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ABSTRACT

The Discrete Element Method (DEM) is useful for rallidg granular flow such as bulk materials hangllinn DEM codes
discrete particles are usually modelled as indi@idspheres. The simplest way to model the cortatieen spheres is a
linear contact model. This model consists of angpin the contact normal direction and the contangential direction and
allows for frictional slip. For each sphere, itriscessary to specify parameters such as thetbzeajensity, the contact
spring stiffness and the friction coefficient. hmaterials such as soil, rock and seed grains thiclea are however not
spherical. To model such materials, clumped pagican be used. A clump consists of two or mpreees rigidly joined
together to form an arbitrary shaped particle. @&beuracy with which DEM can model the materialdgbur depends on
the combination of parameter values used. Deténgithese values remains one of the main challesiges it is difficult
to be directly measured. In this study a reveedio@tion method for determining the parametersaifesionless granular
material is presented. This includes the parsate and shape distribution, the density, the abr#pring stiffness and the
contact friction coefficient. This was done by caoating laboratory experiments followed by equivalerumerical
experiments and iteratively changing the parametets the laboratory results were met. Using tladibcated material
parameters, industrial processes were modelledtandesults compared to experimental measuremefisavator bucket
filling (2D and 3D) and silo discharge (2D) weredrtied. The 3D bucket model accurately predicteddrientation of the
bucket. The model also accurately predicted tlag @wrce over the first third of the drag, but pegetd drag forces too high
for the latter part of the drag. The 2D bucket slamuld predict the flow patterns in the mateaialit flows into the bucket.
In the 2D silo model, the flow patterns and flowesawere compared to experimental measurementslasetvations. A
good qualitative agreement with the observed flatgrns were achieved and high flow rates coulgriedicted accurately
with a maximum error of 7%. The prediction of lovilew rates was less accurate.



1. INTRODUCTION

It is estimated that about 40% of the capacitynofustrial plants are wasted because of bulk hagdlin
problems (Tijskens et al. 2003). According to Nakd1997), the modelling of granular behaviour
using Discrete Element Methods (DEM), has the p@kto be one of the most important scientific
advancements to the mining industry. Over the tlxstyears, advances in computer technology have
made the modelling of full scale industrial pro@sspossible (Groger and Katterfeld, 2006). Prasess
that can be modelled and optimised include: dglliblasting, block caving, digging, crushing, flow
regulation, storage, segregation and mixing.

Conveyor and chute designs can benefit from DEM etliogy in the following ways (Nordell, 2003):
decreasing belt wear, less dust generation, imprdedt capacity and centre loading, less spillag® a
blockage, lower noise emission, minimising matedi@gradation, minimising power consumption and
improved safety. A DEM model provides the enginggh unique detailed information to assist in the
design of transfer points in large conveyor systémustrulid and Mustoe).

The interaction between granular material and nmeshnot only plays an important role in the mining
industry, but also in agriculture. The interactibatween soil and machines such as ploughs and
bulldozers is a typical example. DEM is a prongsepproach to model granular material-machine
interaction (Asaf et al., 2006a) and can be usedvircome some of the difficulties encountered by
analytical methods and the finite element meth®tle machines/tools are modelled using a number of
walls and the complexity of the tool geometry doescomplicate the DEM model. Large deformation
and the development of the material free surfaee artomatically handled by the method. In
agriculture the bulk materials handling of granugesh as seed grains and mineral fertiliser is a
common occurrence and most of the processes dhbestimproved and optimised (Van Liedekerke et
al., 2006).

Processes such as silo discharge are difficult adeihwith the finite element method (FEM) if large
deformation occurs (Shen and Kushwaha, 1998). |dige deformation leads to severe mesh distortion
which can only be overcome using remeshing teclasigqu so-called meshless methods (Coetzee et al.,
2006). Remeshing can introduce computational erf@dfgeckowski, 2002) and can be problematic
where history-dependent material properties aregmte(Sulsky et al., 1995). Other processes such as
fertiliser spreading can not be modelled with atewum based method such as FEM due to the discrete
nature of the material flow. Analytical methods &mited and can only provide a first order sajatio
problems with simple geometry (Van Liedekerke et2006, Perumpral et al, 1983).

DEM models the material as discrete particles (hsuspheres) of different size. Calculations
performed during a DEM simulation cycle alternatgween the application of Newton’s second law
(applied to the particles) and a force-displacenhnt(applied at the contacts between particl€gch
particle has material parameters (micro parametia) influence the particle and hence the bulk
behaviour (macro properties). The main problemhwXEM is to determine the material micro
parameters (particle size and shape, contact esgfnfriction coefficient, damping values, bonding
strength). The micro parameters should be spdcsiieh that the flow of thousands of particles beba

in the same way as the real granular material (onpooperties). Laboratory experiments (e.g. shear
tests, biaxial/triaxial tests and oedometer tesis)in-situ tests are necessary to determine these
parameters before any useful modelling and prexfistcan be made (Asaf et al., 2005).

Very few researchers have tried to determine theranparameters experimentally. Vu-Quoc et al.
(2000) measured the coefficient of restitutionaylseans by performing simple drop tests from variou
heights. Data from high-speed video recordings uwgesl to determine the particle properties. Tanaka



et al. (2000) conducted bar penetration tests antpared the results with those obtained from DEM
simulations. The material density could be meakupet the contact stiffness was chosen without any
experimental validation. By comparing the movemeinthe particles during the experiment with the

movement of the particles during the simulatiom, filiction coefficient that gave the best resutisid

be determined.

Recently, Franco et al. (2005) proposed an inveasibration method to determine the micro paranseter
for modelling soil-bulldozer blade interaction. [Hheir approach, the material was assumed
cohesionless. Based on DEM results, the particdgdn coefficient and stiffness were determinemi
energy principles and direct shear tests. Thet doa€e and vertical force acting on the blade, as
predicted by DEM, were then compared with McKeyd885) calculation model. The calibration
process was based on direct shear test DEM simonfatand blade-soil DEM simulations and
experimental validation was not performed.

Asaf et al. (2005, 2006b) proposed an in-situ mettfay determining the micro parameters. Their
method was based on wedge penetration tests aad-Bnear optimisation scheme. The methodology
was validated by using DEM simulation results iadt®f real in-situ tests. Landry et al. (20063,b,c
modelled machine-manure interaction using the discelement method. In their approach, data from
numerical shear tests, values from literature angple analytical approaches were used to determine
the material parameters.

In this paper, a method for determining micro paetars for frictional material is proposed. The
method is based on two laboratory experimentsgarstest and a compression test (oedometer). There
is assumed to be no cohesion or adhesion at gapasticle and particle-wall contacts respectivele
parameters to be determined are the particle sidesie distribution, particle shape, particle dgns
particle stiffness, particle-particle friction céiefent and particle-wall friction coefficient.

Two typical processes were modelled and the resattgpared to experiments to validate the calibnatio
process. The first process was the complete digela a silo and the second the filling of an extar
bucket. Both processes were modelled using twadgional software (PE€) and corn grains were
used as material. The calibration of the matgniaperties was also done in 2D. The bucket §livas
modelled in 3D using PFE. In this case a 3D calibration process was fadldwsing gravel as
material.



2. THE DISCRETE ELEMENT METHOD

Discrete element methods are based on the simulafishe motion of granular material as separate
particles. DEM was first applied to rock mechan@sd soils by Cundall and Strack (1979).

Calculations performed during a DEM simulation eyelternate between the application of Newton’s
second law (applied to the particles) and a foispldcement law (applied at the contacts between
particles).

Using the soft particle approach, each contact aslefied with a linear spring in the contact normal
direction (secant stiffness)kand a linear spring in the contact tangentiaaion (tangent stiffness)k
as depicted in Figure 1. Frictional slip is allalne the tangential direction with a friction caeféntm
The patrticles are allowed to overlap and the amofimverlap is used in combination with the spring
stiffness to calculate the contact force componeifitge contact force in the normal direction isdzhen
the total overlafJ , in the contact normal direction and is given by

I:n = an n (1)
The contact shear force is based on the incremegitdive displacement incremeBt in the contact
tangential direction and is given by
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Figure 1 — A typical linear DEM contact model




In PFCPP the user can choose between two damping modete first model makes use of two
viscous dampers,;@and ¢ in the contact normal and tangential directiorspegtively as shown in
Figure 1. This model dissipates energy at theamstand is specified by the damping ratio The
second model is named local damping. In this mdakelfollowing damping force is applied to each
particle,

Fd =-4a Ifout—of-balancJSigr()_() (3)

where is the damping factor (< 1), F,,. o aance IS the resultant force vector acting on the plrtitie

to all contacts ani is the particle’s velocity vector. This dampingaebhas the advantage that is can
quickly bring a dynamic system to static equililniubut it can not be physically justified.

According to Groger and Katterfeld (2006) no exmemt is known that could be used for the
calibration of the damping constants, except fer tireasurement of the rebound height of a dropped
spherical particle. Practically relatively high tact damping coefficients are required. Deterngrtime
damping constants was not included in the calibnagirocess and locl damping was used throughout.
In the shear test and compression test, quast-statiditions can be assumed and the default value

= 0.7 was used. In the bucket modelling, a value = 0.2 was used and in the sitmdel a value of
=0.1.

The model described above is the basic linear contadel as found in most DEM codes. Non-linear

models (Hertz, 1882; Mindlin and Deresiewicz, 198&lton and Braun, 1986) are also available, but
are usually computationally less efficient. In gel, cohesion can be modelled using bonds at cisnta

In this study only cohesionless material is congdeand bonds are not needed. For a detailed
description of DEM, the reader is referred to Cuihdad Strack (1979), Cleary and Sawley (1999),

Hogue, (1998), Zhang and Whiten (1996) and 1ta$689).



3. CALIBRATION OF MATERIAL PARAMETERS

In this research, corn grains were used. Sincg cothesionless material was under consideratian, th
material parameters investigated were the partisiee and shape, particle density, particle frittio
coefficient and particle contact stiffness. InstBection the calibration of the corn (2D) is givefhe
calibration of the gravel (3D) is summarised int®ec6.

3.1 Particle size and shape

Most DEM codes make use of spherical particles Umat simplifies contact detection and contact
force calculations. Using spherical particles, ititernal friction of the material (assembly of fees)

is usually too low when compared to real granulatemal like crushed rock. Non-spherical particles
are needed to increase the particle interlockirfigcefand one solution is to make use of clumped
particles (Abbaspour-Fard, 2005). In PFC clumps ba formed by adding two or more spherical
particles together to form one rigid particle, iparticles comprising the clump remain at a fixed
distance from each other. Particles within a cluwap overlap to any extent and contact forces are n
generated between these particles. Clumps cabreak up during simulations regardless of the force
acting on them. Asaf et al. (2005) investigatesl eéffect of particle structure on internal frictiangle.
They used two equally sized discs, clumped togetret biaxial tests to investigate the effect afiple
centre distance on the internal friction angle.suts showed that the internal friction increaséh an
increase in the centre distance with an asymphtsltaviour. It was noticeable that beyond a certain
centre distance, the value of the internal fricti@mained relatively constant although the centre
distance is increased. Wang et al. (2007) madeoli¥eray tomography to accurately build complex
particle shapes from spherical particles. Althotlggir approach is successful, it still needs upG060
spheres to accurately represent a physical partithes will increase simulation time tremendouahd

Is not considered in this paper.

The particles were chosen so that it roughly represi the physical shape and size of the corngrain
Figure 2 shows the “tear-drop” shape of the comingr and the equivalent DEM clump used in this
study. The radius of the particles used in theufations was chosen from a uniform distributionhivit

the range shown in the figure. Although the gishiapes could be modelled more accurately by using
more than two particles in a clump, the represemtathosen was thought to be accurate enough and ye
computationally efficient. The corn grains all thé same general shape and only a single clung typ
(two clumped disks) was used.



(b)

Figure 2 - (a) Physical grain dimensions and (b) DEM grain etodimensions in [mm]

3.2 Particle density

The average (bulk) material density was measuredilliyg a cylindrical container with material
(grains). The container with material was weigledl the internal dimensions of the container
measured to calculate the volume. The averagdtdemas defined as the total material mass divided
by the volume filled by the material.

In DEM, particles with the previously determinedaph and size distribution were generated and
allowed to fill a container. Once the particles hsitled under gravity, the mass of the particles
occupying the container was calculated togethen Whi¢ occupied volume. The density of the paricle

was then adjusted using the ratio of the measutdkl density to the numerically calculated bulk

density. The system was allowed to reach statiglibgum and the process was repeated until the
measured bulk density was achieved. Within thoeéotr iterations, an accuracy of 0.1% could be
achieved.

3.3 Direct shear tests

A shearbox was used to experimentally determinedne internal friction anglé and the friction angle
between corn and steel and between corn and glEss.box had dimensions of 375375 mm with a
total height of approximately 175 mm and was laggeugh for testing particles up to 12 mm in size
(Head, 1998).

Although the ratio of particle normal stiffnessgarticle tangential stiffness,/ks, has an influence on
the materials Young's modulus and Poisson’s rdtes¢a, 1999, Landry et al., 2006a), this ratio was
taken equal to one, i.e. the particle normal andéatial stiffness were assumed to be the same.

Asaf et al. (2005) have shown that the internatifsh angle is dependent on the normal stressexgppdi
the shear test. The internal friction angle desssavith an increase in normal stress and it irtapt
to apply an expected range of normal stress duasting. In this study, the normal stresses imgose



during the shear tests were chosen to be withinrdnge experienced during the experiments (silo
discharge and bucket filling).

A numerically equivalent DEM model with the samenensions as the physical apparatus was
constructed and tests were performed under the samditions. The average shear stress between
2.1% and 4.8% strain (8 and 18 mm of displacemeas) used to calculate the friction angle, which was
defined as the average shear stress divided bgpipleed normal stress, Figure 3.
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Figure 3 - Typical shear test result for a nornia@ss of 2 kPa

A series of shear tests were performed using aerahgarticle stiffness and friction coefficientlves.
The shear simulations showed that the internaidncangle depended on both the particle stiffreess
friction coefficient, especially in the low stiffas range.

The shear test results are shown in Figure 4.paiticle friction values p resulted in a higheremmal
friction valuef. For example, with the particle friction p = Oa, the calculated internal friction angles
were greater than t&(0.3) = 16.7°. This is a direct result of the itteking phenomenon and was also
observed by Asaf et al. (2006b). The interlocKinction angle can be found by calculating the ing
friction angle based on a shear test simulationrgvtiee particle friction coefficient pu is set equal
zero. According to Asaf et al. (2005) the intekiog angle is dependent on the particle size, size
distribution, porosity and particle stiffness.

From Figure 4, it is clear that both the partidiffreess and friction coefficient had an influenze the



material internal friction anglé. For stiffness values below 100 kN/m the interfnaition angle is
strongly dependent on the patrticle stiffness, loathigher stiffness values the dependence decreases
and more so for lower friction coefficients. Thtse direct shear test can not be used to deteraine
unique set of parameters. It is clear from Figdréhat more than one combination of the particle
friction coefficient and stiffness values can résalan internal friction angle similar to the messd
value (indicated by the dotted line). Another télse confined compression test, is used in thé nex
section to determine the unique set of parametéhe friction angle with steel/glass was measungd b
replacing the lower part of the shearbox with &l&géass sheet.
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Figure 4 - The effect of particle stiffness and particle fioct on the material internal friction

The shear results correspond to the results by Asaf. (2005) who have shown that the internal
friction angle increases with an increase parstiiness. Corriveau et al. (1996) also studiezldffect

of particle friction on the internal friction anglaumerically by using a linear-spring-dashpot almel t
Walton and Braun contact model. They performedibiaests with an assembly of 1250 and 300
circular disks. Their results showed that therimaeé friction angle depended strongly on the phatic
friction coefficient in the lower range of 1. Inet upper range there was only a slight increasewith

an increase in p. They also showed that as theleasize distribution was made wider, the magieatu

of f increased.



3.4 Confined compression test

In the confined compression test (also called #gaometer test), stress is applied to the specinoery a
the vertical axis, while strain in the horizontakdtions is prevented. Shear stresses and stiasrssas
well as compressive stresses and volume changes iocthis test, but since the material is prevente
from failing in shear, compression is the domirsorce of strain.

Usually this test is used to determine soil comsaion ratios. Here it is used to determine tlastedity

of the material, similar to a uniaxial tensile testhere are, however, some differences between the
confined compression test performed here and axiahitensile test. During a uniaxial tensile test,
stress is applied in the axial z-direction. Thisr@o stress in the x- and y-directions, but straiall
three directionsg,, e ande,. Young’s modulus of elasticity is defined as

E=—2 (4)

During confined compression, the direct strainhi@ x- and y-directions is constrained to be zérhis
has the result that normal stresses develop ix-tlaad y-directions. It can be shown that thetiata
between the confined Young’s modulus E” and thaligaung’s modulus E, is given by

(1+n)1- 2n)
1-n

E=EC¢ (5)

wheren is Poisson’s ratio and is given by Equation 4.

The experiments were performed with a 250 mm diamejlinder and a specimen height of 80 mm.
Side friction will always play a role in this teahd therefore it had to be included in the numerica
model. The wall friction was set to the specifiaterial-steel friction coefficient as measuredhe t
shear test. Figure 5 shows a typical experimerdgault obtained from unloading and reloading
(hysteresis).

Roughly two-thirds of the strain that occurred dgrinitial loading was recovered during subsequent
unloading. The strains that resulted from slidlmggween particles were largely irreversible. The
rebound upon unloading was caused by the elastimggrstored within the particles, as the assembly
was loaded. However, there could be some revésegsbetween particles during unloading. Only a
small amount of permanent strain resulted fronmidne two cycles. All experiments were performed at
low compression ratesZmm/minute) to avoid any dynamic effects, i.e. dustestic conditions were
assumed. The numerical results (Figure 6) shovite 10 no hysteresis. This might be due to the
initial porosity of the material. During the expeents and particularly the first loading cyclelatee
particle movement might occur, decreasing the piyrosnd compressing the material. During
subsequent cycles, the particles have settlededative particle movement is limited.

10
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Figure 5 - Experimental load-displacement curve from confinethpression test
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Experiments and simulations were stopped afteretbyeles. The second and third cycles followed a
stable hysteresis loop. These stable cycles wseel to determine the stiffness of the system of
particles. The confined Young’s modulus was calad as

Sg " S1o
€~ €

E¢= (6)

where sgp is an axial compression stress of 80kPa epdhe equivalent strain anslp an axial
compression stress of 10kPa apglthe equivalent strain. Although this approaclhoigs the non-linear
load-displacement effect, the same procedure @ imseboth the experimental and numerical results.
series of simulations, each with different part&téfness and friction values, were performediffigiss
values of 10, 50, 100, 300, 450 and 500 kN/m weeduwvith friction coefficients of 0.10, 0.12, 0.20
and 0.30 for each stiffness value respectivelye fsults are summarised in Figure 7.
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It was found that the friction coefficient had lktto no effect on the system stiffness and inrdrege
tested, a linear relation existed between partgtiéfness and the confined Young’s modulus.
Deformation is predominantly due to distortion loé¢ individual particles (particle stiffness) and dae

to relative particle movement (friction).

With both the shear test and compression testteeaubilable, a unique set of micro parametersccoul
be determined. The compression test showed todependent of the particle friction within the gan
tested. A particle stiffness of 450 kN/m resulted confined Young’s modulus close to the measured
value (Figure 7). With the stiffness known, theahresults (Figure 4) could be used to deterntige t
particle friction coefficient. A value of p = 0.1Bsulted in an internal friction andgle= 24° which is
close to the measured valuefof 23°.

3.5 Angle of repose

With the particle size, shape, stiffness and tittvalues known, the angle of repdsevas determined
experimentally and numerically as a final testppfoximately one thousand grains were dropped from
a fixed height of 100 mm and allowed to reach #acsemuilibrium state under the action of gravitihe
test was repeated using DEM and the angle of repesesured as shown in Figure 8. It is also known
that for frictional cohesionless granular materiagé angle of repose is a good indication of theriral
friction angle (Lambe and Whitman, 1969). It wésdound to be the case in this study.

Mean Experimental Slope

DEM Slope

Figure 8 - Angle of repose
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3.6 Summary of corn properties

Table 1 summarises the corn material propertidge nieasured values were determined experimentally.
The DEM macro properties were obtained numericalling the calibrated micro parameters. The
values of the angle of repose, average densitycantsteel friction coefficient correspond wellttee
values measured by Reimbert and Reimbert (1976).

Table 1 -Measured corn properties and calibrated DEM pararset

Macro Property Measured DEM
Internal friction anglef 23° 24°
Angle of reposef 2582° 24%1°
Average density, 778 kg-m® | 778 kg-ni kg/n?’
Confined bulk modulug” 1.60 MPa 1.52 MPa
Material-steel frictionf ¢ 149° 14°
Material-glass frictionf 4 12° 12°

Calibrated Micro Properties

Particle stiffnessk, = ks 450 kN/m
Particle densitys 855 kg/m
Particle friction coefficientny | 0.12

14



4. 2D SILO DISCHARGE

Roughly one-half of the products and about thresgus of the raw materials of the chemical industr
are in the form of granular material that is usuatored in silos or bunkers. In agriculture, cheats,
minerals and seed grains are also stored in sildshappers. Although the silo is widely used, wi&i
theories for the flow of material in silos are aehilable (Yang and Hsiau, 2001).

Rectangular silos have not been studied as oftertiraslar silos, and relatively little detailed
information exist on pressure patterns which dgveln their walls (Brown et al., 2000). Rectangular
silos have advantages over circular silos whenaai space is limited and simplicity in constroatis
important. Brown et al. (2000) investigated thesptee on a model rectangular silo using a series of
strain gauges and wall pressure sensors.

Yang and Hsiau (2001) investigated silo dischargegi experiments and DEM. They used an

“idealised” material: a single column of equallgesl glass beads. The modelling of irregular shaped
particles, such as sand or seed grains, is notessiell. They, however, obtained good results by
comparing flow rates and flow patterns. Masson Muattinez (2000) used equally sized acrylic

cylinders in experiments and compared the resalt®EM simulations. Friction and contact stiffness

proved to play a major role in the flow and thes$rfield during filling and discharging.

Martinez et al. (2002) investigated silo dischaugeng the finite element method with remeshing. The
authors conclude that the remeshing introducestiaddl costs and meshless methods can avoid this
inconvenience. Karlsson et al. (1998) used FEM dasethe Eulerian frame of reference. The major
disadvantage of this approach is that all boundaare fixed. The upper free surface in a silo negui
refilling to be fixed, and as a result it is notspible to simulate the complete discharging process
However, the redistribution of stresses when tbe ftlevelops is very fast, and the upper surface doe
not move much during this time. Thus, the Euleagproach could be used to simulate only the initial
stress transients.

4.1 Experimental Setup

A model silo was built to investigate the flow ofatarial out of a rectangular flat-bottomed silo.eTh
focus was mainly on flow patterns and flow ratéhe Tlow pattern in a silo is of great importanceewh
handling material that degenerates with time. Tihenimportant to achieve the first-in-first-oubsage
principle (Karlsson et al., 1998). The model siked for the experiments had dimensions of 310 mm
wide, a maximum fill height of 600 mm and a depblut{of-plane) of 730 mm. All the sides were
constructed of glass and the opening width coulddréed. The depth to width ratio of the silo was
high enough for the flow to be mainly two-dimensbn

The silo was filled in the same way used by Browale(2000): A hopper was suspended above the silo
and its door (200mm x 200 mm) opened until the wsi&s filled. The top surface was then carefully
levelled. Coloured grains were used to create sayéthin the material which could be used to corepar
flow patterns. During discharge, the mass of théens within the silo was measured by suspending
the silo from a load cell.

4.2 Results

In the DEM model, the silo was filled following thexperimental procedures. Although a symmetry
plane could be used, no symmetry plane was usedasral result the flow patterns shown are not

15



perfectly symmetric as seen during the experimehigure 9 shows the flow of corn out of the silibhwv

the silo opening w = 45 mm and the initial fill gat h = 500 mm. There is a good agreement between
the DEM and experimental results regarding flomeyats. It can, however, be seen that the DEM
discharge rate is higher. To make a quantitatoregarison of the flow patterns is difficult, butci&n

be seen that the type of flow in the experiment tomedmodel is mass flow (versus funnel flow). The
flow rate can, however, be compared quantitatively.

Experiment

DEM

t=1s t=3¢ t=5¢ t=7s

Figure 9 - Silo discharge with silo opening = 45 mm and initial fill heighh = 500 mm

The mass of the material within the silo was meadly suspending the silo from a load cell. The
guestion however arises whether the measured mlageeomaterial during discharge is a true
representation of the flow rate. Close to the spening the free falling material will not contnile to
the measured value although the material is siiiwthe silo. The acceleration and deceleratibthe
material as it flows in the silo will also creatgndmic effects. The flow rate is defined as the it
which material flows through the silo opening measlin kg-s .

The results of the DEM simulations were used tofglghis point. Figure 10 shows the two methods of
calculating the mass of material within the silp.The mass method: simply add up the mass of all th
particles above the silo opening at each time ghe load method: add the resultant verticatdor
(converted to mass in kg) of all the walls at edsiohe step. The load approach is similar to the
experimental approach. From the figure it candmnghat the resultant vertical force on the siédlsv
show high fluctuations due to the collisions betwélee particles and the walls. The result from the
mass method, however, is a good fit to the resalhfthe load method. It can be concluded that the
measured values are a good representation of ttexiadanass in the silo.
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Figure 10 - Comparing two methods of determining the silo disgle rate: Thenassmethod and the

load method

Figure 11 shows the corn mass within the silo &mation of time for two openings: w = 45 mm and
w =80 mm. The initial fill height is h = 500 mnt-or both openings, DEM predicts a slightly higher
flow rate than the measured rates. Taking thalfispe between 60 kg and 40 kg, the dischargs rat
are calculated as shown in Table 2. From this @¢anfirmed that DEM predicts a slightly highernlo
rate and is more accurate for larger silo openwigsre the flow is less restricted.

Table 2 - Comparison between the measured flow rates andhteg predicted by DEM

w =80 mm| w=45mm

DEM 30.8kgs | 9.2kgs§
Experiment | 28.6 kg’s | 7.0kg-§

Error 7.1% 31.4%
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Figure 11 - The mass in the silo versus time. Experiment a&iDesults for two silo openings; = 45 mm
andw = 80 mm
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5. 2D BUCKET FILLING

Buckets or scoops are often used to handle bulknmats. Examples include excavators, digger logder
bucket wheels and draglines.

5.1 Experimental Setup

Two parallel glass panels were fixed 200 mm amafotm a bin. A bucket profile was fixed to a tel
which was driven by a ball screw and stepper mdtbhe complete rig could be set at an argpte the
horizontal as shown in Figure 12. The first arnswreen rotated and fixed such that both arms rezdain
vertical. The second arm remained free to mouweenvertical direction. Counter weights were used
set the “effective” bucket weight. When the buckes dragged in the direction as indicated, it alas
free to move in the vertical direction as a regidlthe effective bucket weight and the force of the
material acting on it. The bottom edge of the laickas always set to be parallel to the drag doect
and the material free surface. This type of motesembles that of a dragline bucket which is dedgg
in the drag direction by a set of ropes, but wigetiom of motion in all other directions (Rowlands,
1991).

Spring loaded Teflon wipers were used to seal thallsopening between the bucket profile and the
glass panels. Force transducers (strain gauges) wged to measure the bucket drag force (seed-igur
12 for the direction). The vertical displacemehthe bucket was also measured and used as inplg to
DEM simulation (see Figure 12 for the directiomr). both the experiments and the DEM simulations the
bucket was given a drag velocity of 10 mf The dimensions of the bucket profile are shown i
Figure 12. Counter weights

Direction of ~_ - Direction of drag
vertical motiot

I
|

200 mm
Figure 12 -Experimental setup for observing bucket filling ahd bucket dimensions

100 mm

T
\)45"
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5.2 Results

It is difficult to make quantitative comparisongjaeding flow patterns. When comparing the material
free surface, qualitative comparisons can howeeemiade. Figure 13 and Figure 14 show how the
material flows into the bucket for rig anglesof 0° andg = 20° respectively. When comparing the
shape of the material free surface, the simulatéazasable to accurately predict the flow of matento

the bucket during the initial stages of filling @@ a displacement of 600 mm. For displacements
between 600 mm and 800 mm, the simulations how&ikto accurately predict the material free
surface. Figure 15 shows typical drag forces abthifrom experiments and simulations. From this
result, it is clear that the DEM model captures ¢femeral trend in drag force, but it predicts lower
values compared to the measured values. Oveothelete drag of 800 mm, the model predicts a force
which is 15-50 N lower than the measured force.th&tend of the drag the error is 20%. In the bin,
frictional forces against the side panels will haveinfluence on the measured results. Theséofmizlt
forces were not included in the DEM model and miggthe reason why the model predicts lower drag
forces.

Rowlands (1991) made use of mixtures of millet,sp@ad corn in a similar test rig. The observatbn
the filling behaviour led to the development ofteedry that describes the flow characteristics and
patterns of material entering the bucket. Rowlafi®91) named this concept the Shear Zone Theory.
He observed that definite planes of shear (ruptimehed between distinct moving material regimes.
These shear planes changed orientation and locdgpending on initial setup and during different
stages of the filling process itself. The genssmlitheory is shown in Figure 16. The differentfl
regions, as named by Rowlands (1991), are indicatethe figure. The movements of the material
relative to the bucket are indicated by the arrows.

The virgin material remains largely undisturbed ilutihe final third of the drag during which
“bulldozing” occurs. The initial laminar layer fis into the bucket during the first third of theagr
(Figure 16a). After entering to a certain distaribés layer fails at the bucket lip and subseqyent
becomes stationary with respect to the bucketHerremainder of the drag (Figure 16b,c). At steepe
drag angles, the material flows more rapidly towatde rear because of the added gravitational
assistance. This effect can be seen by compaiuye=13 and Figure 14.

With the laminar layer becoming stationary, a rmne, the active flow zone, develops (Figure 18).
this zone, the material displacement is predomipantthe vertical direction. The active dig zoise
located above the teeth and bucket lip. This dmelops as material starts to enter the bucket and
increases in size after failure of the initial laani layer. In this zone, the virgin material falsd either
flows into the bucket as part of the laminar laglaring the first part of filling or moves into tlaetive

flow zone during the latter part of filling.

The dead load that has resulted from “live” matendhe active flow zone ramps up and over thaahi
laminar layer. Some of the material in the initehinar layer fails and starts to form part of ttesad
load (Figure 16c). During experiments, a defimitpture or shear line could be observed here. ¥fith
increase in drag angle, the active dig zone andeaftow zone tended to join into one continuousdha

It should be noted that Figure 16 only shows tlatages of the filling process, but in reality thexa
gradual transition from the one stage to the otlteshould also be noted that this is a genermlikeory

and there will be variations in the results whefiedent materials and bucket geometries are used.
During experiments two definite shear lines cowddobserved. The one extended from the tip ofiphe |
up to the free surface. This is named the cutsingar line. The second line is the one between the
initial laminar layer and the dead load, calleddlead load shear line.
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Figure 13 -Bucket filling results with rig anglg = 0°

Simulatior

200 mm
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Experiment

Simulatior

Figure 14 - Bucket filling results with rig angle = 20°
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Figure 15 -Typical bucket drag forces with rig angje= 10° and a bucket weigii,= 138.3 N
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Figure 16 -The shear zone theory according to Rowlands (1991)
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Making use of DEM and investigating the flow regorthe following procedure was devised. The
bucket was moved through the material and “pausé@t each 100 mm. The displacement vector of
each particle was then set to be zero after whiehbucket was given a further displacement of 10-15
mm (1-3 particle lengths). The particle displacetnetio PDR was defined as the ratio of the
magnitude of the particle absolute displacementtoveto the magnitude of the bucket absolute
displacement vector. The particles were then gelbwaccording to their individual PDR values. A
PDR equal to unity means that the particle is mgwuith the bucket. The result is shown in Figure 1
This is in effect the average velocity ratio oveshart period.

The flow regimes as predicted by the Shear Zonefyhare indicated on the figure. The three picture
correspond to the three pictures given in Figure Afier a displacement of 100 mm, the active dige

is clearly visible with 0.4& PDR< 0.65. The initial laminar layer moves into thecket with 0.10£
PDR< 0.25. This corresponds well to the flow zonesnsho Figure 16a.

After 500 mm, the characteristic “V” shape of tlotivee flow zone can be seen with 0A®DR< 0.25.
Although the PDR is relatively low, the displacemenpredominantly in the vertical direction. The
active dig zone is still present and in the backhef bucket, the initial laminar layer starts tcd®e
stationary relative to the bucket. This is visiblethe PDR values that increase towards the batiieo
bucket. This corresponds well to the flow zonesashin Figure 16b.

After 800 mm the existence of the dead load sheari$ clearly visible. When compared to Figure,16
the active flow zone and active dig zone can notlisenguished from the dead load. The reason for
this is that at a bucket displacement of 800 mma billdozing effect is large and overshadows therot
flow zones. The flow zones should be plotted sohee between a displacement of 500 mm and 800
mm in order to try and visualise all the flow zomasshown in Figure 16c.
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Figure 17 -Flow regions using the particle-bucket displacenatio
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6. 3D BUCKET FILLING

In this section three-dimensional modelling of agline bucket is performed and the results compared
to experimental results using a 1:18 scale buckétaatest rig designed for this purpose. CrusbeH r
(gravel) is used and the same calibration procedsressed for the corn was followed, but all DEM
models were 3D instead of 2D.

6.1 Material Calibration

The material used in the dragline bucket experisienshown in Figure 18. It was crushed rock (d)ave
from a roller mill with a 25 mm aperture betweee tiollers. The corn grains used had all the same
general shape, but the gravel had distinctly difiéishapes. A random sample of 300 rocks was taken
and the rocks could be classified into four didtiparticle shapes. These shapes were kept as sanple
possible, while ensuring that every rock in the glenmbelonged to one of the particle shapes. The
particle shapes were (Figure 19):

* Particle 1: long rectangular particle comprisofghree aligned spheres (length to width ratio of
clumped particle greater than 2)

* Particle 2: pyramid shape particle comprisindoadr spheres

* Particle 3: flat particle comprising of four speg (length to width ratio of clumped particle less
than two, and ratio between length and height grahtin 2)

* Particle 4: spherical particles comprising of apéere.

The rock sample was classified according to thevalsihapes. The number of particles belonging to
each shape was recorded and a particle shapéudigin was obtained (Figure 20). This data was then

used to ensure that the same distribution betwesticie shapes was maintained when generating
particles for the DEM model.

Figure 18 -Crushed rock used in dragline experiments
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Particle shape 1 Particle shape 2

Particle shape 3 Particle shape 4

Figure 19 -Simplified rock particle shapes used in draglinevDigodel

Figure 20 -Measured rock particle shape distribution
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A sample of each particle shape was taken and iflee dsstribution obtained using a sieve sorting
machine (mesh sizes 9.5 mm, 13.2 mm, 19 mm, 26.5amin37.5 mm). The results for each particle
shape can be seen in Figure 21. A MATLAB code waten to generate clumps using the particle
shape distribution and the particle size distrilnuti The sorting sieve classifies the particledigtrete
sizes, and the distribution between these sizesagsamed to be linear. The linear distributioedu®
generate the clumps is also shown in Figure 21.

Figure 21 -Measured rock particle size distribution and lingiatribution used in the DEM model

The particle density was detrmined following thensaprocedures as used with the corn grains. An
oedometer was also used to determine the stiffnefhe shearbox used to measure the internaiofnict
angle of the corn could not be used with the ek to the limited size of the shearbox. It isybeer,
known that for frictional cohesionless granular enia, the angle of repose is a good indicatiothef
internal friction angle (Lambe and Whitman, 1969).

A sample of the material was taken and droppenh feogiven height through a funnel with a known
diameter. This process was continued until a gmess of material had been allowed to flow though th
funnel. The angle of repose was then measured 4d bé-igure 18).

The dimension of the experimental setup was thexd s construct an identical numerical model. The
same mass of material was allowed to flow thoughftimnel and the angle generated was measured.
This process was continued, varying the inter-plartfriction coefficient, until the same angle was
obtained.
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The calibrated parameters are summarised in Tabl@®e that the shear stiffness is assumed to have
the same value as the normal stiffness. This @sanmption often made in discrete element modellin
(Itasca, 1999).

Table 3— Calibrated rock parameters

Parameter Rock (dragline)
Particle density 1518 kg/m
Contact stiffnes&ys | 1.75 10" N/m

Friction coefficient/nn| 0.53

Angle of reposé 41°

6.2 Experimental Setup

A scale dragline model was build to obtain datachtiould be used to validate the numerical results.
The drag forces, the bucket trajectory (path) dred Hucket's orientation during a filling cycle were
recorded. The bucket was a 1:18 scale model6ding bucket. The bucket had a length and width of
roughly 300 mm and a fill height of 175 mm. Thaglbed made provision for sensor attachment and
was designed to be inclined which allowed differératg angles to be tested (Figure 21).

The bucket was dragged at constant rope speed adiygraulic cylinder in conjunction with a servo
valve. The cylinder speed was measured by meaadinéar variable differential transducer. Thegdra
force was measured using a calibrated commera@al éell on each rope.

Three ASM W12 cable displacement sensors were tas@etermine the three-dimensional position of a
point on the bucket. The body of each sensor \itashed to the rig frame, with the end of eacheabl
attached to the centre of the bucket arch (Figije PJsing a triangulation algorithm, the positwithe

arch point could be determined. The three sensers placed in a plane parallel to the drag bed and
positioned to maximize the angle between sensbing. bucket’s orientation (angle) was measured using
a Micro-Strain 3DM-G three axis inclinometer. TlkBnsor was also attached to the bucket arch. Data
was collected at 25 Hz using a HBM spider 8-30.
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Figure 21 - Dragline experimental setup showing the positbthe sensors

6.3 DEM Model

The modelling of large systems is still a challerfgigskens, 2006). Even with parallel processing
becoming available, clever modelling can reduce ¢bmputation times without loss in accuracy.
Reducing the number of particles and walls in tloeleh is the most obvious and most effective sotutio
to reduce computation time. Reducing the numbepaticles and walls reduces the number of
calculations performed per cycle. A drag bed isstered optimised when its volume is as small as
possible, without allowing boundary effects to ulydinfluence the simulation. Experimental data
revealed that the bucket follows a parabolic ttagcwhile filling. The drag bed was modelled using
this information and simplified to reduce the numbéballs. The drag bed can be seen in Figure 22.
This shape required 25 percent less particlesdrstandard rectangular drag bed.

A CAD model of the bucket was created and convedesl STL model. A code was written to convert
the STL model to PFE wall commands. In order to decrease the totalbmirof walls, the bucket was
simplified in the following ways.

* Rounds or fillets were replaced with chamfersampletely removed

* Giving the bucket basket a uniform thickness

* Removing the arch and top rail

* Closing the small gap that normal exists betwteerteeth and shrouds (Figure 22)

The simplifications were restricted to areas thatd have little or no effect on the flow of matgrnin

or around the bucket. The simplified bucket shagrele seen in Figure 22. The new bucket allowed the
number of walls to be reduced from 5000 to 520.th@ugh these changes would affect the bucket
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weight and moments of inertia, the original weightl moments of inertia were still used in the dylcam
bucket model.

300(

() (b) (c)

Figure 22— (a) Original bucket, (b) simplified bucket am) drag bed design with dimensions in mm

6.4 Results

Each experiment was repeated three times to etiseim@sults were reliable and repeatable. The lhucke
position, orientation and drag force were recorftedeach test. The results showed that the bucket
behaviour is predominantly two-dimensional with ydittle rolling and yawing motion. Rowlands
(1991) also observed that the flow of material ithe bucket is mostly two-dimensional and the mwotio
of a dragline bucket can be accurately modelleth¢aknto account only the bucket translation in the
drag direction, translation vertical to the dragediion as the bucket digs into the soil and pitghroll

and yaw can be ignored).

Figure 23 shows the bucket’s pitch angle versug distance. In both the experiment and the
simulation, the bucket was placed flat on the doad and the pitch angle set to zero. During the
experiment, the pitch angle increased to almostd@@eks before it decreased as the bucket startid to
into the soil. At a displacement of roughly 0.3one bucket length), the pitch angle has decretised
6.5 degrees. The DEM model also predicts this \ieba with the pitch angle at -10 degrees after a
displacement of one bucket length.

Figure 24 shows the total drag force (sum of thedan each of the two drag ropes) versus drag
distance. There is an almost linear increase iasomed drag force with a final value of 500 N atrag

distance of 1 m (three bucket lengths). The DEMJeh@accurately predicts the drag force up to a
displacement of 0.3 m (one bucket length). TheéeeaDEM predicts higher drag forces and at the end
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of the drag it is almost three times the measuaddev The reason for this is still unknown and seed
further investigation.
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Figure 23 - Comparison between the measured and the DEM peediitch angle
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Figure 24 -Comparison between the measured and the DEM peelditag force
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Figure 25 illustrates one of the advantages of Ddtiulations where the mass of material inside the
bucket can easily be determined as a function af dlistance. A FISH function was written which
checked all particles and simply added up the masdl particles found to be inside the bucket.isTh
can easily be done since the position and oriemtaif the bucket is known. It is difficult to vBrithis
experimentally since the mass of material insidetibcket can not be determined without influencing
the experiment. This result also confirms that bleket fills within 3 bucket lengths (1 m in drag
distance), a rule of thumb used by bucket manufargu
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Figure 25- The DEM predicted soil mass inside the bucket

7. CONCLUSION

The main objective of this paper was to develop aalitlate a calibration process to determine the
material parameters needed in DEM simulations. 3tely was limited to cohesionless granular
material. For cohesive materials, particle-pagtisbnds (available in PFC) will have to be usedhis T
will introduce another parameter to the calibratfmocess and needs further study. The calibration
process was based on experimental and DEM shegaates compression tests.

The internal friction angle resulting from DEM shéasts depends on both the patrticle stiffnessevalu
and the particle friction coefficient. From thessults alone a unique set of stiffness and fmctialues
can not be determined. The results from the cosspra test show that the simulated macro stiffiess
a linear function of the particle stiffness and mdtuenced by the particle friction coefficieniThus,
from the compression test, the particle stiffnems lobe determined and then from the shear testtsesul
the particle friction coefficient can be determinddhis results in a unique set of parameters which
yields macro values close to the measured values.

The non-linear effect of the oedometer load-disghaent curve was not taken into account. In future
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way to match the DEM curve with the measured cuakéng into account the non-linearity should be
introduced for better results. Also, material padgoseeds to be taken into account. The partide s
distribution and shapes would influence the initiatosity and changes in porosity during flow.

It is shown that DEM can accurately model the catgpbischarge of a silo. A close correlation with
observed flow patterns and measured flow ratesasheved. It is also shown that DEM can accurately
model the filling process of an excavator buck&he force acting on the bucket and the fill rate ba
predicted. The flow zones observed by Rowland91 )l %ere also observed during the experiments and
it is shown that DEM can predict these differeniflzones. In future the knowledge of the flow zone
can be used to optimise buckets in terms of fitk,raucket force and bucket wear.
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