behavior. Figure 4-9 shows the stress deformation curve for the final data
set including the finally chosen parameters in comparison with the lab test result.
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Figure 4-7 Simulation of oedometer test for different values of Ec and µ = 0.3, k n /k s =1.0
0.0
local damp. coeff. = 0.7, no viscous damping
local damp. coef. = 0.0, viscous damp. ratio = 0.1
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Figure 4-8 Simulation of oedometer test for different damping schemes and µ = 0.3,
Ec = 2.0x108 [Pa], k n /k s =1.0

47

4 Experiments and numerical simulations with glass balls

0.0

Laboratory test
Numerical test

0.2

Axial strain [%]

0.4
0.6
0.8
1.0
1.2
1.4

0

50

100

150

200

Axial stress [kPa]

Figure 4-9 Oedometer test: comparison between lab and numerical simulation (n = 38.72 %,
µ = 0.3, Ec = 2.0x108 [Pa] and k n /k s =1.0)
Discussion of results
Analysis of the numerical simulations leads to the following conclusions:
-

Initial porosity of sample decreases with increasing container diameter and simulated
porosity was slightly higher than the measured one. This can be explained by the size
effect, i.e. the ratio between ball size and diameter of the oedoemeter.

-

The settlement strongly depends on the initial porosity.

-

The contact friction of balls has only minor effect on the apparent macroscopic stiffness
of the sample. However, it could be used for final calibration to match the lab results
(fine tuning).

-

The wall stiffness has only minor impact on the obtained porosity of the sample.
Therefore, wall stiffness was set close to the value of ball contact stiffness.

-

Apparent macroscopic stiffness of the sample is proportional to ball contact stiffness.
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-

Selected damping scheme, as shown in Figure 4-8, has only minor impact on settlement.
Hence, for the quasi-static oedometer tests, default local damping of 0.7 was used and
the viscous damping was turned off.

-

As shown in Figure 4-9, for contact friction coefficient of 0.3 and contact Young’s
modulus of 2.0 x 108 Pa simulations revealed good agreement with experiments.

4.4 Direct shear test
4.4.1 Direct shear tests in lab
Direct shear tests with glass balls were carried out in the lab using a fully automatic shear test
apparatus according to DIN 18137/part 3 (DIN 2002-09). The shear box itself consists of two
parts: two cylindrical rings with inner diameter of 71 mm and height of 21 mm. The lower and
upper plates are equipped with ribs to prevent particle sliding.
First, the glass spheres were poured into the shear box. Then, the upper surface was levelled
off. Sample porosity was 0.4. After this initialisation, the upper plate was moved downwards
with constant velocity until the desired normal stress was reached. Thereafter, the lower part of
shear frame was moved horizontally by motor at a constant speed under the applied normal load
while the upper section of the shear box remains fixed. Shear and normal forces are measured
via force transducer. The maximum shear stress is then determined via stress-strain curve.
Subsequently, macroscopic friction coefficient is obtained from the shear- and normal stress
plot. The test is carried out under different normal pressures, i.e. 75 kPa; 100 kPa; 150 kPa;
200 kPa and 300 kPa.
4.4.2 DEM simulations of direct shear tests
For simulations of direct shear test exactly the same dimensions as in the lab experiment were
used (Figure 4-10). The simulated shear box consists of two cylindrical rings as well as upper
and lower plates. Rib-like wall elements are added to both of these plates. Two additional
flanges were added to prevent the escape of particles during shearing. These flanges were
created by a series of triangular walls imported from stereo-lithography file, which was created
by a 3D CAD code.
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Two methods of sample preparation were adopted in this research. In the first approach an
assembly of spherical particles was generated randomly inside the shear box with specified
porosity which is almost equal to the value in the lab experiment. In the second approach, the
specimens were created by dropping particles from certain height driven by gravity force.
The numerical simulations were conducted under gravitational load and the modelling sequence
corresponds exactly to that performed in the lab. After reaching the desired vertical load level,
a displacement rate of 0.05 m/step was applied to the lower part of the model shear box until a
total shear displacement of one tenth of the shear box width was reached. The shear speed was
selected in such a way that the normal stress is maintained constant and the numerical
calculation time is minimized. Measure spheres were used to monitor stresses and strains inside
the sample.

Figure 4-10 Geometry of numerical shear box model (wall elements)
The DEM simulations were carried out for normal stresses of 50, 100, 200 and 300 kPa. The
numerical model of the direct shear test with glass balls is shown in Figure 4-11.
Within the simulations stiffness parameter of Ec = 1 × 108 to 5 × 108 Pa was used based on the
results of the oedometer tests.
During the numerical shear experiments the following parameters were monitored:
-

Shear force at the lower part of the box

-

Shear displacement

-

Shear and normal stresses inside the sample (local and global)

-

Vertical movement of the upper loading plate

-

Development of the porosity inside the sample (local and global)
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Based on the Mohr-Coulomb failure criterion, the internal friction angle as macroscopic value
for the whole sample was determined.

Figure 4-11 Simulated shear box test at different stages of shear displacement under normal
load of 300 kPa
Based on a series of numerical shear box experiments performed with different contact friction
angles a relation between them and the classical macroscopic friction angle was obtained.
As result of the calibration procedure Young’s contact modulus of 2.0 × 108 Pa and stiffness
ratio of 1.0 were selected for final simulations. Stiffness of the wall was chosen close to the
stiffness of the contacts. The numerical experiments were able to reproduce the main features
of shear box test, including dilatancy, peak and residual strength for glass beads. Figure 4-12
shows a comparison between the experimental results and the corresponding DEM simulations
at different normal stress level. Shear stresses behavior was reproduced by the DEM simulations
in a nearly perfect manner. On the other side, the simulations slightly overestimate dilation and
underestimate dilation / contraction at the normal stress levels of 100 kPa and 200 kPa. The
dilation in case of normal stress of 300 kPa was relatively well reproduced by DEM simulations.
One reason of the partial deviations might be the unevenness of the upper sample surface in the
lab testing.
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Discussion of results
-

Sample preparation method has remarkable impact on the shear behaviour, especially
concerning the dilation. The results showed that samples created by dropping method
give better results than other techniques. This indicates that not only porosity, but also
internal structure of particle assembly has great influence.

-

Initial micro friction assigned to balls for the filling process influence initial porosity of
the sample. In this research, the microscopic friction coefficient was set to 0.001 for the
filling process and reset to real value after equilibrium was reached and before shear test
was started.

-

Wall stiffness has only minor impact on the shear behaviour. For the sake of simplicity,
values for wall stiffness and ball contact stiffness were set identical.

-

Ball stiffness has little influence on peak strength. However, the higher the stiffness the
earlier the peak strength is reached. Besides, the stiffness of balls has significant
influence on the dilation behaviour. Increase of stiffness results in larger dilation and
less contraction during the different phases of the shear test.

-

Within the parameter range for contact Young’s modulus from 107 to 109 Pa: lower
values of contact stiffness lead to better reproduction of the dilation behaviour.
However, for different levels of normal pressure, it was impossible to duplicate the
dilation behaviour with only one value of stiffness. Higher stiffness values lead to higher
shear higher peak shear strength. This indicates that contact stiffness is stressdependent.

-

Peak shear strength is well reproduced if value of contact stiffness is set to calibrated
values obtained from odoemeter tests. However, in that case dilation is slightly overpredicted and contraction smaller than observed in the lab. Reason for that might be
inaccurate preparation of sample in the lab (unevenness of sample surface). Under this
assumption, the simulation result is more representative than the lab result.
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Figure 4-12 Simulated and lab results of direct shear test under different normal stress of 100,
200 and 300 kPa; particle upscaling factor of 1.5, ball friction of 0.3, wall friction of 0.1 and
contact Young’s modulus of 2e8 Pa, stiffness ratio of 1.0
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-

The friction of the wall has remarkable impact on the peak shear strength. In this study,
a wall friction coefficient of 0.1 was used.

-

Particle up-scaling saves computational power. It is acceptable for reproduction of shear
strength. However, the dilation behaviour can be slightly different.

-

Figure 4-13 shows the relationship between shear stress and normal stress at peak
strength obtained from lab tests and numerical simulations. The derived macroscopic
friction coefficient was 0.62 (31.61°), whereas the friction angle between balls (16.7
degrees) and ball and wall (5.7 degrees) are considerably lower. This is because the
macroscopic friction angle is also a function of packing density, internal structure of
assembly and interlocking.

-

Table 4-3 shows final parameter set obtained by calibration of tests mentioned above
and used for subsequent small-scale shaft models.
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Figure 4-13 Peak shear stress vs. normal stress for shear box tests with glass balls under
different normal load
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Table 4-3 Final parameter set
Parameters

Values

Contact Young’s Modulus, Pa

2e8

Ratio between normal and shear contact stiffness

1.0

Friction coefficient between particles

0.3

Friction coefficient between particles and walls

0.1

4.5 Small scale shaft experiment
4.5.1

Small scale shaft experiment in the lab

The small scale shaft backfilling experiments were carried out using the glass spheres already
extensively tested in the lab (see chapter 4). The geometry of the small-scale shaft in relation
to the glass ball size (diameter of 2 mm) corresponds to a typical coal mine shaft in Germany,
i.e. in North Rhine-Westphalia (diameter about 10 m ). This leads to a scaling factor of 1:80.
Different geometrical settings were used: different height of shaft and different crossings with
horizontal drifts.
Two different filling methods were applied in the experiment: 1. pouring from top of the shaft
and 2. pouring through a pipe. These two filling methods represent two methods of backfilling
applied also in engineering practice.

Figure 4-14 shows a shaft model with crossing horizontal drift, which is equivalent to a real
shaft of 80 m depth. In this research, models of different height were set up and backfilled. The
maximum model height is 5 m, which corresponds to a 400 m deep shaft in situ.
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Figure 4-14 Example of shaft model (height of 1 m) with horizontal drift (Test A1-1).
Table 4-4 Summary of shaft backfilling tests with glass balls
Test denotation

Shaft height

Number of
horizontal drifts

Vertical distance
between horizontal
drifts

[-]

[m]

[-]

[m]

A1-1

1 (1 x 1 tube)

1

-

B2-1

2 (1 x 2 tube)

1

-

B2-2

2 (2 x 1 tube)

2

1

C3-3

3 (1 x 0.92 + 2 x 1 tube)

3

1

D4-2

4 (2 x 2 tube)

2

2

E5-3

5 (1 x1 + 2 x 2 tube)

3

1/2

X0,5-1

0.5 (2 x 0.5 tube)

3

0.5

X1-2

1.0 (4 x 0.5 tube)

4

0.5

Each backfilling experiment was carried out under special consideration of the following
aspects:
- Determination of the mass of backfilling material to calculate bulk density
- Measurement of settlements using marked objects
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- Observation of mass flow into the horizontal drift incl. determination of slope angle and
extension of mass flow into the horizontal drift.
- Additional loading on top of the backfill in steps of 5 kg and subsequent observation of
system behavior.

Figure 4-15 Small scale shaft of 1m high before and after backfilling

Figure 4-16 Flow of material into the horizontal drift (development of angle of repose)
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Figure 4-15 shows the small scale shaft model before and after backfilling with glass spheres.
Observations showed that after backfilling of a certain amount of glass balls, the lower part
becomes stable. That means, the additional weight (at least up to a certain threshold) of material
above and the filling activity have no influence on the kinematics in the lower part (silo effect).
The flow of material into the horizontal drift and the development of slop angle (final angle of
repose) are shown exemplary in Figure 4-16.
4.5.2

Numerical simulation of small scale shaft experiment

The experiments A1-1 and X1-2 were simulated using DEM. The numerical model was setup with
dimensions equal to those of the experiment. The shaft was created by several stiff wall
segments. The segmentation of the shaft wall allows the determination of local stresses and
allows a comparison with analytical stress profile analysis, i.e. according to Janssen’s theory
(Janssen 1895). The more complicated geometry at the crossing between shaft and drift was
created by a series of triangular flat facets, which were imported from the external STL-file
created by a 3D CAD tool.
First, spheres were generated inside a cylindrical space above a funnel located at the bottom of
the shaft. Then, the funnel was lifted gradually and particles began to pour out gravity driven.
To simulate the free fall of particles, local damping was set to zero. Measurement spheres were
created inside the backfill of the shaft to monitor porosities, stresses and strains inside the
particle column. A number of balls inside the material column were marked and tracked to get
insight into the material flow.
In the numerical model, the backfilling process was considered to be completed with specified
amount of particles whenever the particle column has stabilized. This can be observed through
monitoring the change in porosity and particle tracking. The development of unbalanced force
was also used to characterize equilibrium. Pressures acting on the wall segments and inside the
filling material were also determined, so that pressures profiles along the particle column and
the walls were obtained (Figure 4-19).
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Figure 4-17 Model of small scale shaft: (a) empty shaft with indication of wall segments (b)
partially backfilled shaft
After the backfilling process, load was put on top of the filling. The loads were modelled by
clumped particles at the top of the column with specific extremely high density, which leads to
the desired load. An alternative procedure would be the application of servo-controlled walls.
However, this procedure does not allow a robust simulation of sudden jumps in movement and
was consequently not applied.

Table 4-5 Parameters of glass beads used in shaft backfilling models
Property

Value

Diameter of balls, mm

8.0

Particle density, kg/m3

2,500.0

Friction coefficient of balls

0.30

Young’s contact modulus (Ec), Pa

2.0 × 108

Ratio of ball stiffness, kn / ks

1.0

Friction coefficient between balls and wall

0.30

The parameters shown in Table 4-5 were used for small scale shaft simulations. These
parameters are based on the calibration of lab tests.
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19.0o

18.5o

Figure 4-18 Slope of backfilling inside the drift: comparison between experiment and numerical
simulation
Figure 4-18 shows the numerical model after backfilling. The slope angle of the filling inside
the horizontal drift was measured (18.5°) and is in close agreement with the value obtained by
the experiment (19.0°).
The normal stresses acting on the wall segments were recorded. In parallel, vertical pressure
was monitored by measurement spheres located at different depth. These data were used to
compare numerical results with analytical solutions and to proof to what extend the silo effect
develops. It was found that the distribution of vertical and normal shaft pressures obtained by
the numerical simulation are slightly different compared to the theory of Janssen (1895),
although the same general trend is observed and the silo effect exist (Figure 4-19). Also, one
should take into mind, that the horizontal drift has some influence.

60

4 Experiments and numerical simulations with glass balls

0

1

Presure [kPa]
2

Porosity [-]
3

4

0.37 0.38 0.39 0.4

0
0.1
0.2

Depth [m]

0.3
0.4
0.5

Janssen's theory

0.6

Free filling

0.7

Tube filling

0.8

Free filling - no
hor. passage

0.9
1

Figure 4-19 Distribution of wall normal pressures and porosity versus depth
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Figure 4-20 Simulation with 20 kg additional load: (a) Displacement vectors of balls (b) Contact
force distribution: particle-particle and particle-wall
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Figure 4-21 Situation with 20 kg additional load: experiment and numerical simulation

The surcharge effect of additional loading of 20 kg at the top of the filling is shown in Figure
4-20 and Figure 4-21. The filling became instable after applying an additional load of 4 masses
a 5 kg (in total 20 kg). At that load level, the whole column started to move, which lead to
further particle movement into the drift. This behavior was well reproduced by the DEM
simulations. Figure 4-20 shows the particle movement and contact force distribution after onset
of instability. Figure 4-21 documents the final equilibrium and proofs, that numerical
simulation depicts slope angle and distance of flow observed in the experiment.
4.6 Conclusions
The small scale shaft simulations document, that under the prerequisite of calibrated micro
parameters, obtained by lab tests, the behavior of granular material inside a silo can be
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predicted. The well-known silo effect was duplicated by the simulations. Stress distributions
inside the silo were well reproduced as well as onset of instability in case of specific additional
mass at the top of the column. Also, material flow into a drift which is connected to the shaft,
was well simulated. Extend of mass flow and development of final slope were also well
duplicated. This justifies the application of this simulation technique for considering stability
and material flow of mining shafts in-situ.
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5 Laboratory tests and numerical simulations of
ballast material
In order to employ the DEM simulation technique to predict the behavior of backfill inside
shafts, it is required to determine the appropriate micro parameters of the shaft backfill material.
This chapter describes the calibration of micro parameters of backfill (crushed rock) material
on the basis of lab experiments including repose tests, dumping tests, oedometer tests and direct
shear tests. Based on these calibrated parameters the behavior of backfill material inside a shaft
can be predicted under quite different conditions.
5.1 Preceding considerations
Backfill columns in shafts can reach large extensions and will, consequently, contain huge
number of crushed rock particles. Table 5-1 shows the estimated number of particles needed
according to the real grain size distribution to model a shaft backfill under consideration of
different scale ratios, porosity of 40 percent and neglecting of particles of size smaller than
24 mm.
As shown in Table 5-1, the amount of particles needed for numerical simulation is extremely
large and far beyond a PC-based computer capacity. Even with an up-scaling ratio of 2:1, the
number of particles is still very high. Also, the irregular shape of crushed rock ballast needs the
used of clumps or clusters, which increases the number of balls again. Moreover, to simulate
the deformation of ballast assembly it is necessary to use relatively high value of stiffness,
which decreases the timestep and makes the calculations inefficient. Therefore, to overcome
these limitations, it is necessary to apply significant up-scaling of particle size.
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Table 5-1 Estimated amount of particles needed for numerical models of shafts (only balls, not
considering clumps or clusters)
Depth of
shaft, m

Diameter of
shaft, m

0.8

0.5

20

5

30

5

50

5

100

5

Up-scale
ratio
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

Number of
particles
2,827
56
16
7,068,583
139,801
40,841
1,060,2875
209,701
61,261
17,671,459
349,502
102,102
35,342,917
699,004
204,204

5.2 Backfill material selection
Due to longterm safety requirements of shaft backfill a stable material should be chosen. Two
types of crushed rock backfill were selected: diabase and basalt. These materials were used for
two different projects of shaft backfilling in Germany: the ‘Dietlas’ shaft and the ‘Ottoshall’
shaft. Such material is also used as track ballast for railway (Deutsche Bahn AG). Exemplary,
properties of shaft backfill material are given in Figure 1-1 and Table 5-2.
5.3 Backfill material properties
The grain size distribution of the selected materials were analysed by dry sieving method.
Figure 5-1 shows the grain-size distributions. The main portion is covered by large grains with
diameter between 32 mm and 60 mm. The coefficient of uniformity is about 1.0. These grainsize distributions were chosen for generating the shaft backfill particle assembly in the
numerical models.
The grain densities of crushed rocks were determined displacement method volume using
pycnometer. The grain density of basalt varied from ρs = 3.03 to 3.09 g/cm3. The average value
of 3.06 g/cm3 was employed to estimate the porosity.
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Figure 5-1 Grain-size distributions of basalt and diabase backfill material
Table 5-2 Properties of diabase backfill
Property

Unit

Basalt ballast

Diabase ballast

Percentage of elongated grains

%

-

19

Grain density, ρs

t/m3

3.03 to 3.09

2.88 to 2.90

Dry bulk density, ρbulk, dry

t/m3

1.6 to 1.63

1.60 to 1.90

1.60

1.74

-

1.75 to 1.85

(length / thickness > 3)

average
Wet bulk density, ρbulk, wet

t/m3

1.78
Porosity

%

45 to 48 *

average
Poisson’s ratio under dry conditions, νdry
Poisson’s ratio under saturated conditions,

35 to 45 **
38.4**

0.33

0.32

-

0.33

νsat
* porosity determined by dumping test
** porosity in backfilled shaft varied with height of backfill column
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The flow chart shown in Figure 5-2 illustrates the calibration procedure.

Grading, particle density, porosity,
up-scaling factor

1.
2.
3.
4.
5.
6.

PFC3D model setup:

Create geometries
Generate particles
Define contact model
Define initial micro properties
Specify boundary and initial conditions
Run the model to equilibrium

PFC3D simulation

Results from
lab tests and
in-situ
measurements

Comparison
between
simulation and
experiment

Variations of
DEM model
parameters

Calibrated model
Figure 5-2 Iterative procedure of DEM parameter calibration
5.4 Use of Clumps
Shape and angularity of particles have major influence on the backfill behaviour. In order to
overcome the limitations connected with pure spherical particles, two alternatives were
proposed to model a granular material like ballast. The first is to use ideal spheres with
additional installation of suitable rolling resistance applied to balls or contacts. The second is
to use particles of irregular shape by creating clumps or clusters. Several rolling resistance laws
were proposed by different researcher for different purposes, as summarized by Ai et al. (2011).
The technique of clumped particles is explained in detail by Stahl and Konietzky (2011).
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Different clumps were constructed by adding two or more spheres together to create different
rigid particles of different shapes. Balls within a clump can overlap to any extent and internal
contact forces between these balls are not generated.

In this study, seven clump templates were created, as shown in Figure 5-3. A two-ball clump,
which is named Dyad, consists of two spheres of the same diameter. A three-ball clump, which
is named triad, consists of three spheres of the same diameter with their centres at three vertices
of an equilateral triangle. A four-ball clump, which is named tetrad, consists of four spheres of
the same diameter with their centres at four vertices of a regular tetrahedron. All the slave balls
in the templates have the same size with unit radius of 1.0. The positions of balls belonging to
a clump were defined in such a way that all clump-overlap regions are created by only two
balls, i.e. there is no intersection of overlapping regions. The shape of a clump can be
characterized by its aspect ratio and elongation. The aspect ratio is defined as length over width
of a super particle and the elongation is defined as the ratio of the intermediate length to the
longest length of particle. Table 5-3 gives basic data for the different clump templates. Details
information of different clumps are shown in Appendix A

Dyad_1

Triad_1

Dyad_2

Triad_2

Dyad_3

Tetrad_1

Figure 5-3 Particular clump templates

Dyad_4

Tetrad_2
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Table 5-3 Characteristics of clump templates
Clump name

Width

Length

Thickness

Aspect ratio

Elongation

Dyad_1

2

3

2

1.5

1.5

Dyad_2

2

3.5

2

1.75

1.75

Dyad_3

2

3.8

2

1.90

1.90

Dyad_4

2

3.98

2

1.99

1.99

Triad_1

3.5

3.8

2

1.9

1.086

Triad_2

3

4

2

2

1.33

Tetrad_1

3.733

3.733

3.5

1.8665

1

Tetrad_2

3

4

2

2

1.33

5.5 Particle up-scaling
As mentioned above, it is necessary to limit the number of particles especially for large scale
in-situ problems. Therefore, particle size up-scaling is needed for effective modelling of bulk
materials. In this study, scaling factors, which are defined as ratio between particle size in
numerical model and real size, of 1 and 10 were selected. Figure 5-4 shows the particle size
distribution used in modelling of lab tests and the shaft.
100
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Real Basalt Ballast

Percent passing [ %]
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Shaft Backfill Model

70
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40
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0
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100
Particle size, d [mm]
Figure 5-4 Up-scaling of particle size distribution
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5.6 Symmetry considerations
The huge number of particles on one side and the limited computational power on the other side
enforce the consideration of potential symmetry conditions. Considering shaft and oedometer
geometry alone, axisymmetric conditions exist. If filling is included into these thoughts, this
does not any more hold, but half or quarter models can be considered as an acceptable model
approximation. Symmetry planes with zero friction were used. Half and quarter models were
used for modelling dumping tests, oedometer tests and the shaft backfilling. In case of
symmetric models, the measurement logic is modified as described in Appendix B.
A comparison between full model and half model of oedometer simulations shows that the
compression curves obtained from both analyses nearly coincide (Figure 5-21).
5.7 Sample generation
Generation of particle assemblies is a complicated issue and needs careful considerations,
because the initial particle arrangement has significant influence on the overall behavior. A
number of different generation techniques have been proposed. The most frequently used
techniques were summarized by Jiang et al. (2003) including (1) Fixed Point Method; (2)
Expansion Method; (3) Isotropic-Compression Method; and (4) Modified IsotropicCompression Method. The selection depends on the purpose of modelling. This work focus on
discrete particle assemblies of certain compaction degree and irregular packing. The major
process in the lab and also during shaft backfilling process is gravitational driven dumping. The
main objective is to fill some given volume with particles at a given porosity, and to ensure that
the assembly is finally in equilibrium.

The simplest and most robust way to produce a compacted assembly is to expand the radii of
all particles and allow them to move freely until they reach a state of equilibrium within a
confined volume. A predefined porosity can be obtained by using this method but there are
limits to the porosity which can be achieved. To overcome this problem, the studies were
performed by gravitational dumping, which correspond directly to the procedure applied in the
lab and in-situ.
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To obtain maximum compaction, the inter-particle friction was set to zero. To increase the
density of the packing, additional vibration can be applied to the assembly by shaking the
boundary walls. The assembly generation is completed after equilibrium conditions are met.
5.8 Dumping test
The dumping test was performed in such a way, that the filling was poured from above into a
cylindrical oedometer cell. After the oedometer vessel was filled, the surface was flattened and
the mass of filling was weighted. The bulk density was obtained as total mass of filling divided
by occupied volume. By this procedure, the oedometer sample was prepared for subsequent
oedometer test.
Particle shape, surface roughness and grain size distribution are the main factors, which
influence the dumping density. Therefore, the simulations of dumping tests are well suited for
the calibration of micro parameters and to proof, that modelling concept works.

In the numerical model, a series of cylindrical walls was used as radial confinement with
dimensions exactly equal to the dimensions of the cylindrical container in the laboratory. At
first, the particles were generated inside a conical funnel, which was modelled by a cylindrical
wall. The procedure was started by generating sphere assemblies of specified grain-size
distribution. In case of using clumps, the spheres were then replaced by clump templates. This
assembly of numerical ballast was settled down inside the funnel by self-weight under gravity
force.

The dumping process is a dynamic one, which needs the specification of an appropriate
damping algorithm. Local damping was set to zero and critical normal viscous damping ratio
was set to 0.1, whereas the critical shear viscous damping ratio was set to zero. Sliding at
contacts follows the Coulomb law.
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Figure 5-5 Different stages of dumping test
First, the funnel was filled. Then, the lower gate of the funnel was opened by deleting the wall
at lower orifice. Particles dropped into the cylindrical cell due to gravitational force. To reduce
time of calculation, dimensions of the particles were scaled up by a factor of 1.5. A series of
measurement spheres were used at the centre line inside the sample to monitor the changes in
porosity and stresses of the filling. To avoid arching effects inside the conical funnel, very low
friction of 0.001 was assigned to the particles. Calibrated parameters are re-assigned to particles
after they have left the lower gate of the funnel. Friction between clumps and walls was ignored
by setting the particle-wall friction to 0.0001.

The filling and compaction process is considered to be completed if no more changes in porosity
and stresses are observed. Besides, the mean unbalanced force and mean contact force are also
automatically calculated for the entire assembly of particles. Equilibrium is reached if these
quantities reach values close to zero. Figure 5-6 and Figure 5-7 show the development of
stresses and porosity inside the sample versus calculation steps.
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Figure 5-6 Porosity vs. calculation steps for 5 measurement spheres inside the oedometer cell
during dumping test
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Figure 5-7 Evolution of average vertical stress inside the sample during dumping test

73

5 Laboratory tests and numerical simulations of ballast material

140

Mean contact force
Mean unbalanced force

120

Force [N]

100
sample is
trimmed

80
60

system is
considered
to be in
equilibrium

40
20
0
-20

0.0

0.2

0.4

0.6

0.8

1.0

x 106 [step]
Figure 5-8 Histories of mean unbalanced force and mean contact force vs. calculation steps
during dumping test
At the end of the filling process, all particles above a specified height were deleted, total volume
of clumps is summed up and porosity is calculated:

N=1−

𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡

(5-1)

𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the total volume of particles, which can be balls, clumps or both. 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡 is the volume

of the cylindrical container occupied by material (outer volume of the specimen). The radius of

measurement spheres equals the radius of the container, whereas the two measurement spheres
at the two ends have smaller radii to ensure that they are fully occupied by particles.
The following knowledge was gained:
-

The computed porosity by closed form solution slightly differs from the DEM-based
value by approximately 1.7 %. This value can be used to correct the DEM-based
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porosity value. The discrepancy indicates a limitation of the standard porosity
computation procedure in PFC3D (Itasca 2008).
-

Trial tests were performed not only with spherical particles but also with two-ball
clumps. The results show that the produced dumping porosity in numerical models is
influenced by micro friction coefficient, contact stiffness and grain shape. However, as
shown in Figure 5-9, the contact Young’s modulus has minor effect on final dumping
porosity.

-

Higher upscaling factor of particles leads to higher porosity. This can be explained by
the decreasing ratio between vessel size and particle size.

-

A series of trial tests with clump ‘triad_4’ were performed using contact Young’s
modulus of 2 × 108 Pa, micro friction coefficient of 0.5, but different values for contact
stiffness ratios kn/ks. It was found that the contact stiffness ratio has remarkable effect
on the dumping density. As shown in Figure 5-10, higher value of contact stiffness ratio
produces lower porosity.

-

Another series of numerical dumping tests was performed for contact stiffness ranging
from 1 × 107 kPa to 5 × 109 kPa. The results show that the dumping porosities are fairly
independent on contact stiffness. Figure 5-9 shows the variance of porosity versus shear
stiffness using fixed values for inter-particle friction coefficient of 0.5 and contact
stiffness ratio of 1.0.

-

Higher friction coefficient of particles leads to samples with lower density. Variation of
porosity versus micro friction coefficient is shown in Figure 5-11.

-

Different grain shapes result in different dumping densities as shown in Figure 5-11.
The use of clumps leads to higher porosities, which is closer to lab results, in comparison
to the use of spheres. The higher the angularity of the clumps, which is considered by
number of slaved balls, the higher the dumping porosity. It is possible to reproduce the
desired dumping porosity by selecting suitable clump types. By only using single balls
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the real dumping density cannot be reproduced even if high micro friction coefficients
are assigned. For clumps with same number of slaved balls, higher aspect ratio and
higher elongation leads to higher dumping porosity.

-

Application of default local damping leads to higher porosities than zero local damping.

-

Two main parameters influence the dumping density of the sample: inter-particle
friction and the stiffness ratio. Beside, default local damping can be used to increase
dumping porosity further.

-

It should be noticed that the value of micro friction used during the filling process is a
dynamic value and therefore somewhat different from the value obtained from quasistatic simulations.

-

As shown in Figure 5-11, to get a desired dumping porosity of greater than 47 %, which
corresponds to the lab test results, among the tested clumps only the clump ‘Dyad_4’
satisfies this demand. Therefore, only clump ‘Dyad_4’ was furthermore used.
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Figure 5-9 Dumping porosity versus contact Young’s modulus for clump ‘Dyad_4’, kn/ks=1.0
micro friction coefficient = 0.5

76

5 Laboratory tests and numerical simulations of ballast material

48
47

computed
measured by spheres

Porosity [%]

46
45
44
43
42
41
40

0

20

40

60

80

100

120

140

kn/ks [-]

Figure 5-10 Dumping porosity versus contact stiffness ratio: clump ‘Dyad_4’, micro friction
coefficient = 0.5, Ec = 2 × 108 Pa
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Figure 5-11 Dumping porosity versus micro friction coefficient for different particle shapes
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5.9 Repose test
The angle of repose α has been found to be equal to the static inter-particle friction of the
granular material. This is one of the most important macroscopic parameters characterizing the
behavior of particulate materials. The angle of repose has been found to be dependent on several
factors, such as sliding, rolling and friction of particles, size and shape of particles, roughness
of base surface, etc. It can be obtained by a repose tests in lab using a funnel or cylinder. At the
drifts connected to ballast filled shafts in underground mines, the stable angle of ballast slopes
after dumping varies between 42 to 45 degrees (Liu et al. 2009). A slope angle of 39 degrees
was determined by using the reference ballast. This value was used for numerical model
calibration.

If dynamic effects can be neglected, the repose angle is independent of reposing mass or lifting
speed in the lab test. In this study, the method of moving cone was used. To minimize arching
problems, an algorithm was set-up to assign real values of friction and density to particles when
they left the lower gate of the funnel. The particles inside the funnel have low values of density
and friction.

The numerical model of the repose test consists of a conical funnel placed on a flat surface on
which material can spread. It also includes one flat wall at the top of the conical walls and one
wall at the lower orifice. The conical funnel has an upper radius of 0.5 m, a lower radius of
0.2 m and a height of 1.0 m. The cylindrical outlet has a height of 0.2 m. A population of balls
with desired size distribution was created first within the specified volume. Then, clumps were
created by replacing the balls with desired clump templates. The expected sizes of particles
were then achieved by up-scaling the clumps in a number of steps. The clumps themselves
settled down inside the conical funnel due to gravity. The funnel was then moved up so that the
particles could flow downwards and piled up on the horizontal surface. The angle of repose was
measured by fitting a straight line along the particles at the surface of the piled slope. Eight
selected profiles, as shown in Figure 5-13 were selected to determine the average slope angle
(angle of repose).
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Table 5-4 Parameters used for the repose test simulations
Parameter

Value

Particle-particle contact friction coefficient

0.75

Wall-particle contact friction coefficient

1.0

Particle density

3,060 kg/m3

Contact Young’s modulus Ec

2e8 Pa

Contact stiffness ratio k n /k s

1.0

Figure 5-12 Numerical repose test using moving conical funnel with clumps

Figure 5-13 Plan view and selected profiles to measure repose angle (above) and side view with
determination of the angle of repose
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Figure 5-14 Angle of repose vs. micro friction coefficient for different clump templates

It was found that the angle of repose is influenced by the roughness of the base plate on which
the particles pile up. The lifting velocity has also influence. To compensate these effects, a very
high friction, i.e. µ wall = 1.0, was given to the base plate. This is acceptable because in situ the
ballast is accumulated as very high heap and slopes develop without being influenced by the
base plate. The lifting velocity of the funnel was set to very low value (0.005 m/s) to avoid
dynamic effects. The tests were conducted with different clump types and balls. For each type
of particle shape, tests were done with variation of friction coefficient. When the contact friction
coefficient was 0.75, the reproduced critical angle of repose was between 38° and 43o. The

average value of 40.5o shows close agreement with typical values measured in situ.
The following conclusions can be drawn:
-

Numerical simulation of repose tests are time consuming. The time required for
simulation mainly depends on number and size of particles and stiffness of contacts. In
this study, number of clumps used was around 5,000.
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-

The angles of repose measured at different cross sections can vary significantly.
Therefore, the averaged value from 8 profiles was used as representative angle of repose.

-

The derived angle of repose is dependent on local damping. Lower damping results in
lower angle of repose. In this study, local damping was set to zero.

-

At lower micro friction, the conical shape of dumping pile is less well defined.
Normally, we can distinguish two different slope angles, smaller values at the toe of the
pile and higher values at the base. In this study, the higher slope angle was used.

-

The angle of repose increases with increasing micro friction coefficient up to a certain
limit and become relatively stable afterwards. Among the tested clump types, only some
could reproduce the expected angle of repose, which was observed in situ: Dyad_3,
Dyad_4, triad_1; triad_2, tetrad_1 and tetrad_2.

-

Contact stiffness has minor effect on the final angle of repose. Hence, relatively low
stiffness values can be used to reduce simulation time.

5.10 Oedometer compression test
The one-dimensional compression test with lateral confinement (oedometer test) was used to
investigate the compaction and settlement behavior of ballast material.
The oedometer tests were carried out using a large-scale equipment in the lab. The cylindrical
cell has a height of 800 mm height and an inner diameter of 505 mm, which corresponds to a
volume of about 160 liter (Figure 5-15 ). The rock ballast was prepared and filled-in in the same
manner as for the dumping test. Rock ballast materials were first leveled, then loading plate
was put on top and loaded up to a pressure of 15 MPa. The vertical load was exerted by a force
applied with constant rate of 1.8 MPa per hour. During compression, the following parameters
were continuously measured and recorded: the vertical pressure σv, the tangential strain by
strain gauge system at middle height of compression cell, the horizontal pressure on wall of
compression cell, and the vertical displacement at the upper loading plate. After the preparation,
the sample was preloaded at an initial pressure of 0.2 MPa for a duration of at least 24 hours in
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order to reach a uniform contact between the loading plate and the upper surface of ballast
sample. The main loading session was then carried out up to the final normal pressure of
σv = 15 MPa.
The vertical pressure was determined by applied vertical load and area of loading piston.
Horizontal radial pressures was calculated on the basis of strain gauges placed on the outer
cylindrical wall. The compaction behaviour was observed after the initial pressure of 0.2 MPa
was applied.
The average backfill pressure p is calculated as follows:
1
𝑝𝑝 = (𝜎𝜎𝑣𝑣 + 2𝜎𝜎ℎ )
3

(5-2)

where 𝜎𝜎𝑣𝑣 is vertical pressure 𝜎𝜎ℎ is horizontal pressure.
Height of cell = 800 mm
Inner diameter = 505 mm
Cell wall thickness = 25 mm
Base plate thickness = 90 mm
Cross section area = 0.2 m2

Figure 5-15 Large scale oedometer device (Brückner and Mühlbauer 2001)
The relation between backfill pressure and volumetric strain was then established by matching
the measured relation between backfill pressure and volumetric strain:
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𝑝𝑝 =

𝜀𝜀𝑣𝑣 𝐾𝐾𝑜𝑜
𝜀𝜀
1 − �𝜀𝜀 𝑣𝑣 �
𝑚𝑚𝑚𝑚𝑚𝑚

(5-3)

where εv is volumetric strain, which is equal to vertical strain, εmax is maximum strain, Ko is a
pressure parameter. By fitting the relation for ballast material the following values were
obtained: εmax = 47 % and Ko = 22 MPa.
The lab test results are shown together with simulation results in Figure 5-20.
For this research, basalt shaft backfill material was selected. The material was filled into the
oedometer cell in layers of 15 to 20 cm thickness to minimize the irregularities in packing. By
measuring the mass of filled-in material, height of the sample and considering grain density,
bulk density and porosity of the sample were determined. Parameters of tested samples are
given in Table 5-5.

Table 5-5 Parameters of oedometer test (basalt ballast)
Parameter

Unit

Sample 1

Sample 2

Mass of ballast

kg

246.5

240.3

Sample height

mm

770

737

Volume of sample

t/m3

154

147.4

Bulk density

t/m3

1.60

1.63

Grain density

t/m3

3.06

3.06

%

45

48

Porosity
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Figure 5-16 Sketch of large-scale oedometer test
The numerical simulation of the oedometer lab tests was used to calibrate the micro-mechanical
stiffness parameters. In case of using the linear contact model, stiffness parameters include
normal- and shear stiffness, kn and ks. These two micro parameters comprise the contact
between ball and ball as well as between balls and walls. In case of using the nonlinear Hertz
model, stiffness parameters include elastic shear modulus G and Poisson’s ratio ν.
The sample for the numerical oedometer test can be prepared by two methods: the expansion
method or the rainfall method.
The expansion method uses an algorithm to create the assembly inside a considered volume
with a specified grain-size distribution and target porosity. Balls of specified grain size
distribution are generated by radius expansion method. A certain number of particles of an
amount, which is calculated from grain size and sample volume to meet the expected porosity,
is placed randomly within a given space. At first, a population of particles with small radii is
created for ease of realization. The particles are then expanded until the desired porosity is
obtained. In case of clumps, balls are replaced by clumps before expansion. Experience shows
that clumps can penetrate the boundaries and can get stuck at the walls. To avoid this, a
temporary region smaller than the target one, which is confined by temporary walls, is used to
generate the clumps. These temporary walls are removed after clump replacement. After the
generation of particles, the model is run until equilibrium is reached. During this process, the
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friction coefficient of particle is set to zero. This method of generation is fast and convenient to
create a soil sample. However, in this study, it was found out that the contact forces inside the
sample can cause wall pressures higher than measured ones.
The rainfall method creates a sample stepwise by dumping (dropping of particles under gravity).
This method can avoid the problem of creation of abnormal high contact forces. Although the
computational time for this method is obviously higher than that of the expansion method, the
rainfall method was used in this research.
Segments of the cylindrical wall as marked red in Figure 5-17 (a) are employed to measure the
normal pressure on the confined wall. The position of these segments correspond to the
positions of the two strain gauges used to measure horizontal pressures in lab tests. The average
value from the two segments were used to determine σh , which in turn was used to calculate
the average backfill pressure.

During the simulations, stresses, strains and porosities were monitored by different
measurement spheres as illustrated in Figure 5-17 (b).
Because of the coarse particle-size, the flatness of the upper specimen surface before loading
may influence the compression behaviour. In order to make the modelling more realistic, the
sample is first generated a bit higher than desired. Then, particles above desired sample height
were deleted. Loading and unloading processes were controlled by moving the top wall down
and up with velocity adjusted by the numerical servo-control mechanism (Itasca 2008).

5 Laboratory tests and numerical simulations of ballast material

85

Figure 5-17 Numerical simulation of oedometer test: (a) geometry / wall structure,
(b) measurement spheres; (c) analyzed domain (half model)
It should be noticed that during the loading process ballast can be broken due to high local
pressure amplitudes. This behaviour was not simulated by using clumps. However, the
numerical model can reproduce the behaviour of the lab tests. The micromechanical parameters
obtained by the calibration processes are given in Table 5-6.

The following conclusions can be drawn from the numerical simulations of the oedometer tests:
-

The macro-mechanical behaviour in terms of stiffness modulus and Poisson’s ratio are
influenced by micro friction, contact Young’s modulus and particle stiffness ratio.

-

The Poisson’s ratio reproduced by the numerical model is a function of the compaction
pressure and the ratio 𝑘𝑘𝑛𝑛 /𝑘𝑘𝑠𝑠 . It can be seen that in order to reproduce high Poisson’s

ratio (approximately 0.33 as obtained from laboratory tests) a high value of 𝑘𝑘𝑛𝑛 /𝑘𝑘𝑠𝑠
should be applied.

-

Numerical simulations show close agreement with results obtained from lab tests
(Figure 5-20). For different clumps calibrated parameters are different. That means, for
each clump type a specific set of micro parameters has to be determined to reproduce
the lab tests.
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-

For sample preparation, rainfall method should be preferred to avoid unrealistic local
contact forces.
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Figure 5-18 Poisson’s ratio versus vertical pressure and stiffness ratio 𝑘𝑘𝑛𝑛 /𝑘𝑘𝑠𝑠

Table 5-6 Micro parameters for oedometer tests using clump types ‘Dyad_3’ and ‘Dyad_4’

Property

Value
Dyad_3

Dyad_4

3.06 t/m3

3.06 t/m3

44.2 %

47.3 %

Contact Young’s modulus, 𝐸𝐸𝑐𝑐

1.2 × 108

1.5 × 108

Pa

Pa

Contact stiffness ratio, 𝑘𝑘𝑛𝑛 /𝑘𝑘𝑠𝑠

30

30

0.75

0.75

Density of particles, 𝜌𝜌𝑠𝑠
Initial porosity, n

Friction coefficient of the particles, µ
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Figure 5-19 Comparison between lab test and numerical simulation of oedometer test using
clump Dyad_3 in terms of average compressive stress and vertical strain
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Figure 5-20 Comparison between lab test and numerical simulation of oedometer test using
clump Dyad_4 in terms of average compressive stress and vertical strain
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Figure 5-21 Comparison of compression curves obtained from simulations of oedometer test
(full model and half model using clump Dyad_4, Ec = 1.5 × 108 Pa, 𝑘𝑘𝑛𝑛 /𝑘𝑘𝑠𝑠 = 30)
5.11 Conclusions from simulations of lab tests
The DEM-software PFC3D can successfully be used to model granular material under
consideration of density, grain size distribution and effect of grain shape. The grain size
distribution can be directly assigned to the particle assembly. The effect of particle shape is
considered by the use of clumps. Initial density and realistic packing can be reached by a
dumping process. Once the parameters are calibrated, the numerical models can reproduce well
the behavior of different lab tests.
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6 Three dimensional simulation of shaft
backfilling
The main scope of this research is to predict the settlement and stability of shaft backfill under
consideration of shaft geometry, influence of the filling process as well as the properties of the
filling material.
This chapter describes numerical simulations of a realistic shaft backfilling problem. The
models of shaft backfilling were built considering different aspects. The calibrated micro
parameters obtained from laboratory tests and described in previous chapter were used in the
simulations. Typical shaft geometries were considered. The simulations predict settlement and
stability of the fill columns. Through simulations, the influence of contact and wall parameters
on the stability/instability, settlement and the silo effect were investigated.
6.1 Set-up of numerical model
6.1.1

Model geometry

Different geometrical constellations were considered (see Figure 6-1). The main shaft was
assumed to be vertical with cylinderical shape and diameter of 5 m. A shaft section with
maximum height of 50 m was selected for the simulation. It is assumed that there is no
convergence of shaft and connected drift. Hence, no larger horizontal deformation of the main
ballast column inside the shaft was taken into account in the analysis (only elastic response due
to shaft wall stiffness).
The first scheme consideres a shaft without any connceted drift and filling station, respectively.
This scheme is useful to investigate the silo effect of granular backfill in a shaft. The pressure
exerted by backfill, i.e. normal pressure on shaft wall and vertical pressure on shaft bottom, can
be used to estimate pressure on retaining walls in drifts next to main boundary and pressure on
plug, respectively.
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The second scheme consideres a real shaft connected to a horizontal drift located at middle
height of the shaft. This geometry is also simple and typical for underground mines. The main
shaft intersects with a connected horizontal drift. Using this scheme, we can simulate the
accumulated pile of backfill, i.e slope and its extent in the horizontal drift.
The third scheme considers a shaft connected to a horizontal drift at the bottom. This geometry
is also typical for underground mines, depicts the lowest section of the shaft or the shaft where
a plug is built at the shaft station. The vertical pressure at the shaft bottom can be considered as
load on the plug structure.

(a)

(b)

(c)

(d)

Figure 6-1 Different schemes for simulation of shaft backfilling (a) shaft only, (b) shaft and
connected drift at bottom, (c) shaft and connected drift at middle height, (d) shaft and connected
cavern
The fourth scheme was built to depict a real shaft connected to a large horizontal stope, working
or cavern. This scheme is conservative to predict the stability of backfill column inside the
shaft, especially in case of loading on top of backfill.
To reduce computational effort symmetry conditions were assumed and only one-fourth of the
domain was analysed. The symmetry planes are modelled by flat walls which have zero friction.
The complete simulation of backfilling using grain size upscaling factor of 5 for one-fourth
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domain with height of 50 m with specified contact stiffness required approximately 10 days
computational time on a computer with Intel Core 2 Quad 2.83 GHz CPU. To save
computational time, main simulations were performed also using upscaling factors of 7.0.
The boundaries of shaft and drift were modelled by rigid wall elements. These walls form the
confinement for the backfill body. A series of wall segments were used to represent the
cylindrical shaft. Along these segments the development of normal pressure of backfill to the
shaft walls was monitored as function of depth. Several measurement spheres were located
along the centre line of the shaft to determine different quantities. Measurement spheres were
also placed at the shaft station and in the area of connected drifts (Figure 6-2). Beside porosity
and stress state also coordination number, sliding fraction and strain rate were determined for
the volumes inside these measurement spheres. These computations use averaging procedures
for each volume of measurement sphere. Due to the symmetrical models, only one-fourth or
half of the measurement spheres were used for averaging the quantities (see Appendix). The
date obtained from these measurement spheres allow to monitor the compaction and stress state
inside the backfill during and after the filling process. A comparison between analyses using
full domain and one-fourth domain was conducted with coarse particles, i.e. grain upscaling
factor of 10. It was proved that the one-fourth model leads to acceptable results.

6.1.2

Particle shape and size

To ensure that the angle of repose of the material inside the horizontal drifts develops in a
proper manner, clumps of irregular shape were used. Base on the investigations dcumented in
previous chapters, the simple clump Dyad_4 was selected. This two-ball clump was preferred
because the computational effort is considerable lower compared to other three-ball or four-ball
clumps.
It would be desirable to use real size of ballast particles in the DEM analysis. However, such
modelling is impractical with current PC-based systems. Therefore, upscaling of particle size
was used to reduce the number of particles in the DEM models. Different upscaling factors
were used to investigate the influence of upscaling on simulation results. Based on the available
computer capacity, a minimum upscaling ratio of 4 was used. Besides, specific grain size
distribution was incorporated to generate the ballast.
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Figure 6-2 Geometry of shaft and connected drift in the numerical model: (a) cylindrical
segments of shaft wall, (b) arrangement of measurement spheres inside the shaft and the
connected drift (filling station)
6.1.3

Input parameters and model settings

The following parameters and model setting were considered for the simulations:
-

Dimensions, i.e. height and width of shaft and connected drift (filling station)

-

Installation of retaining walls inside the drift at different locations

-

Installation of rockfill barrier inside the drift

-

Height of dumping

-

Inter-particle friction coefficient

-

Particle-wall friction coefficient

-

Stiffness and stiffness ratio of particles and walls

Shafts of different geometries were built to consider the effect of shape and size as well as the
dimensional effect. For the backfill, the parameter sets derived from the calibrations
documented in the chapter 5 were used as given in Table 6-1. Besides, different sets of the
particle-wall friction coefficients and particle-particle friction coefficients were also used to
investigate the sensitivity of the model.
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Table 6-1 Micro parameters of the filling and the shaft
Paramter

Value

Particle type

Dyad_4

Density of particles, ρ s [t/m3]

3.060

Inter-particle friction coefficient of filling material, µ

0.75

Wall-particle friction coeffcient, µw

0.75

Contact Young’s modulus, Ec [Pa]

1.5 × 108

Contact stiffness ratio, kn/ks

30

Wall normal stiffness, 𝑘𝑘𝑛𝑛𝑤𝑤 [N/m]

1.0 × 108

Wall shear stiffness, 𝑘𝑘𝑠𝑠𝑤𝑤 [N/m]

1.0 × 108

To investigate the silo effect, the aspectratio of fill column height to inner shaft diameter was
varied.
For the simulations, a specific basalt/diabase ballast was selected. Within another specific
backfilling research project (Brückner and Mühlbauer 2001; Breidung 2002) this material was
tested by lab and field measurements. These data were used for model calibration within this
research. However, in practice different ballast material can be used. Therefore, in this phase
of study, different values of inter-particle friction were used to run simulations. Moreover, the
shaft backfilling was simulated for the case of dry ballast but the final aim of this study is also
to investigate the behaviour of ballast column under wet conditions. In such case, the shear
strength of ballast material should be reduced. According to the calibration of the laboratory
test, the main reduction of shear strength is governed by reducing the micro friction. Finally,
the simulation of additional loading was carried out by increasing the density to the layer of
particles above the backfill column.
6.1.4

Backfilling process

The ballast column inside the shaft was formed by a multi-step dumping process which
replicates the actual backfilling work (Figure 2-3 in chapter 2) as described by Breidung (2002).
A series of particle packages, called ‘cloud’ of ballast, were generated randomly at certain
height and within certain space along the shaft. Each particle had a random orientation at the
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beginning. The dumping process is driven by gravity, as shown in Figure 6-3 (b). After each
package of particles has settled at the bottom, another package is generated. This procedure is
repeated until the shaft is filled to the desired height. This scheme was emloyed in order to
achieve a random distributed assembly in the shaft after the filling. This also allows to
investigate the pressure profile (silo effect) acting on the shaft walls in a natural manner
avoiding artefacts caused for instance by using the expansion method.
Since the clumps experience free fall, local damping was set to zero and viscous damping was
used with the critical damping ratio of 0.1. A subroutine was periodically repeated until the
desired filling column was generated. The compaction of the backfill column, stress state at any
location or pressure on walls can be monitored during the simulation process. True dynamic
solution is provided by the critical timestep which is automatically determined as described in
Chapter 3.
‘‘Cloud‘‘ of ballast

Retaining wall

Accummulated
ballast

Locking plug
Figure 6-3 Numerical model of the shaft backfilling: (a) Geometry of shaft and connected drift,
(b) dumping process inside the shaft
6.1.5

DEM analysis of additional loading on top of the ballast column

Simulations were performed to evaluate the settlement and stability of ballast under additional
loading on top of the ballast column. Such a loading process corresponds to the problem where
an additional vertical load exist on top of the ballst column created by the weight of a sealing
plug plus a water column or other filling material above the plug. The algorithm of loading is
similar to those of the small-scale model. A top layer of 2 m thickness was selected and used
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as loading mass by increasing the density of those particles in such a manner that the desired
mass is created. A number of particles at different specified positions were selected as gauge
particles to measure their displacements. The relations between pressure and amount of
settlement were obtained during the loading process. Based on this curve, the peak pressure at
which the backfill column becomes instable is determined. It was observed that after the load
exceeds the peak value the whole backfill column sinks rapidly. The whole system fails, and
the settlement of loading mass reaches large value while the material rush into the cavern.
The black layer on top of the backfill column in Figure 6-4 is the loading mass. The particles
of the loading mass have zero friction to avoid friction between shaft wall and the mass.

Figure 6-4 Model with loading on top of backfill column (particles in black).
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Figure 6-5 Model with marker clumps (colored) for displacement measurements inside
backfill column
To determine the movement of the ballast under loading condition, particles at different
positions inside the shaft were selected as markers. Examplary, locations of markers are shown
in Figure 6-5.

6.1.6

Stability and settlement of ballast under wet conditions

Reduction of micro friction and stiffness is introduced to describe the softening behavior of
backfill when it get soaked. A number of scenarios were considered. The influence of dynamic
ground water flow inrush, such as erosion, is beyond the scope of this study. Only static
conditions were considered.
6.2 Simulation results
First a comparison was done between two types of analysis: full domain analysis and one-fourth
domain analysis. Coarse grains, i.e. upscaling factor of 10, were used for this comparative study
to save computational time. The vertical stresses measured by spheres at the centre line of the
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shaft and the normal (radial) pressure on shaft wall were used for comparison. The results show
good agreement between these two types of analysis (Figure 6-6). There is fluctuation of
stresses and pressures along the shaft. This is due to the non-uniform arrangement of particles.
Stresses and pressures obtained from the analysis of one-fourth domain fluctuate in a wider
range. This may be due to the relatively small measurement volume or area in comparison to
the volume of particles. It should be noticed that the averaging procedure considers
representative volumes and is not applicable to a single point. Also, we have to take into account
the discrete nature of the ballast particles and the stochastic nature of the filling process.
Therefore, fluctuations of measured quantities always exist and should not be considered as
calculation errors.
The shaft backfilling without connected drift was also simulated, especially to investigate the
silo effect inside the shaft. This calculation case is also representative for shafts in which all
connected drifts are blocked by retaining walls located directly at the access.
One of the core issues of this research is to determine the vertical pressure at the bottom of a
mine shaft or on the plug, which is normally located above shaft drifts and filling stations,
respectively, or at the level of sealing layers. Another important parameter is the pressure on
the shaft wall or on the retaining walls, normally located inside the horizontal access and near
the shaft station. The vertical pressure on the plug and the pressure on the shaft wall are key
parameters for designing the plug and the retaining walls, respectively.
It was found that the value of normal pressure acting on the shaft wall is almost identical with
the value of horizontal stress measured by spheres located at the same elevation. The vertical
pressure acting on the plug or bottom of the shaft is close to the vertical stress measured by
spheres located close to the bottom. Therefore, the values of the vertical and horizontal stresses
measured by spheres in the filling column can be used as a reference to check the correctness
of pressures on walls.
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Figure 6-6 Vertical stress and radial pressure on shaft wall along the backfill column obtained
from numerical analysis for two cases, i.e. full domain and one-fourth domain analyses. Wall
friction coefficient = 0.75; inter-particle friction coefficient = 0.75
The comparison between vertical pressure deduced from measurement spheres and vertical
pressure calculated from forces acting at the plug show very small differences (Figure 6-7).
However, there is obviously a discrepancy between the horizontal pressure measured by spheres
at the middle line of the filling column and pressures acting at the shaft wall. This is logical
because horizontal pressure varies with distance from the shaft wall.

One simulation of shaft backfilling with particles of identical size was performed. The results
indicate that the grain size distribution has effect on pressure on plug at shaft bottom as well as
on stresses inside the backfill. The material with identical grains (single size) results in
somewhat lower stresses and pressures compared to material with different size (Figure 6-8).
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Figure 6-7 Development of stresses and pressure at bottom of shaft during backfilling process.
Wall friction coefficient = 0.75; inter-particle friction coefficient = 0.75
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Figure 6-8 Development of vertical pressure exerted on plug at bottom of shaft during
backfilling process – material of specified grain size distribution (see Figure 5-4) and material
of single size. Wall friction coefficient = 0.75; inter-particle friction coefficient = 0.75
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Effect of dumping height

Different heights of dumping were used to investigate their influence on the compaction. It was
initially found that the compaction of ballast inside the shaft is increased with increasing
dumping height due to higher dynamic energy. However, when the ballast column inside the
shaft becomes higher the influence of dumping height becomes negligible (Figure 6-10). The
reason is that the ballast material in shaft is considerably compacted by the self-weight of ballast
column above. The height of dumping has small influence on the stable slope angle of ballast
inside the connected drift. Besides, higher dumping results in larger flow of ballast into the
shaft station / horizontal drift (Figure 6-11).
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Figure 6-9 Vertical pressure exerted on plug at bottom and radial pressure on shaft wall at
bottom section of shaft obtained from simulations using spheres and clump Dyad_4. Wall
friction coefficient = 0.75; inter-particle friction coefficient = 0.75
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In practice, there is a considerable influence of dropping height to the compaction of ballast
column. This is mainly due to the breakage of ballast particles. This behaviour is not simulated
by the use of clumps and could consequently not considered within the modelling strategy
proposed in this study. Therefore, for later simulations, dropping height was not further
investigated. Clouds of ballast were generated in a larger area above the current top of backfill
column to avoid overlapping.
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Dumping height = 10m
Dumping height = 20m

43.0
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Figure 6-10 Development of porosity during the filling process at shaft station for different
dumping height.

Figure 6-11 Slope of backfill inside drift/shaft station for different height of dumping: 1 m
dumping (left) and 10 m dumping (right)
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Effect of particle shape

A comparison between the use of spherical particles and clumped particles was performed. The
result indicates that the particle shape has significant effect on the wall forces and stress
distribution inside the backfill. It was found that the estimated vertical pressure on the plug at
the bottom and the radial pressure at the shaft wall is influenced by particle shape. The silo
effect is stronger with clumped material. The use of particles of regular shape results in lower
pressure, both, in vertical and horizontal direction. In other words, the use of spherical particles
gives conservative results in term of stresses and pressures. Besides, the use of spherical
particles results in higher ratio of horizontal to vertical pressure. Corresponding pressure
profiles are shown in Figure 6-9. This comparison once again confirms the need of shaped
clumps for modelling of ballast particles.
6.2.3

Effect of particle size

A series of simulations were performed with different grain size. By means of upscaling the
original grain size distribution, different simulations with different upscaling factors were
conducted. Figure 6-12 illustrates different grain size distributions corresponding to different
upscaling factors. The investigation revealed that the stresses in the backfill and the pressures
exerted on plug and shaft wall deviate for different grain size distributions. The simulation
results indicate that the models with the finer grain size require more time to reach equilibrium
after each dumping phase. The model with coarser particle size produces higher maximum
pressure (saturation pressure). Moreover, the stresses in the backfill column of finer material
level off at shallower depth (Figure 6-13). These findings are confirmed by some previous
experiments (Thornton and Randall 1988; Qadir et al. 2010) . In case of coarser particles the
number of contacts between particles and shaft wall is less than in case of finer ones (Figure
6-15). Also, the contact force chain system of larger particles transfers a smaller fraction of
stresses to the shaft wall (Figure 6-16). Therefore, larger particles allow a larger fraction of
pressure to be transmitted to the bottom. This effect is rather disadvantageous for the application
of grain size upscaling. High upscaling factors will lead to overestimation of the stresses inside
the ballast column or pressure of the ballast column exerted on shaft wall or shaft bottom.
Fortunately, the use of higher upscaling factor leads to more conservative results in terms of
pressure exerting on the plug or retaining structure in a connected drift. Applying Janssen’s
model to the problem, the parameter K, which is the ratio between horizontal and vertical
stresses, should be calibrated depending on the upscaling factor. Hence, the trend of K versus
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upscaling factor can be obtained. K decreases with increasing upscaling factor. Down to a
certain value of upscaling factor, the particle size effect will disappear, like indicated by Figure
6-14.

Figure 6-12 Top view of shaft models with different upscaling factors of 2, 3, 5, and 7
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Figure 6-13 Vertical pressures exerted on plug at bottom of shaft obtained from simulations
with clump Dyad_4 for different upscaling factors. Wall friction coefficient = 0.75; interparticle friction coefficient = 0.75
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Figure 6-13 shows vertical pressures on shaft bottom for materials with different upscaling
factors. All the curves obey power functions but the point from which they level off depends
on the upscaling factor. For low depth (less than 5 to 7 m) the vertical stress is approximately
equal to overburden pressure. The hydrostatic behaviour obtained by numerical simulation is
more pronounced than Janssen’s prediction. This behaviour is similar to the findings of Vanel
and Clément (1999) obtained from basic experiments. Therefore, a modified Janssen method
should be used for stress predictions in shafts.
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Figure 6-14 Stress ratio K versus grain size upscaling factor

Figure 6-15 Particles with contact to shaft wall. Left: upscaling factor of 4, right: upscaling
factor of 10
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Figure 6-16 Contact force distribution at shaft bottom section for two ballast sizes. left:
upscaling factor of 4, right: upscaling factor of 10
6.2.4

Effect of wall friction

Simulation results for different values of wall-particle friction are shown in Figure 6-18. It
should be noticed that the pressure values in this figure were recorded during the dumping
process. Pressure fluctuations are recorded during the dumping process. This behaviour is
caused by the high kinetic energy of the falling particles and is more pronounced if larger
upscaling factors are used.
Friction between particles and friction between particles and walls can be handled in different
ways. Figure 6-17 documents the difference in stresses and porosity for the case, that either the
maximum or minimum friction coefficient of walls and particles, respectively, is chosen for the
contact friction coefficient between particles and walls. As this figure documents the porosities
are almost identical. This confirms that the compaction of backfill is nearly independent of wall
friction. The main factor influencing the silo effect is the particle-particle friction but not the
particle-wall friction. Therefore, afterwards the wall-particle friction coefficient is taken as the
maximum friction coefficient of either balls or walls. Bock and Prusek (2015) concluded, that
for values of friction coefficient greater than app. 0.2, vertical and horizontal pressures are
almost the same. This conclusion might be incorrect if the friction coefficient of walls is greater
than their selected value, i.e. 0.4.
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Figure 6-17 Vertical stress (left) and porosity (right) vs. depth inside backfill column for two
different wall-particle friction coefficients; wall friction coefficient = 0.5; particle friction
coefficient = 0.2; upscaling factor = 7.0
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Figure 6-18 Development of vertical pressure on plug (above) and normal pressure on shaft
wall at bottom section (below) during backfilling process for different wall friction coefficients;
inter-particle friction coefficient = 0.75; upscaling factor = 7.0
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Figure 6-19 Variation of maximum pressures calculated for different values of wall friction
coefficient; inter-particle friction coefficient = 0.75; upscaling factor = 7.0
Simulation results show that the wall-particle friction has significant influence on the stress
distribution inside the ballast column. Higher wall-particle friction generates lower vertical
stresses and the stress distribution curves level off earlier. Greater values of friction coefficient
produce more pronounced pressure fluctuations. Nevertheless, for wall-particle friction
coefficients greater than 0.5, the vertical pressure on the plug at the bottom and the normal
pressure at the shaft wall are almost identical. The variations of maximum pressure for different
wall-particle friction coefficients are shown in Figure 6-19. It can also be seen, that for the
values of wall-particle friction coefficient greater than 0.5, the maximum pressure obtained are
almost the same.

6.2.5

Effect of backfill stiffness and friction

Simulation results for different values of inter-particle friction for wall-particle friction
coefficient of 0.5 are shown in Figure 6-20. It can be seen that there is no clear relation between
particle-particle friction coefficient and the stress distribution inside the backfill column. The
vertical stress varies randomly in a certain range and is independent of particle-particle friction.
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The results show that only very small inter-particle friction (friction coefficient about ≤ 0.l)
leads to significantly higher pressures. However, such small values for friction are unrealistic
from the practical point of view.
The results also show an obvious relation between inter-particle friction and the compaction
degree of backfill. Greater inter-particle friction coefficients lead to higher porosity.
It can be also seen from Figure 21 that contact stiffness shows no correlation with stress profile.
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Figure 6-20 Vertical stress (left) and porosity (right) vs. depth inside backfill column for
different particle-particle friction coefficients; wall-particle friction coefficient = 0.5; upscaling
factor = 7.0
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Figure 6-21 Vertical and horizontal stress vs. depth inside backfill column for different
contact stiffness moduli; particle-particle friction coefficient = 0.75; wall-particle
friction coefficient = 0.75; upscaling factor = 7.0
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Effect of damping

For the simulations it is assumed that normal contact damping ratio is constant, while shear
contact damping ratio is set to zero. Fortunately, viscous damping has only small influence on
the silo effect. A comparison for two extreme values of normal viscous damping ratio, i.e. 0.1
and 0.9, is shown in Figure 6-22. The results show that the stress distributions in both cases
show similar trend. However, absolute values of stress and porosity (compaction) are somewhat
different. Smaller values for normal viscous damping ratio result in slightly higher saturation
stresses and lower porosity (higher compaction). Lower values of normal viscous damping ratio
deliver results closer to the average measured porosities during in situ experiments.
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Figure 6-22 Vertical and horizontal stress as well as porosity vs. depth (left) inside backfill
column for different values of contact normal viscous damping ratio βn; inter-particle friction
coefficient = 0.5; wall-particle friction coefficient = 0.5; upscaling factor = 7.0
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Silo effect

Several methods are used to estimate the vertical stresses within ensiled backfill or the pressure
of backfill on bottom or sidewall of shaft. These quantities are major parameters for designing
plug in the main shaft or retaining dams in connected drifts. Conventionally, the dry backfill
pressure in the shaft is determined by Janssen’s theory (Janssen 1895). The maximum vertical
stress can be calculated as presented in Chapter 2. As shown in Figure 6-9 and Figure 6-13:
with increasing depth, both, the horizontal and vertical pressures increase and stabilise at a
certain depth. As observed in the graphs, the column height at which pressures begin to stabilise
varies with shaft wall friction. When we assume that the particle-particle contact friction is
equal to wall-particle contact friction and equal to contact friction obtained from calibration,
i.e. friction coefficient is 0.75, the depth of stress/pressure saturation is located at about 10 m.
This depth is far smaller than predicted by Bock and Prusek (2015), i.e. 40 m, but is very close
to measurements for a real shaft backfill project as reported by Breidung (2002) . This indicates
that the assumption about wall friction is quite reliable. We observed that the saturation pressure
on shaft bottom can be predicted by Janssen’s model. However, using Janssen’s model of stress
distribution, once the saturation or maximum stress is fitted, the data obtained deviate from
fitted curve at certain depth. On the one hand pressure or stress at this certain depth is
underestimated, on the other hand saturation depth is overestimated (see dashed curves in
Figure 6-23). These findings are supported by experimental results by Vanel and Clément
(1999).
It can be clearly seen in Figure 6-23: to a certain extent, the pressure on the shaft bottom is a
linear function of depth. This gravitational overburden behaviour is not well obtained by
Janssen’s model. Therefore, a new model is proposed to fit the results of numerical simulations,
in which a depth range of gravitational overburden behavior is invoked as follows:
For z < z0, 𝜎𝜎𝑣𝑣 = 𝛾𝛾𝛾𝛾
Where:
-

For z>z0, 𝜎𝜎𝑣𝑣 = 𝜎𝜎𝑧𝑧,0 + ( 𝜎𝜎𝑧𝑧,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝜎𝜎𝑧𝑧,0 )(1 − 𝑒𝑒
𝑅𝑅= radius of cylindrical shaft, [m]

2(𝑧𝑧−𝑧𝑧0 )𝜇𝜇𝑤𝑤 𝐾𝐾
𝑅𝑅−𝑧𝑧0 𝜇𝜇𝑤𝑤 𝐾𝐾

z0 = depth of gravitational overburden zone, [m],

)

(6-1)
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𝜎𝜎𝑧𝑧,0= 𝛾𝛾𝑧𝑧0 , (The bulk density of the backfill used in the analytical calculations was

calculated based on the average porosity of the filling column obtained from the
numerical model.)
-

𝛾𝛾𝛾𝛾

𝜎𝜎𝑧𝑧,𝑚𝑚𝑚𝑚𝑚𝑚 = maximum/saturation vertical stress, 𝜎𝜎𝑧𝑧,𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝜇𝜇

𝑤𝑤

�1 − 𝑒𝑒
𝐾𝐾

−2𝜇𝜇𝑤𝑤 𝐾𝐾𝐾𝐾
𝑅𝑅

�

In equation (6-1) of the new model, there are two unknown parameters, i.e. K and z0. The
physical explanation for introducing z0 is that the contact friction between ballast and shaft wall
in the zone near the surface is not mobilized. Hence, this zone is not influenced by friction of
shaft wall. In other words, this zone of ballast not is supported by the shaft side wall and the
vertical stress is produced by pure gravitational load. The contact force distribution, as
illustrated in Figure 6-25, shows the difference between the zone at the top of ballast column
and the zone at which stress approaches maximum value.
z0 and K are dependent on the relative size of shaft diameter to the size of ballast particles. The
K value is the same for both Janssen’s model and the new model (see also Figure 6-14).
Practically, it was found that K is close to the coefficient of lateral active pressure, Ka, in theory
of Rankine (1857).

𝐾𝐾𝑎𝑎 =

1 − 𝑠𝑠𝑠𝑠𝑠𝑠∅
1 + 𝑠𝑠𝑠𝑠𝑠𝑠∅

(6-2)

The solid curve in Figure 6-23 is a best fit for the simulation data using the new formula. The
fitting parameters are K = 0.23 and z0 = 4 m. By applying a similar approach, we obtained the
variation of stress saturation depth z0 versus upscaling factor as shown in Figure 6-24. The
fitting curves for different upscaling factors are shown in Appendix E. 1. It is found that the
value z0 tends to increase linearly with particle size.
It can be seen that the new model captures closer the variation of vertical pressure with depth
than the conventional model of Janssen. The new model allows a significant better prediction
of the depth of stress saturation and describes the stress profile within this certain zone more
realistic.
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Figure 6-23 Vertical pressure on shaft bottom as a function of depth and fitting curves by two
models: conventional Janssen’s model (solid line) and new proposed model (dashed line).
Upscaling factor = 7.0, particle type Dyad_4, inter-particle friction coefficient = 0.75, wall
friction coefficient = 0.75
5.0
4.5
4.0

z0 [m]

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0

2

4

6

8

Upscaling factor

10

12

Figure 6-24 Value of z0 vs. grain size upscaling factor for clump Dyad_4.
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Figure 6-25 Contact force chain within the ballast column at top (left) and bottom (right)
6.2.8

Behaviour of backfill column under additional vertical load

If a shaft is connected to drifts or cavern, failure can occur due to sliding of backfill into these
openings if additional vertical load is acting at the top (e.g. water column above a sealing of
serval hundreds of meters). Exemplary, Figure 6-26 shows vertical stress depth profiles for a
ballast column under different additional vertical load q on top of the column. The settlement
versus load can be predicted as shown in Figure 6-27. Two stages of the load-settlement curve
can be observed. In the first stage, the column is elastically compressed and the load-settlement
curve is almost straight. In the second stage, the backfill starts to move downward and the loadsettlement curve becomes nonlinear. The column can reach a new stable condition after certain
movement. In this stage, the whole column moves quickly and the backfill runs into the
horizontal workings. The backfill might also totally fail and the settlement at the top of the
column can reach very large values. Loading on top of backfill column was simulated for a
number of configurations, i.e. different height of backfill column and different wall friction.
Corresponding results are shown in Appendix E. 2.
Obviously, the ultimate load, which the ballast column can sustain, is a function of the ballast
internal friction, the shaft wall friction, the height of ballast column, the shape and size of the
connected openings and the filling characteristics inside the openings.
Also, under additional vertical load the silo effect is observed (see Figure 6-26). For different
vertical loads on top of the backfill column, the stress distribution alters with depth. However,
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the stresses still approach a stable value at a certain depth, even if the vertical surcharge is
beyond the vertical saturation stress in case of no additional loading. It can also be seen that the
pressure exerted on shaft wall or plug, which is below the saturation depth, is independent of
vertical load on top of the ballast column if the additional vertical load is lower than the
saturation pressure.
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Figure 6-26 Distribution of vertical stress (measured by spheres) under different additional
vertical load q at the top of the ballast column. Wall-particle friction coefficient = 0.5, interparticle friction coefficient = 0.75; upscaling factor = 5.0
Figure 6-28 shows the behavior of backfill under additional loading at the beginning and near
the final state, where the backfill column failed and the material flows into the horizontal drift.
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Figure 6-27 Settlement versus load on top of the ballast column with original height of 7 m
measured from shaft bottom. Shaft is connected to a large cavern with a height of 4 m.

Figure 6-28 Behavior of backfill with original height of 8 m from bottom under vertical loading
(left: at the beginning, right: close to the final state)
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6.3 Findings
The analysis indicates that the height of dropping has influence on the compaction of the
backfill. The flow of ballast into connected horizontal drifts increases with increasing dropping
height. The compaction by dumping process is not well replicated by the proposed numerical
model because particle breakage is not considered. However, the influence of dumping height
on the compaction of backfill column seems to be negligible because the major reason of final
compaction is the overburden load.
The silo effect is well observed by the numerical models. The height of filling column at which
the pressure acting on the shaft bottom or plug saturates can be estimated based on given friction
coefficient, grain size distribution and compaction degree of material.
The new proposed two-part analytical model with introduction of depth of gravitational
overburden zone z0 allows a significant better prediction of stress saturation depth and stress
profile inside backfill column compared to the classical Janssen’s model.
The use of clumps in numerical models is necessary because the use of spherical particles does
not allow realistic considerations in term of stresses and pressures. Besides, the use of spherical
particles results in a higher ratio of horizontal to vertical pressure.
The use of upscaling factors for particle size in numerical models leads to more conservative
consideration of pressure exerting on plug or retaining structure in drift. The maximum
(saturation) vertical stress increases with the increase in particle size. The ratio between
horizontal and vertical stresses, K, decreases with increasing upscaling factor. Higher upscaling
factors may lead to larger stress fluctuations. Contrary to the value K, the value z0 in the new
proposed analytical model for prediction of stress/pressure distribution tends to increase with
increasing upscaling factor.
The stresses distribution inside the ballast column is significantly influenced by wall-particle
friction but not much influenced by contact stiffness between particles. The influence of wallparticle friction coefficient vanishes if this value is greater than 0.5.
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Based on the numerical simulations, forces and pressures acting on a plug in shaft or retaining
dam in connected drift can be determined. These values are very important for designing these
structures.
Rockfill dams in connected drifts can be used as a counter measure to stabilize the ballast
column inside the shaft. Simulations give good advices on designing the backfill at shaft
stations.
The numerical model can predict the stress inside ballast column or pressure on shaft wall or
retaining structure. Pressure exerted on shaft wall or plug, which is below the saturation depth,
is independent on loading pressure on top of the ballast column.
The stress transmission is inhomogeneous inside the backfill column, which leads to
stress/pressure fluctuations. These fluctuations depend on the size of backfill particles. Larger
particles result in more pronounced stress/pressure fluctuations.
If an applied additional vertical load on top of the ballast column (e.g. plug plus water column
above) exceeds a certain threshold and the shaft has connected drifts / filling stations etc.
significant movement or collapse of backfill column can occur. The proposed numerical
simulation strategy can be used to investigate such constellations and to dimension
corresponding rockfill dams or retaining walls to avoid failure of the ballast column.
The pressures can be determined accurately by combination of numerical simulations and the
new analytical model. The influence of upscaling factor used in numerical model can be
corrected by the use of extrapolated values of K and z0 from modified Janssen’s model.
Appendix F shows the procedure for determining the pressure distribution as well as the
consideration of rockfill dam in connected drifts under loading condition.

7 Conclusions and Recommendations
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A DEM model to simulate the backfilling problem in mine shaft has been developed. The aim
of this thesis is to evaluate the stability of ballast backfill in mine shaft under consideration of
the silo effect within the shaft. The Particle Flow Code (PFC3D) was used to perform the
numerical simulations. The thesis can be divided into three major parts. The first part contains
experimental verification of DEM by solving the problem using small-scale models with
spherical particles. The second part contains simulations and investigations in respect to the
mechanical behavior of rock ballast tested in the lab. In the third part the shaft backfilling
process is investigated by simulations. The major objective of the research is to evaluate the
mechanical behavior of the ballast column in the shaft after backfilling, including consideration
of stability and settlement. The silo effect that induces the stress distribution within the backfill
column was also investigated. Previous studies including experimental, analytical and
numerical methods with focus on stress distributions in silos and mine shafts were reviewed.
The pressures exerted on shaft walls and plugs at the bottom of backfill column were predicted.
These values are essential for the design of retaining structures, i.e. shaft plug and retaining
walls in workings, drifts or shaft stations connected to the shaft. The applicability of DEM to
this problem is demonstrated and general findings of this study are summarized below.
7.1 Suitability of DEM simulations
-

The simulations of the small-scale shaft backfilling test with spheres using parameters
obtained from calibrations of different lab tests show that DEM might be a suitable tool
to investigate the problem of shaft backfilling. Once the micro parameters for the
synthetic DEM material are derived, the shaft backfilling process considering stability
and deformation assessment including post failure behavior can be investigated. The
advantage of the DEM modelling consists in the fact, that behavior at the particle level
but also the macroscopic behavior is considered and that no limitations exist in respect
to large particle movements and rotations.

-

The DEM based simulation of lab tests revealed, that simple clumps are satisfactory to
predict stability, stress and deformation behavior of rock ballast.
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7.2 Mechanical behavior of ballast material as backfill
-

Fragmentation of ballast particles may occur during the dumping process and may lead
to stress variations under loading. Particle breakage changes the grain size distribution
and therefore affects the strength and deformation characteristic of the ballast backfill.

-

The use of clumps is essential in numerical modeling of shaft backfilling, especially for
simulation of slope angle of material accumulated at connected shaft drifts / shaft
stations. The use of simple clumps, i.e. two-ball clump, in the numerical model can well
describe the mechanical behavior of rock ballast. The used clump type can influence the
degree of compaction of backfill. Each clump type needs specific calibration of
micromechanical parameters.

-

The compaction of ballast backfill originated by the dumping process depends on
friction between particles and the used clump type.

-

Contact stiffness and micro friction between particles are the important factors affecting
the compressional behavior of the ballast specimen in oedometer tests.

-

Contact stiffness ratio is the main factor which determines the macroscopic Poisson’s
ratio of the ballast assembly.

7.3 Simulation of shaft backfilling
-

A DEM based shaft backfilling model is not only capable to simulate the dumping
process but also the behavior of the backfill under additional loading conditions.

-

The application of the method of gravitational packing (‘rainfall method’) is
recommended to avoid local high and unrealistic contact forces inside the backfill
domain and to duplicate realistic porosity and packing structure.

-

Symmetry conditions can be used to reduce computational effort. Comparative
numerical studies have shown that involved errors are negligible.

7 Conclusions and Recommendations
-
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Height of dropping has influence on the compaction of the backfill because potential
energy is related to dropping height. The flow of ballast into the horizontal drift
increases with increasing dropping height. However, the compaction of the backfill
appears to become independent on dropping height when the height of accumulated
overburden backfill exceeds a certain value.

7.4 Behavior of backfill in shaft
-

DEM models are able to quantify the silo effect and they allow the prediction of stress
profiles in the shaft. The height of backfill column at which the pressure acting on the
shaft bottom or plug saturates (saturation pressure) can be estimated based on given
friction coefficient, grain size distribution and compaction degree of material.

-

The analysis indicates that the stress depth distribution along the ballast column depends
not only on the friction coefficient but also on the grain size of the material.

-

The relative size ratio (particle size to shaft diameter) and wall friction are critical
factors in predicting the stress distribution within a shaft backfill column.

-

The predicted pressure exerted on plug and shaft wall are fundamental parameters for
designing plug and barrier in connected drifts. These values increase with increasing
particle size. More pressure is transferred to the shaft walls with higher friction.

-

The simulations show that for investigated dry ballast material the stresses will stabilize
at a depth of approximately 10 m to 15 m from top of ballast column.

-

Janssen's assumption that the horizontal stress is a fixed fraction of the vertical stress
may not be true for the ballast used in shaft backfilling projects. This is confirmed by
own numerical simulation results.

-

A new analytical approach is developed based on Janssen’s theory. A simple analytical
method to compute the vertical stresses within a vertical cylindrical shaft is proposed.
One variable is added to Janssen’s equation to better estimate the depth of stress
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saturation and the pressure at lower depth. The new model is capable to estimate the
normal vertical stress on the shaft at any depth.

-

Stress inside the ballast column or pressure exerted on retaining structure at depth below
the saturation depth appears to be independent on loading pressure on top as long as a
certain threshold is not violated.

-

The use of an upscaling factor for modelling ballast particles is essential to reduce
computational time. Particle upscaling has influence on the prediction of stress and
pressure within the backfill column. Fortunately, the use of upscaling method produces
conservative predictions in terms of a safe design.

7.5 Further work
To improve numerical DEM based predictions further studies should be directed to the
following topics:

-

Breakage of ballast grains should be incorporated into the modelling, for instance by
applying the cluster logic. This feature might be important for the dumping process, the
dynamic excitation of the structure by earthquakes or explosions, the behavior under
strong additional static loading or significant deformations of the shaft walls.

-

Behavior of the backfill should be investigated under flooding conditions. Therefore,
special attention should be paid to softening behavior of backfill, effective stress
concept and buoyancy as well as the hydrodynamic effects. This task can be studied by
coupling DEM with Computational Fluid Dynamics (CFD).

-

Under long term considerations, the convergence of the shaft may become important.
Therefore, the wall behavior should be redefined, e.g. by moving walls, replacement of
walls by deformable elements or coupling with a continuum code.

7 Conclusions and Recommendations
-
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Precision of prediction can be improved, if particle shapes of ballast are duplicated in
more detail. This can be done by incorporation of more balls for each clump and more
detailed analysis of real particle shape.

-

Investigation of the behavior of ballast backfill under seismic loading including
behavior of sealing elements.
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Appendix A Information about different developed clump templates

Centre coordinates of
slaved particles

Clump
template

Radius

Dyad_1

1.000

0.000

0.000

0.000

1.000

-1.000

0.000

0.000

1.000

0.000

0.000

0.000

1.000

-1.500

0.000

0.000

1.000

0.000

0.000

0.000

1.000

-1.800

0.000

0.000

1.000

0.000

0.000

0.000

1.000

-1.980

0.000

0.000

1.000

0.000

0.000

0.000

1.000

-0.866

1.500

0.000

1.000

0.866

1.500

0.000

1.000

0.000

0.000

0.000

1.000

-1.000

1.000

0.000

1.000

1.000

1.000

0.000

1.000

0.000

0.000

0.000

1.000

0.000

-1.155

-1.155

1.000

-1.155

0.000

-1.155

1.000

-1.155

-1.155

0.000

1.000

0.000

0.000

0.000

1.000

1.415

0.000

0.000

1.000

0.000

-1.415

0.000

1.000

1.415

-1.415

0.000

1.000

0.000

0.000

0.000

1.000

1.415

0.000

0.000

1.000

0.000

-1.415

0.000

1.000

-1.415

-1.415

0.000

Dyad_2
Dyad_3
Dyad_4
Triad_1

Triad_2

Tetrad_1

Tetrad_2

Tetrad_3

x

y

Width Length Thickness Volume

z

Aspect
Elongation
ratio

2

3

2

6.809

1.5

1.5

2

3.5

2

8.018

1.75

1.75

2

3.8

2

8.319

1.9

1.9

2

3.96

2

8.374

1.98

1.85

3.5

3.8

2

12.243

1.9

1.086

3

4

2

11.591

2

1.333

3.733

3.733

3.5

15.13

1.8665

1

3.4

3.4

2

14.814

1.7

1

3.416

4.83

2

15.299

2.415

1.414
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Appendix B Modification of the measurement logic in case of symmetrical models

Spherical volume can be used in PFC3D to compute physical quantities like coordination
number, porosity, sliding fraction, stress and strain rate in the model. Using this logic, also
called ‘measurement sphere’, the computed quantities can be monitored as process or timedependent values using histories. In case of symmetrical models, i.e. ½- or ¼- models, the
monitored values have to be modified as explained below.
B. 1

Coordination Number

The coordination number is defined as the average number of active contacts per particle, i.e.
ball or clump. The calculation of coordination number in PFC3D is described in detail by Itasca
(2008). For symmetrical models the following calculation scheme has to be used:
𝑠𝑠𝑠𝑠𝑠𝑠

=

𝐶𝐶𝑛𝑛

(for ¼-sphere)

𝑠𝑠𝑠𝑠𝑠𝑠

=

𝐶𝐶𝑛𝑛

(for ½-sphere)

𝐶𝐶𝑛𝑛
𝐶𝐶𝑛𝑛

4
2

where 𝐶𝐶𝑛𝑛 is the coordination number computed for full sphere in PFC3D.
B. 2

Porosity

Porosity n is defined as the ratio of total void volume within the measurement region to
measurement region volume. The computation of porosity in a sphere is described detailed by
Itasca (2008). For symmetrical models the following calculation scheme has to be used:
𝑛𝑛 𝑠𝑠𝑠𝑠𝑠𝑠 = 2 × 𝑛𝑛 − 1

𝑛𝑛 𝑠𝑠𝑠𝑠𝑠𝑠 = 4 × 𝑛𝑛 − 1

(for ½-sphere)
(for 1/4-sphere)

where n is the porosity computed by full sphere in PFC3D.
B. 3

Stress

The average stress ��
𝜎𝜎��
𝚤𝚤𝚤𝚤 in a spherical volume V is defined by:
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1

𝜎𝜎𝚤𝚤𝚤𝚤 = 𝑉𝑉 ∫𝑉𝑉 𝜎𝜎𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑
����
For symmetrical models the calculation scheme has to be applied:
𝑠𝑠𝑠𝑠𝑠𝑠
�������
𝜎𝜎𝚤𝚤𝚤𝚤
= 2 × ��
𝜎𝜎��
𝚤𝚤𝚤𝚤

(for ½-sphere)

𝑠𝑠𝑠𝑠𝑠𝑠
�������
𝜎𝜎𝚤𝚤𝚤𝚤
= 4 × ��
𝜎𝜎��
𝚤𝚤𝚤𝚤

(for ¼-sphere)

B. 4

Radial stress for cylindrical wall

The radial stress is calculated by dividing the wall force by the corresponding area of the wall
segment:

𝜎𝜎𝑟𝑟 =

𝐹𝐹𝑟𝑟
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠

where 𝐹𝐹𝑟𝑟 is the radial component of out-of-balance force at the cylindrical wall segment and
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 is area of the cylindrical wall segment.

For symmetrical models the calculation scheme has to be applied:
𝑠𝑠𝑠𝑠𝑠𝑠

𝜎𝜎𝑟𝑟

= 2 × 𝜎𝜎𝑟𝑟

(for ½-sphere)

𝜎𝜎𝑟𝑟

= 4 × 𝜎𝜎𝑟𝑟

(for ¼-sphere)

𝑠𝑠𝑠𝑠𝑠𝑠
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Appendix C Layout of different small scale shaft experiments with spheres

A1-1

B2-1

B2-2

C3-3

D4-2

E5-3

140

Appendices

Appendix D Results of experiments with glass balls
D. 1

Model test A1-1

D.1.1 Pouring from top
No.

Mass [g]

Cumulative
mass [g]

Slope at horizontal
passages [°]

1

5,500.0

5,500.0

22

2

5,500.2

11,000.2

22

3

5,500.0

16,500.2

21

D.1.2 Pouring through pipe
No.

Mass [g]

Cumulative
mass [g]

Slope at horizontal
passages [°]

1

5,500.0

5,500.0

20

2

5,600.5

11,100.5

18

3

4,001.0

15,101.5

19

D. 2

Model test B1-1

D.2.1 Pouring from top
No.

Mass [g]

Cumulative
mass [g]

Slope at horizontal
passages [°]

1

5,000.0

5,000.0

18

2

2,000.1

7,000.1

19

3

3,000.2

10,000.3

19

4

4,000.2

14,000.5

19

5

4,500.0

18,500.5

19

6

5,000.1

23,500.6

19

7

4,000.7

26,501.3

19

8

1,500.2

29,001.5

19
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D.2.2 Pouring through pipe
No.

Mass [g]

Cumulative
mass [g]

Slope at horizontal
passages [°]

1

2,500.4

2,500.4

-

2

2,500.7

5,001.1

20

3

2,000.7

7,001.8

20

4

2,500.8

9,502.6

20

5

2,000.7

11,503.3

20

6

2,500.4

14,003.7

20

7

2,500.5

16,504.2

20

8

2,500.3

19,004.5

20

9

2,500.1

21,504.6

20

10

2,500.0

24,004.6

20

11

2,500.1

26,504.7

20

D. 3

Model test B2-2

D.3.1 Pouring from top
No.

Mass [g]

Cumulative
mass [g]

Slope at horizontal
passages [°]
1st passage
2nd passage

1

5,000.1

5,000.1

-

-

2

2,000.4

7,000.5

15

-

3

5,000.3

12,000.8

15

-

4

5,000.6

17,001.4

15

-

5

5,000.6

22,002.0

15

-

6

2,001.5

24,003.5

15

19

7

1,000.8

25,004.3

15

19

8

5,000.2

30,004.5

15

19

9

1,000.7

31,005.2

15

18
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C.3.2 Pouring through pipe
No.

Mass [g]

Cumulative
mass [g]

Slope at horizontal
passages [°]
1st passage

2nd passage

1

2,001.0

2,001.0

-

-

2

3,006.0

5,007.0

22

-

3

2,200.1

7,207.1

23

-

4

4,000.2

11,207.3

22

-

5

2,000.6

13,207.9

22

-

6

2,000.3

15,208.2

22

-

7

3,002.2

18,210.4

22

-

8

3,005.0

21,215.4

22

17

9

1,501.5

22,716.9

22

17

10

3,500.1

26,217.0

22

17

11

2,500.1

28,717.1

22

17

D. 4
No.

Model test C3-3 Pouring from top
Mass [g]

Cumulative
mass [g]

Slope at horizontal passages [°]
1st passage

2nd passage

3rd passage

1

4,000.3

4,000.3

-

-

-

2

2,500.3

6,500.6

-

-

-

3

1,000.4

7,501.0

14

-

-

4

4,000.0

11,501.0

14

-

-

5

4,000.5

15,501.5

14

-

-

6

3,000.1

18,501.6

14

-

-

7

6,000.1

24,501.7

14

20

-

8

1,500.3

26,002.0

14

20

-

09

5,000.3

31,002.3

14

20

-

10

5,000.3

36,002.6

14

20

-

11

5,500.4

41,503.0

14

20

23

12

2,823.5

44,326.5

14

20

24
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D. 5
No.

Model test D4-2 - Pouring from top
Mass [g]

Cumulative
mass [g]

Slope at horizontal passages [°]
1st passage

2nd passage

1

5,500.1

5,500.1

14,0

-

2

3,000.4

8,500.5

14,0

-

3

5,505.3

14,005.8

14,0

-

4

5,602.0

19,607.8

14,0

-

5

5,502.7

25,110.5

14,0

-

6

5,500.5

30,611.0

14,0

-

7

5,606.0

36,217.0

14,0

21

8

2,003.0

38,220.0

14,0

21

09

5,501.0

43,271.0

14,0

21

10

5,500.0

49,221.0

14,0

20

11

5,500.0

54,217.0

14,0

20

12

5,000.0

59,721.0

14,0

20

D. 6
No.

3rd passage

Model test E5-3 - Pouring from top
Mass [g]

Cumulative
mass [g]

Slope at horizontal passages [°]
1st passage

2nd passage

3rd passage

1

5,000.2

5,000.2

-

-

-

2

5,603.3

10,603.5

15

-

-

3

5,500.5

16,104.0

15

-

-

4

5,602.0

21,706.0

15

-

-

5

5,501.0

27,207.0

15

-

-

6

5,500.2

32,707.2

15

-

-

7

5,503.4

38,210.6

15

14

-

8

5,600.9

43,811.5

15

14

-

09

5,502.2

49,313.7

15

14

-

10

5,602.0

54,915.7

15

14

-

11

5,602.3

60,518.0

15

14

-

12

5,602.3

66,120.3

15

14

-

13

5,605.0

71,725.3

15

14

19

14

5,602.4

77,327.7

15

14

19
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Model test X0.5-1 - Pouring from top

D.7.1 Test 1
No.

Mass [g]

Cumulative
mass [g]

Slope at
horizontal
passages [°]

Note

1

4,000.0

4,000.0

-

-

2

1,000.0

5,000.0

-

-

3

500.1

5,500.1

18

Stop filling

Load on top of backfill
No.

Load [g]

Cumulative
mass [g]

Slope at
horizontal

1

5,000.0

5,000.0

17

Start to be instable

2

5,000.0

10,000.0

12

3

5,000.0

15,000.0

13

Whole system fails
moves to horizontal
passage

Slope at
horizontal
passages [°]

Note

-

Stop filling

D.7.2 Test 2
No.

Mass [g]

Cumulative
mass [g]

1

5,500.0

5,500.0

2

2,000.0

7,500.0

19

Cumulative

Slope at

mass [g]

horizontal

Load on top of backfill
No.

Load [g]

passages [°]
1

5,000.0

5,000.0

19

2

5,000.0

10,000.0

19

3

5,000.0

15,000.0

19

Stable
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D. 8

Model test X1-2 - Pouring through pipe

No.

Mass [g]

Cumulative
mass [g]

Slope at
horizontal
passages [°]

Note

1

3,000.0

3,000.0

-

-

2

3,000.0

6,000.0

-

-

3,000.0

9,000.0

-

3,000.0

12,000.0

-

3,000.0

15,000.0

2,000.0

17,000.0

23

Stop filling

Load on top of backfill
No.

Load [g]

Cumulative
mass [g]

Slope at
horizontal
passages [°]

1

5,000

5,000

23

Still stable

2

5,000

10,000

21

3

5,000

15,000

21

Start to be instable
and reach new
stable condition

4

5,000

20,000

15

Whole system fails
moves to horizontal
passage
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Appendix E Results of simulations of shaft backfilling model with ballast
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Results of simulations of loading on top of ballast column connected with cavern
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Figure E.2.1 Settlement at different points inside shaft backfill under loading. Height of
backfill = 10m, interparticle friction coef. = 0.75; wall-particle friction coef. = 0.7
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Figure E.2.2 Settlement of backfill columns of different height under loading. Shaft is
connected to 4 m cavern, interparticle friction coef. = 0.75; wall-particle friction coef. = 0.5
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Figure E.2.3 Settlement of backfill columns of under loading for different wall friction. 8m
backfill height, shaft is connected to 4m cavern, interparticle friction coef. = 0.75
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Appendix F Procedure for shaft filling dimensioning
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