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Propositions

Accompanying the dissertation
Grabs and Cohesive Bulk Solids

Virtual prototyping using a validated co-simulation

by M. Javad Mohajeri

A validated full-scale simulation of the grabbing process of bulk solid cargo is a reliable
platform for virtual prototyping in realistic operational conditions. (This thesis.)

An accurate simulation of equipment as it interacts with bulk solids is possible using a
proper contact model and the simplest particle shape, the sphere, with no negative effect
on the computation time and complexity of simulation. (This thesis.)

Applying multi-objective optimisation methods systematically to the simulation of bulk
handling equipment is the key step towards robust designs. (This thesis.)

In a system driven by competitiveness and the free market, the trait of being ambitious is
a potential risk for the exploitation of human and natural resources.

In the economic crisis caused by a pandemic, those giant companies making massive
profits must share the majority of their gains with the people who have been hit by the
same crisis.

In theory, capitalism is supposed to encourage free market for competition, but in practice
a capitalistic system does its best to suppress competition.

Someone who is afraid of failure will not have a story to tell.

The culture of “work hard and party hard” overwhelms many employees with stress in
long-term, so “work normal and party normal” should be promoted as a healthy culture.

The COVID-19 virus knows no borders, neither should humanity.

10. Unhappy the land that needs heroes. - Bertolt Brecht

These propositions are regarded as opposable and defendable, and have been approved as such
by the promotors Dr. ir. D. L. Schott and Prof. dr. ir. C. van Rhee.
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Summary

Due to the high demand of iron ore products indteel industry, they have the largest share in
dry bulk trading per year, above coal and grairmgpraximately 9000 Cape-size bulk carriers with
capacities up to 400 000 tonnes (DWT) transportatimeual demand of iron ore to destination
ports. Grabs are employed extensively to unload o from ship holds. A fast and reliable
unloading process is required to maintain a mingdizost for port operators and to deliver iron
ore products to customers on time. In practice,yriaators, such as moisture, varying material
properties over the cargo depth and grab’s dynangostribute in creating challenges for
achieving the desired performance during the umhgagrocess. A solution for improving the
unloading process is to enhance the design of drghssing simulation-based methods. This
enables a higher mass of iron ore to be collecedgpab cycle, thus minimizing the total

unloading time of a bulk carrier.

Virtual prototyping of grabs is a novel simulatibased method that allows for evaluating
the design performance in an affordable way. Thieiai prototype of a grab as it interacts with
bulk material are co-simulated at full-scale by giing two different solvers: Discrete Element
Method (DEM) and MultiBody Dynamics (MBD). The covailation requires virtual crane
operator, CAD model of grab connected to a crame calibrated DEM material model as inputs.
Over the past decade, reliable DEM calibration pduces have been developed to model free-
flowing bulk solids, such as iron ore pellets, sand gravel. However, due to moisture content
the majority of iron ore products show cohesive amdss-history dependent behaviours, which
should be considered in the calibration procedAdditionally, considering particle size and
shape of such fine iron ore products, the extreorapetitation time of DEM simulations is a
challenge to be solved. Furthermore, a grab isnafted to handle a broad variety of iron ore
cargoes that are different in their propertieshsas moisture content, shear strength and bulk
density. The variability of bulk solid propertiegluences the grabbing process considerably, and

thus, the grab’s efficiency.

The primary objective of this dissertation is tovelep an accurate co-simulation of grab
and cohesive iron ore, and utilizing it for optiinig virtual prototypes. Once properties of an iron
ore product in interaction with equipment are cbhazed, a reliable multi-variable calibration
procedure needs to be employed to set various ipprameters of a DEM material model,
including continuous and categorical variablesth@nmore, once proper scaling rules are applied
on the DEM simulation, a full scale grab-materiatstmulation can be set up to be validated.

Next, by determining the optimal settings of desigrniables the effect of bulk cargo variation on



the grab’s efficiency can be minimized. This is fhbedamental strategy of robust grab design.
Bulk terminal operators value grabs that are opteuifor multiple objectives, including a

maximized efficiency with a minimized deviation.

A consolidation-penetration test method is devedof® investigate whether the stress-
history dependent behaviour of iron ore is sigaificfor the grab application. This laboratory test
method replicates the pre-consolidation stress a&gein a cargo pile during the grabbing
process. Next, grab relevant bulk properties @ige of iron ore products are characterized using
laboratory test methods, such as consolidationtpetien, ring shear, wall friction and ledge
angle of repose tests. The obtained data are umsedafibrating a realistic material model.
Coefficient of static friction, surface energy, gratticle shear modulus are found to be the most
significant continuous variables for the simulapedcesses, and the rolling friction treatment is
found to be a significant categorical variable. téixe DEM material model of a cohesive iron
ore is created by using a reliable multi-variableltirobjective calibration procedure. The
calibrated DEM parameter set and its definitenessvarified using 20 different bulk response

values.

Once the material model is calibrated, scalingsute the selected contact model are
applied to minimize the computation time of thestmulation. The scaling rules are verified for
a range of particle sizes, geometry dimensiong, desices, and cohesive forces. Geometry
dimensions should be scaled separately from thecjgasize to maintain the constant bulk mass
and volume quantities. The co-simulation of grall eohesive iron ore is set up using up-scaled
particles with a mean diameter of 55 mm. The sgalikes resulted in a reduction from*b@urs
of computation time for around 8 million particlds, just under 4 hours for around

particles.

The simulated grabbing process is validated by gotedl full-scale grabbing experiments
in the cargo hold. This allowed the process todeermded in realistic operational conditions. The
co-simulation is validated by comparing its preidics to experimental data from various aspects,
such as grab’s kinematics and dynamics. The piedgbf the co-simulation compared well to
experimental data in all aspects, including fomsecables, torque in winches, kinematics of
geometry, payload, collected volume and averag®sigr of bulk solid. The validated co-
simulation proves that the stress-dependent behawiocohesive cargo as it interacts with the

grab were captured successfully.



Finally, a multi-objective optimization framework established to incorporate the bulk
cargo variation in the design procedure. Two olpjest are included in the optimization
framework: a maximized grab performance in averagel a minimized deviation from the
average performance. To map the relationships eetvgeometric design parameters and the
mentioned objectives, different virtual prototypdgrabs are simulated for a broad range of iron
ore cargoes. Next by applying a surrogate modebimged optimizer, an optimal grab design is
created. The optimal grab design is then testatjubie co-simulation, assessing to what extent
the predictions of the surrogate model match with simulated responses. The established
optimization framework offers straight forward stefp design grabs for varying bulk cargo
properties.

The entire chain of a bulk handling system, esfligcfar cohesive materials, can be
simulated accurately at full-scale, aiming at maxing the performance of the entire system. To
achieve that, the approach presented in this wamkbe implemented for other bulk solids as well
as for bulk handling equipment other than grabsredwer, the validated co-simulation of grab
and cohesive iron ore paves the way for innovalegjgn and operation concepts, thereby further

minimizing the required time and energy for unlo@giron ore carriers.
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Introduction on co-simulation of grabs

and cohesive bulk solids

Iron ore products are transported from origin minescustomers, which are mainly steel
manufacturers. Due to the high demand of iron ocglycts in the steel industry, they have the
largest dry bulk trading per year, above coal awadhg [1]. Global production of iron ore in 2009
amounted to 1552 million ton, which has been raige@&494 ton in 2018 [2]. The two main
exporting countries of iron ore are Australia anda, sharing around 75% of the global
market [3]. The top 5 importing countries are lechin Asia and Europe, which results in
intercontinental shipping of iron ore products.2@l8, a total of 3210 million ton of dry bulk
solids have been shipped; of which 46% was ironfBreMore than 90% of the yearly tonnage
transport of iron ore is shipped by Cape-size lalkiiers [4]. Approximately 9000 Cape-size
carriers with capacities up to 400 000 tonnes (DWainsport the annual demand of iron ore to

destination ports.

To unload iron ore cargoes from bulk carriers atidation, grabs are employed. Figure 1-1
displays a grab unloading a bulk carrier. The mmaptime of bulk carriers needs to be as short as
possible, thus, minimizing costs of terminal operatand other stakeholders. Therefore, a time-

efficient and reliable unloading process is regliatdestination ports. Considering the increasing
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global demand for iron ore, the unloading processtie improved in terms of productivity to use
available facilities, such as cranes, in a susitdénaay. A promising solution for improving the

unloading process is to enhance design of grabs.

Figure 1-1. Unloading bulk carriers at destinationusing grabs

1.1. The Grabbing Process

During unloading of a bulk carrier, grabs colleleé tmaterial from the cargo hold to transfer
toward the next handling element, which is usualhhopper-conveyor system. A cycle of

unloading the cargo using grabs consists of tHeviahg phases:

» Grabbing bulk solids from the cargo hold,
» Transferring the grab from the cargo hold towarxt tendling equipment,
* Releasing the collected material (e.g. on a hoppakeyor system), and

» Transferring the empty grab to the cargo hold.

The grab’s efficiencyngran, depends mainly on the first part, the grabbingcpss, which
determines the amount of bulk solid collectedpwyl Therefore, investigating the grabbing
process is the main focus of this dissertation. Jiiad’s efficiency in an unloading cyclggran

can be calculated using Eq. (1.1).

10



Chapter 1

MDWT

= — =" 11
ngrab MDWT + Me ( )

where Mbwr is the weight of collected bulk solids using thraly and M is the grab’s weight
when it is empty. The grab’s efficiency for irorearargoes is typically in the range of 0.5 to 0.75.
To improve the grab’s efficiency for a specific meacapacity, M should be minimized while
Mpwr is maximized. The general model of the grabbingcess (i.e. of an iron ore cargo) is
schematically shown in Figure 1-2. In additionite grab design itself, dimensions of ship’s hold,
properties of bulk cargo, crane operator, craneiBpations are main contributing elements in
the grabbing process. Thus, predicting performafcew design concepts is still a challenge, as

it requires considering interactions between midtgontributing elements.

1. Ship's hold

2. Bulk cargo

3. Grab

4. Cables

5. Crane operator

6. Winches

7. Next handling equipment

Figure 1-2. General model of grabbing process (i.ef iron ore) during unloading bulk carriers

Furthermore, a grab is often used to handle a bvaddty of iron ore cargoes that are different
in their properties, such as moisture content, rseigangth and bulk density. The variability of
bulk solid properties influences the grabbing pssoeonsiderably, and thus, the grab’s efficiency
[5]. The consistency in grab’s efficiency needdéomaintained for designing a robust product.
However, bulk cargo variability has not explicidgen incorporated in the design process of grabs

and other equipment.

11



Introduction on co-simulation of grabs and cohe&ivik solids

To design and develop a new grab, its performamrezisto be evaluated in a range of
operational conditions. For example, quantifying grayload, Mwr, allows to decide whether
the new grab design meets expectations. This caevakiated either by physical or virtual

prototyping of new design concepts.

1.2.  Physical Prototyping of Grabs

Physical prototyping is a traditional approachrbance the grabbing process by fabricating new
design concepts for testing. Manufacturers create design concepts using their engineering
knowledge and in-house experience. In the physgioatiotyping approach, once a new design

concept is developed, a real-scale grab is manurttt

The real-scale grab prototype is tested at a lewtkihal to evaluate its performance during
the grabbing process. For example, Figure 1-3 sleovesl-scale prototype that was built to be
tested at a bulk terminal in 1968. This prototypeeal at improving the grabbing process at the
final stage of unloading a ship’s hold, where thiklzargo is trimmed. The product was finalized
after manufacturing multiple real-scale prototypeth incremental improvements, and it is
currently being used at bulk terminals (shown muiFé 1-1). It is known that physical prototyping

is a time- and cost-intensive design approach,iri@egumnultiple grabs to be manufactured.

Figure 1-3. A real-scale physical prototype is builto be tested at bulk terminal (1968, Rotterdam).
Courtesy of Nemag B.V.

12



Chapter 1

1.3.  Virtual Prototyping of Grabs in Interaction with Bu Ik Solids

The virtual prototyping of grabs [6—10] is a nowdsasign technology. The virtual prototyping
offers a time- and cost-efficient way to replictite grabbing process of bulk solids in a simulation
environment. To model grabs in interaction withkbsiblids, a co-simulation framework is used
that couples a Discrete Element Method (DEM) solwéh a MultiBody Dynamic solver.
Figure 1-4 presents the co-simulation frameworkictvhrequires virtual crane operator, CAD
model of grab connected to a crane, and calibnat@igrial model as inputs. A coupling server
communicates between two solvers at each timevimtehe geometry motion is calculated using

the MBD solver, and the reaction forces on the g&oyris calculated using the DEM solver.

To set up the DEM simulation, a material model etedbe included. A material model
replicates the behavior of an actual bulk solidnteraction with equipment. Calibration and
verification of DEM input parameters is the comnamproach to ensure that the material model
simulates the behavior of corresponding bulk spi@perly [11].

Co-simulation of grabs and bulk

solids
(" 2\
p N MBD solver
Inputs: Computing geometry motion
\ J
e Virtual crane operator

’ 58 5 &)

> (] i o

» CAD model of grab _5 £ Coupling § S

connected to a crane g o sEEr e e
O LL O J
» DEM material model :i N

~ o DEM solver
Computing bulk behaviour ang
bulk-equipment interaction )

Figure 1-4. Co-simulation framework between MBD andDEM solvers to simulate the grabbing process

Figure 1-5 displays a generic DEM calibration phae, including main components. In general,
input variables of DEM, such as patrticle densitiction coefficients, and particle shape, are
varied until the mismatch between simulated andaddtulk response is minimized. Over the past
decade, reliable DEM calibration procedures hawenlaeveloped to model free-flowing bulk

solids, such as iron ore pellets [9], glass bed@$, [sinter ore [13], sand [14,15], and gravel

[16,17]. By setting multiple targets for the DEMibaation, more than a single bulk response can

13



Introduction on co-simulation of grabs and cohe&ivik solids

be considered. This prevents the “ambiguous pasnwmbinations” problem in the DEM
calibration procedure, which is discussed in detajlL7]. For example, to calibrate DEM input
variables for simulating iron pellets in interactiavith ship unloader grabs, Lommen [8]
considered at least three different calibratiogdts. The static angle of repose was replicated
using the ledge and free-cone methods; the peretrag¢sistance of iron pellets was also
replicated, using a wedge penetration test sethp. dalibrated material model was used to
simulate the grabbing process of iron ore pellets ieal-scale co-simulation. The co-simulation

was validated by comparing its outcome to realeseaperiments on the grabbing process.

In contrast to such a free-flowing material, thgarty of iron ore products and other bulk
cargoes (e.g. coal) show cohesive and stressistependent behaviours, which cannot be
captured using the current DEM material model. Aiddally, considering particle size and shape
of such fine iron ore products, the extreme contputatime of DEM simulation is another
challenge to be solved. Scaling techniques canr @ff@romising solution to minimize the

computation time.

Simulate bulk responses,
Y’, for various sets of
input variables
I
(Y1
h 4

DEM input variables. e.g.
particle density

Calibration targets, Y,
e.g. generated using
laboratory tests

Find comparable
YandY’

Calibrated set of DEM
input parameters

Figure 1-5. Main components of a generic DEM calitation procedure.

In general, iron ore products are produced in dhffie particle size ranges, such as lump, pellet,
sinter feed and pellet feed. Lump ore products tgaréicle size between 6.3 and 40 mm [18].

Particle size range of pellets is between 8 andh¥ because of size and characteristics of
particles in iron ore pellets, the variations ofistiare content or consolidation state does not play
a role on their bulk properties [8]. Therefore,lgiehs well as lump size iron ore products are
considered as free-flowing materials. Figure 1gpldiys three different iron ore samples, pellets,
sinter feed and pellet feed categories, indicatiegdifference in their particle size distribution

Sinter feed and pellet feed products have a pasizk usually less than 11 mm [19,20]. Cohesive

14



Chapter 1

forces between particles are created due to théllioridge, and hence the amount of moisture

present influence material behaviour and its irtigva with equipment.

Sinter Feed Pellet Feed

Figure 1-6. Various size range in iron ore productspellets, sinter feed and pellet feefP1]

Furthermore, piles of iron ore in bulk carriers ¢enup to 20 m deep [19]. Due to the self-weight
of bulk solid, a considerable vertical pressureeés) is created over the pile depth. This vertical
pressure probably densifies moist iron ore cargees the pile depth. It is unclear whether the

densification of iron ore cargoes influences thabging process upon unloading of bulk carriers.

Therefore, the current co-simulation framework fffleds to be extended to include a
realistic DEM material model of iron ore fines, buas sinter feed type, in interaction with grabs.
Figure 1-7 schematically illustrates a DEM contgmting-damper system between two particles,
a andb. Here, three main modules are identified: corfiarcte in the normal direction is denoted
by fn, while fr andtr represent force in the tangential direction artdtional torque respectively.
Without choosing a proper combination of contactioies, calibrating a realistic DEM material
model is infeasible.

Particle a
| / Symbols R
fr .
o % & 3 @ Spring
I k‘) A © Damper
N /
Particle b

Figure 1-7. A contact spring-damper system betweetwo particles, including normal, tangential, and

rotational directions

15



Introduction on co-simulation of grabs and cohe&ivik solids

The current co-simulation framework uses an elasiitact model, which is not able to capture
cohesive and stress-history dependent behavio@tslfluding the plastic overlap in a contact
spring enables the possibility of capturing thestrhistory dependent behaviour [23]. Elasto-
plastic adhesive contact springs are promisingpaptto calibrate material behaviour of iron ore
fine products that are moist [24]. Figure 1-8 shawshematic model of an elasto-plastic adhesive
contact spring, which consists of three parts:I¢gding, (II) unloading/reloading, and (llI)
adhesive parts. By introducing cohesive forces el @ elasto-plastic stiffness into the DEM
calibration procedure, the number of DEM input &bles and the number of required bulk
responses increase [23,25-27]. Therefore, a religddibration procedure is required to calibrate

DEM material models that are based on elasto-plastiesive springs.

f A
Part |
// // Part Il #
N 5
Part Il

Figure 1-8.A non-linear elasto-plastic adhesive contact spring

1.4. Research Objectives

The primary objective of this dissertation is tmslate the grabbing process of cohesive iron ore
cargoes accurately. This can be achieved by esiénlj a reliable DEM calibration procedure as

well as a scaling approach for elasto-plastic aglhesontact springs. The common approach to
create DEM calibration targets is to determine beponses using experiments at laboratory,
such as penetration [28], angle of repose [26]asbell [29] test setups. Once the DEM material

model is calibrated, a real-scale co-simulatiordede be set up that has a practical computation
time. Up-scaling of DEM particles can offer a s@uatto minimize the computation time [30].

Next, validating the accuracy of the simulated gmb process is required.

Furthermore, by including the material model ohiare fines in the existing co-simulation
framework, a systematic design framework can babéished to enhance the grab’s efficiency. It

is important to determine the optimal settings esign variables in order to minimize the effects

16



Chapter 1

of bulk cargo variation on the grab’s efficiencyic@ an approach is the fundamental strategy of
robust design [31]. Bulk terminal operators valuabg that are optimized to satisfy multiple
objectives, including a consistent, and simultasggua maximized efficiency. Therefore, a
multi-objective optimization framework is developtdincorporate the bulk cargo variation in

the design procedure of grabs.
The following research questions are addresseusrdissertation:

1 How can the effect of stress-history dependenayobksive iron ore on the grabbing process
be evaluated using a laboratory experimental setup?

2 What are variability and interdependency of iroe properties and their interactions with
equipment in realistic transport and storage ca ke

3 How to minimize the computation cost for a largals@o-simulation of grabs and cohesive
bulk solids?

4 What is a reliable calibration procedure to develapalistic material model of cohesive iron
ore for the grabbing process?

5 Whatis the accuracy of the MBD-DEM co-simulatidmmabs and cohesive iron in replicating
the actual process?

6 How can bulk cargo variation be included in theigiegrocedure of grabs?

1.5. Outline of This Dissertation

The outline of this dissertation is illustratedHigure 1-9 and a brief description of the contdnt o

each chapter is outlined below.

Chapter 2 presents a consolidation-penetratiomtesiod to investigate whether the stress-
history dependent behaviour of iron ore is sigaific Such a laboratory test method replicates the

consolidation stress expected in a cargo pile dutie grabbing process.

Chapter 3 studies the material characteristicsoof ore fine samples further, in conditions
similar to unloading conditions in the cargo holfitbe vessel. Various characteristics are

guantified, such as shear strength, wall fictiedgle angle of repose and penetration resistance.

In Chapter 4, first an appropriate DEM contact niasleselected for modelling cohesive
and stress-dependent behaviours of iron ore predNeixt, to overcome the extreme computation

time of DEM simulations, a hybrid particle-geomettcaling approach is established.
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Introduction on co-simulation of grabs and cohe&ivik solids

In Chapter 5, a material model is calibrated tousate the cohesive iron ore sample
including its stress-history dependency behavidueliable multi-step optimization framework

is established to consider feasibility and defimétgs in the calibration procedure.

Chapter 6 compares the simulated grabbing prodesshesive iron ore to reality, therefore
establishing a validated model. To achieve thili bargo properties in interaction with a Scissors

grab are determined at a bulk terminal.

Chapter 7 demonstrates a multi-objective optimiraframework to incorporate the bulk
cargo variation in the design procedure. Virtuatptypes of grabs are tested in handling a broad

range of iron ore cargoes, resulting in an optignab design.

Chapter 8 concludes the adequacy of the reseapbagh and provides recommendations

for further research on enhancing the grabbingge®and other similar applications.
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Chapter 1

1. Introduction

!

Cohesive iron ore

Characteristics

2. Stress-history dependency
of cohesive iron ore

3. Bulk properties variability
and interdependency

Modelling

A

4. Minimizing computation
cost for cohesive bulk solids

5. DEM material model for
cohesive iron ore

Grabbing process of iron ore

6. A validated co-simulation of grabs and cohesive iron ore cargo

7. Grabs and bulk cargo

variability

8. Conclusions and recommendations

Figure 1-9. Visual outline of this dissertation
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Stress-history dependency of cohesive iron

orel

The grabbing process starts with cutting the fredase of the bulk iron ore. The initial
penetration depth of the grabs’ knives into theeamalt is an important success factor in their
filling ratio. The resistance to penetration idwehced by the consolidation process of the cargo,
which occurs during loading and sailing. When beadkriers arrive at the port of destination, the
iron ore cargo is often in a partially consolidatedn in the cargo hold. In this chapter, a test
method is developed to mimic the penetration pmodéshe grabs’ knives into material, and to
determine whether the penetration resistance ofare fine is sensitive to the pre-consolidation.

The relationship between pre-consolidation and blelksity is investigated as well.

Section 2.1 describes the material properties afcamore fine cargo. Furthermore, the test
method is described including the experimental Wward and procedure. Next, levels of pre-

consolidation are selected to create an experirhgiaa. Section 2.2 presents results of the

O This chapter corresponds to the reference: M. MahafF.M. Sickler, C. van Rhee, D.L. Schott, “A
consolidation-penetration test for wedge-shape@fpation tools”. Journal of FME Transactions, Vokim
46, Issue 3, 2018, 392-399. DOI: 10.5937/fmet182889



Stress-history dependency of cohesive iron ore

experiment, including the influence of pre-consafidn on the penetration resistance and the bulk
density. Section 2.3 presents conclusion on thke tietween the pre-consolidation and the

penetration resistance for the grabbing process.

2.1. Material Properties and a Consolidation-PenetrationTest Method

As the unloading of a ship’s hold starts and prdsethe grab collects bulk material that is stored
at greater depths. Consequently, when the grabie&nouch the bulk surface that is an over-
consolidated condition. Over-consolidation meard the current existing vertical stress is less
than the historical maximum stress. The historizaximum, which is referred as the pre-

consolidation stress, is the maximum vertical ouedtbn stress that a particular sample has
sustained in the past [32]. Since the grabs’ perémice is influenced by the initial penetration

depth of their buckets into bulk materials, it ipected that a higher pre-consolidation stress

results in a lower grab payload by reducing itsahpenetration depth.

The exact state of the iron ore cargo remains unknas many factors are involved in its
production, loading and transportation. For inséarice varying forces that acted upon the cargo
during loading and sailing can lead to differeatest of compaction [4]. The state of compaction
or the relative density compares the current packiith both the densest and the loosest packing
conditions.

In [8], a penetration test was used to calibrageDiscrete Element parameters of iron ore
pellets in interaction with grabs. Due to the loensitivity of pellets to consolidation, no
significant influence on the penetration resistacmeld be identified. However, the majority of
the iron ore products are iron ore fines (IOFs)iclwtare expected to have a higher penetration

resistance in the over-consolidated condition.

The influence of pre-consolidation on the peneiratiesistance of soil material has been
investigated by a number of researchers; some dranape [33], [34] and [35]. However, the

influence of pre-consolidation on the penetratiesistance of IOFs has not been investigated yet.

2.1.1. Cargo (IOF) characteristics
Iron ore products are produced in three differemtiple size ranges: pellets, sinter feed and pelle
feed. The first ore, pellets, are marble-sized{-haadened balls of iron and have a patrticle size

between 8 and 18 mm [8]. The other two groups lagparticle size usually smaller than 6.3 mm
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[36]. Figure 2-1 displays three samples, one ofi@am ore category, indicating the difference in

their particle size range.

Pellets are out of the scope of the current ingatitin, since consolidation does not play a
role in their resistance against grabs knives’ patien [8]. Therefore, a pellet feed type of iron
ore is selected for this experiment. Table 2-1 shthe particle size and density characteristics of
the iron ore sample. 50% of the sample weight atmgf particles smaller than 0.88 mm, and
80% of the particles have a diameter between 0ad@il6.3 mm, indicating a wide particle size
distribution.

Pellets Sinter feed Pellet feed

Figure 2-1. Iron ore products with different particles sizes

Table 2-1. Characteristics of the iron ore sample37]

. ) o dio 0.001
Particle size distributio
dso 0.088
(mm)
doo 6.3
Particle density (kg/M 4182

IOF cargoes are often transported in a wet staie tlaeir bulk properties, such as bulk density
and compressibility, are different in wet and dites [38]. To create this wet state, first thairo
ore sample was dried in an oven device accordirtheqrocedure described in [39], and then

water was added to the dry sample.

Since cargo moisture should be always low enouglpravent any hazardous cargo
liquefaction [40], the sample was prepared withy@%o dry-based moisture content. Dry-based
moisture content is the portion of a representasamnple consisting of water, expressed as a
percentage of the total dry mass of that sample [3#ls parameter can be expressed as follows:

Mc =100 2P 2.1)
Pa
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Stress-history dependency of cohesive iron ore

wherepy andpgare the bulk density in wet and dry states respelgti

A mixing machine was used to combine the water Wit@ dry iron ore to create a
homogeneous moisture distribution. Figure 2-2, Wisbows the iron ore before and after the
mixing, indicates that prior to mixing there areves@l relatively large agglomerated particles
present in the material. Most of these agglomeratesreated during the drying process of the

IOF sample in the oven. During mixing, these piemesbroken down into smaller pieces.

Next, to create an over-consolidated sample, reptew the cargo’s in-hold situation, an
estimation of this cargo condition is required.sTts a challenging job, since a combination of
both deterministic and non-deterministic forcesigan the cargo, such as the weight of the cargo
itself, the drop height during the cargo loadind #re waves’ impact during sailing. Additionally,
it is nearly impossible to identify which of the$éarces are more influential on the grabs’

performance during the unloading of cargo.

Therefore, the design guideline for bulk carriet$][ as well as [42], is used to estimate a
range of consolidation stresses required to reglitke IOF cargo condition in a laboratory
environment. Based on the design guideline, theimam height of the 10F pile inside the hold
of a typical Cape-size bulk carrier should be ladito 15 m; this complies with the measurement
data of [20]. However, based on [42], the heigtdarofOF cargo pile can be up to 20 m in practice.

Therefore, the maximum height of an IOF cargo sia®ed to be 20 m, to cover the whole range.

‘( :

B. |-
| _\
\JI

Figure 2-2. The iron ore sample before (A) and aftgB) mixing with the mixer machine [37]

Since the aim of the current chapter is to investigthe relationship between vertical
consolidating pressure and penetration resistafdibeocargo, a range of pre-consolidation

stresses are determined to replicate the confipmegsure acting on IOF cargoes at different
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layers. Figure 2-3 displays a 3D view of an IOFgoapile in the ship’s hold. The geometrical

profile suggests different levels of vertical prgssalong the pile depth.

Figure 2-3. Laser scan of a ship’s hold containingargo of iron ore fine[20]

2.1.2. Experimental hardware

A column of iron ore with the height of 20 m ane tirea of 1 happroximately weighs 55 tons,
corresponding to vertical confining pressure of k8@ at the bottom of the column. In order to
replicate this pressure, a hydraulic servo-cordbtest frame is selected with a maximum force
of 200 kN.

Figure 2-4 displays the schematic cross sectitimeopenetration tool selected for this study.
This is the same tool that [8] used to study theepration of a grab into the iron ore pellets. gsin
the same tool aids in producing comparable resultsch will be used for the grab design

application.

A wedge-shaped penetration tool is chosen, as piess is required to resemble the
penetration of a grab in iron ore. The tool is @m$ be symmetric to minimize the bending
stress in the experimental apparatus. The 40 mnthwodl the penetration tool is based on
manufacturing requirements; this specify a minimefrfB0 mm and a maximum of 50 mm as the
characteristics of a real grab. The tool angle easen to be 30° as this is the standard angle used
by other researchers such as [43] and [44], asagelh the existing industrial scale grabs. The

wedge length is 200 mm.
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Stress-history dependency of cohesive iron ore

The ideal penetration tool tip shape for minimizpgnetration resistance is a sharp one.
However, due to the abrasive nature of iron orpractice a sharp tip wears off quickly; therefore,

a blunt tip is often used.

40 mm

75 mm

30°

10 mm | |
| |

Figure 2-4. Cross section of the wedge penetratidaol [8]

Figure 2-5 displays details of the test contaifiée dimensions of the container are limited by

the apparatus to be used for the penetrationTestpenetration tool has a depth of 75 mm. Care
has to be taken that the tests are unaffectedebgdfacent sides or bottom wall of the container
[45]. To avoid this wall effect, the depth of thentainer should be at least 75 mm multiplied by

2, which results in 150 mm. The length of the corais of importance because as the material
is penetrated the material will displace to theesid-or the cone penetration into sand, the ratio
used of the nearest wall to the cone diametergefahan 2 [46]. To ensure that enough space on
both sides of the wedge is available, at least B0ahspace on each side of the penetration tool
is required, resulting in a total container widfl80 + 80 + 40 = 200 mm. These dimensions result

in a container with a volume of 15 liters. 24 kglud iron ore sample is used to fill the container.

Before starting the consolidation phase, the sawidiee iron ore is loosened to ensure that
almost no consolidation remains from mixing or §artation. Then the iron ore is loaded in the

designed container, and the bulk surface is levelgananually.

In order to create a homogeneous sample, theaftatanpaction should be uniform along
the depth. One of the factors that could affectstlagde of compaction is the layer thickness [47]
or “under-compaction” effect that is investigated48]. To study the influence of this factor on
the test results, consolidating in one layer ameettayers are considered in the test procedure. In

both cases, each layer is consolidated using tine sampressive force. A rigid top plate (1, in
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Figure 2-5) is placed between the hydraulic jack #me bulk surface to distribute pressure

uniformly on the sample.

Item

No. Quantity Title Material Function
1 1 Top plate - Consolidation
2 1 Back plate S355 J2+N N.A (fixed)
3 2 Side plate S55 J2+N N.A. (fixed)
4 1 Transparent plate Plexiglas Capture flow
6 1 Bottom plate S355 JR N.A (fixed)

Figure 2-5. Details of the test container

For the experiment of consolidating in one layé&rkg of the iron ore sample is poured into the
container using a small shovel. After creating\elied-out surface, the sample is consolidated
by applying the predetermined force of 5 kN onttheplate, equivalent to 66.7 kPa consolidating
pressure on the sample. Next, in a separate expetitie sample is consolidated in three layers
of 8 kg each by applying the same consolidatingsree.

In the next phase, the penetration phase, theioeaftirce on the wedge tool during
penetration into the iron ore sample is measunede$revious research, [8] and [43], have stated
that the penetration velocity has little to no uefhce on the penetration resistance, a constant

velocity of 6 mm/s is used.
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Figure 2-6 displays the consolidation phase, akagghe material condition before starting
the penetration phase. After the penetration phiéiewedge is moved upward to the initial
position with the same velocity (6 mm/s). After e@&xperiment, the container is emptied and the
sample is loosened.

Figure 2-6. Consolidating the iron ore sample; Lejtconsolidating iron ore with the top plate, Right)

Starting point of the penetration phase

To calculate the bulk density, the material deptdatermined by using the elevation where the

wedge tool touches the bulk surface, and a for€eIokN is measured.

Figure 2-7 shows the schematic set-up for determginihe vertical displacement of the
wedge tool relative to the material depth. Sinegtélst apparatus does not record the displacement
data relative to the material depth, the samplésearis adjusted with +10 mm. Therefore, the

penetration resistance can be compared in a censisanner.

2.1.3. Experimental plan

The two dependent variables measured in this exjeti are, |) the recorded reaction force on
the wedge during penetration into the sample, dheafied penetration resistance, and Il) the bulk
density of the sample after the consolidation ph@ike effect of three independent variables on
them are measured: I) number of consolidated layBrapplied consolidation stress and IIl)
number of repetitions.

In the first experiment, the sensitivity of the pemation resistance to the number of
consolidated layers is investigated. The experirdetgrmines whether consolidating the iron ore

sample in one layer or in three layers influenbespenetration resistance significantly.

For the second experiment, the effect of increasomsolidation stress on the penetration
resistance is investigated. Table 2-2 shows thegeraof forces and the corresponding

consolidation stress to be applied on the ironsaraple. As explained in 2.1.1, several levels of
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consolidation stress are determined to represerige of possible vertical confining pressure in
ships’ holds, at different depths in the iron oaego.

Each test is repeated at least three times. Thiesnapossible to measure the penetration
resistance and the bulk density in at least thteserepetitions, and to plot the confidence interva
of the results.

0.1 kN

V

Wedge tool-._

v +10 mm

Displacement

Iron ore sample

Material height

Figure 2-7. Schematic view of the set-up for measimg the displacement of the wedge tool over mateiia
depth

Table 2-2. Levels of applied consolidation stress

Applied force [kN] 0 1 5 10 20 40

Equivalent consolidation stress [kPa]| O 13.3| 66.7| 133.3266.7|533.3

2.2. Test Results

Figure 2-8 illustrates the effect of the consololaistrategy, one layer versus three layers, on the
penetration resistance. For a stress level of @8a/ the average penetration resistance, as well
as the 95% confidence intervals (Cl 95%), are shfawrboth cases. Even though at the initial
depths, with the displacement smaller than 40 rhmyécorded reaction forces in both cases are
similar, they start to diverge as the tool penetatleeper. The difference is quantified by
calculating the ratio of the average penetrati@stance at the 100 mm wedge displacement in

the case of consolidating in one layer over themtlase; this ratio is 0.91.

The difference at the greater depths is likelyeéocchused by applying more consolidating

energy to the second and third layers; this resultsslightly stiffer bulk material, and thus more
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resistance to penetration. Comparing the bulk densipports this idea; in the case of
consolidating in three layers, the bulk densityefage) is 11 kg/fhhigher than the other case.
However, considering the similarity in the trendtioé penetration resistance in both cases, the
overlapping confidence intervals, and the smafiedénce in the bulk density, the second set of

experiments are conducted by consolidating the Eammne layer.

4
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3 |

14

c 2T

il §

g

o

511

D- -
O'.”.'-'I"'I"'I"'I"'

0 20 40 60 80 100

Displacement [mm]

Figure 2-8. The effect of number of consolidatiorelyers on the penetration resistance; consolidation
stress: 66.7 kPa

A major objective of this chapter is to determihe telationship between penetration resistance
and consolidation stress. Their relationship igsiitated in Figure 2-9, which presents the
penetration resistance at 100 mm of the wedge atispient for all the applied levels of
consolidation stress. The circles indicate theayeof the measurement, and the 95% confidence
interval for each consolidation level is displayesing vertical error bars. The variations in the
measured penetration resistance can be explaindldebyanual operation of the consolidation

phase.

As expected, with increasing consolidation stréss,penetration resistance increases as
well. However, the rate of increasing the penairatesistance decreases when the consolidation
stress increases. For instance, applying theléxsl of consolidation (13.3 kPa) increases the
penetration resistance by 67% compared to the loasdition. At the other end of the diagram,
increasing the applied consolidation stress by 1(®86.7 kPa), resulted in only a 22% increase
in the penetration resistance.

To quantify this non-linear behavior, a quadragigression (dashed line in Figure 2-9) with

R?=0.9976 is fitted on the data?,Rhe coefficient of determination, is commonlyeirgreted as
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the proportion of total variance explained by the@eipendent variable [49]. Whei R 1, all the
variance is explained by the regression model.n&dr regression can only fit the data with
R?=0.9038. Therefore, the quadratic regression mudigl a R of 0.9976 demonstrates the
accuracy of the fitted non-linear model.

10

] y = -3E-05x2 + 0.0308x + 1.21583
2 1 R2=0.9976

Penetration Resistance [kN]

0o +——r—m—F——t—t—t+—
0 100 200 300 400 500 600
Consolidation Stress [kPa]

Figure 2-9. The penetration resistance at 100 mm wge displacement for each compaction level (as
stated in Table 2-2); included is a non-linear regession line (dashed) equation and its®alue

Figure 2-10 displays another non-linear behavi@udden increase in the penetration resistance
at initial depths of consolidated material is obedr After this, the measured penetration
resistance decreases again. With an increasingoldeison stress, this peak increases in
magnitude and repetition over depth, which camained due to the shear failure mechanism
of the bulk material. Schulze [19] explained tHa& iconsolidated specimen is sheared under
normal stress it will start to flow (fail) when afficiently large shear force is applied. For
instance, comparing the initial peak for differémtels of consolidation indicates that a higher

state of compaction requires a higher (shear) fréeitiate particle flow.
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Figure 2-10. Effect of consolidation stress on thilure pattern

One of the major bulk material factors affectingi@ieation resistance is bulk density [51]. A
higher relative bulk density often results in al@gpenetration resistance. In what follows, first,
the relationship between bulk density and consbédastress is described; next, the relationship

between penetration resistance and bulk densiliystrated.

Figure 2-11 displays the relationship between tppliad consolidation stress and the
measured bulk density. The approach used to metsaitaulk density (Figure 2-7), might have
introduced some level of error into the result. ikstance, the average bulk density of the sample
in the loose condition is higher than that of tlestrconsolidation level (13.3 kPa), which is not
as expected. In addition, the confidence intervéhe average bulk density in the loose condition
is larger, than that of other consolidation levélsis is probably caused by leveling out the bulk

surface manually; it is difficult to create a refagde and perfectly flat surface in this way.

A clear trend is that the higher the consolidatitress, the higher the resulting bulk density.
For example, the average bulk density in the l@osglition is 2109 kg/f and this increasing to
2275 kg/ni at the highest consolidation stress (533.3 kPhijs Telation was expected, since
applying consolidating stress reduces the voidthersample, and thus, makes it denser. To
quantify the relationship between the bulk density the consolidation stress, a non-linear
regression model is fitted, with R 0.9614.
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Figure 2-11. Average bulk density at different levis of consolidation; Included is a non-linear

regression line (dashed) equation and itsRalue

The bulk density result can be used to link thé fesults to the iron ore condition in the ship’s
holds during the unloading. For example, by meaguttie relative bulk density of the cargo, the
required energy for the initial penetration of tjab’s knives can be estimated. This value is
useful for finding a design that requires the leasbunt of energy, allowing the grab a greater
initial penetration.

By integrating the resulting force (M) over the depth (im), the penetration resistance in
Joules is obtained. Figure 2-12 displays the wiatiip between the penetration resistance at
100 mm wedge displacement and bulk density. Thelesrindicate the average of the
measurement done at different levels of consobdasiress. The 95% confidence of interval of
the penetration resistance and bulk density apalisd using vertical and horizontal error bars
respectively.

As was expected, a higher energy is required ftimgua denser sample. However, this is
with exception of the test results in the looseditoon, in which the recorded bulk density is
higher than the next level of consolidation strd$ result can be fitted using a linear regression
model with a R= 0.9211, suggesting a linear relationship betwbempenetration resistance and
bulk density. However, since there are overlaps&en the 95% confidence intervals of the bulk
density data, caution in interpreting the relatiopss advised.
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Figure 2-12. Relationship between bulk density andenetration resistance; included is a linear

Penetration Resistance at 100 mm Wedge

regression line (dashed) equation and itsRvalue

2.3. Conclusion

The test method developed in this chapter has seetessfully used to investigate the effect of
consolidation stress on the penetration resistadcgedge-shaped tool was penetrated into a
moist sample of iron ore fine that replicates thieraction between a grab’s knives and bulk

material.

* An increasing non-linear relationship between thme-gonsolidation and the penetration
resistance was found. Therefore, there is a stiinkdetween the stress-history dependency
of cohesive iron ore and the grabbing process.

* Regarding the experimental procedure, a one-layrategy was adequate for creating a
consolidated sample of iron ore fine. The resuksrapeatable, with only one exception, the

results of bulk density in the loose condition.

In the next chapter, the created test method inbawation with other test methods will be
used to characterize bulk properties of iron aredithat are likely to be sensitive to consolidatio
such as the sinter feed type of iron ore. Next tdrapwill also focus on moisture content as a
variable, which is known to affect the penetratiesistance and compressibility of fine granular
materials. Including the moisture content, allows ihvestigating the interdependency of bulk

properties in a quantitative way.
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properties of cohesive iron oré

Bulk properties of iron ore such as bulk densitgd aompressibility depend on various factors,
such as particle properties [8] and moisture cdntg?]. Therefore, in addition to identifying
properties of an iron ore product, variability betproduct needs to be also considered in the
design and operation of handling equipment. Anlidad of bulk transport or storage equipment
is able to handle cohesive iron ore with consistpriductivity. In practice, however,
uncontrollable bulk property variations affect greductivity. Therefore, this chapter quantifies
variability and interdependency of bulk propertyaofange of cohesive iron ore products that

originate from Brazil.

Grab relevant bulk properties of iron ore produats divided into two groups. Possible
influencing bulk properties on the grabbing arentdeed in Section 3.1. Also, this section presents

a list of bulk properties that are dependent tanflaencing ones. Three different laboratory test

O This chapter corresponds to the reference: M.J.djéoh M.J. van den Bos, C. van Rhee, D.L. Schott,
“Bulk properties variability and interdependencytedmination for cohesive iron ore”. Powder
Technology, Volume 367, 2020, 539-557. DOI: 10.¥pa6éwtec.2020.04.018
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methods relevant to the grabbing process are emgjoyhich are introduced in Section 3.2.
Section 3.3 describes the experimental design allagmcluding selected levels for influencing
bulk properties and experimental plan. Using a iavaltiate experimental plan, three influencing
characteristics of iron ore — type, moisture contand consolidation state — are included.
Experimental results are presented in SectionFiithermore, correlations between influencing
and dependent bulk properties are analyzed in@e8tb. A stress-history dependent behavior is
captured in both the shear and penetration teds,the results being highly dependent on the
pre-consolidation stress. Section 3.6 presentsctrelusion on determined variability and

interdependency for the iron ore samples, as vgdiligher recommendations.

3.1. Influencing and Dependent Bulk Properties of IronOre Products

The uncontrollable variations of independent vdeabcan be responsible for product
performance inconsistency [53]. Thus, it is impottéo determine the optimal settings of
controllable factors in order to minimize the effeof uncontrollable variations on the process.
This is the fundamental strategy of robust des&jj.[A number of examples on minimizing the
effects of uncontrollable variations on the proaesms be found in [54-58]. However, in practice
the distribution of uncontrollable variables anditHink to the process is often unknown. As a
practical solution, one can assume a range of lplesgariations of the uncontrollable variables
to use in the design optimization process [55]. Basv, assuming an unrealistic distribution may

end to biased optimization outcome with inadeqpatéormance [57].

Figure 3-1 illustrates how the variability of irame properties plays a role in the handling
process. The process input is a specific type oipagent (i.e. grab). A rope grab that is lowered

on an iron ore cargo is displayed in Figure 3-2.

In the flowchart, key performance indicators (KPIg) equipment assess product
performance, such as grab’s payload and energyuogston. In the handling process, bulk
materials are stored and transported; for instamoe ships reach the destination, using grabs
cargoes are excavated to be transported to quay ®i@ first group of input variables is design
and operation parameters, which can be controfladh as bucket dimensions and operating
speed. The second group, bulk properties varighiig the uncontrollable variation of bulk
properties, which are difficult or nearly impossilbb be controlled by designers or operators. For
example, the inherent properties related to thenswrigin, effects of mining aspects condition

(e.g. water table height), the mine excavation gsecand the preprocessing before sending to
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destinations (e.g. grinding). The bulk propertiesiability are divided into two groups in this
chapter, influencing and dependent bulk propertieggeneral, influencing bulk properties are

responsible for the variations of dependent budpprties.

Controllable inputs

Storage and transport processes
Design and operation Exammp.es: Key
g P Ship unloader grab Output¥| performance
parameters s E
Hopper flow indicators
Silo flow
A
Bulk properties variability /L
Dependent ( ( w ] |
" bulk _ N [ S 7 % |
: ; ‘ Bulk density and Shearstrength InteractlonW|th ’:
| properties — ‘ |
\ L compressibility ) ,\and ﬂowablllty equment ) U )
y w .
Influencing
© bulk ‘ N N .
' properties Typeof Mmsture’ Consolidation ’ ' w |
1 |_cargo | | content state | !
/ e - J :

Figure 3-1. Controllable and uncontrollable inputsin bulk storage and transport processes, including
ship unloader grabs

In [22], stress-strain responses and bulk densitwo Swedish iron ore sample are quantified in
uni-axial consolidation tests under various comtiames of moisture content. Additionally, the
Jenike shear test is applied to quantify the shangth of the bulk materials at dry and moist
conditions, however, without creating a pre-comaikd situation. In [48], the influence of
moisture content variation and pre-consolidation flonvability of four different Australian
cohesive iron ore samples were investigated. Fuglace flow of the samples (e.g. angle of
repose) as well as interaction of iron ore finethwiandling equipment were out of scope of the
two mentioned studies, and thus they need to bsidered when the grabbing process is being

investigated.

In [38], effects of type of iron ore and level obisture content on the bulk density and
angle of repose of two samples of iron ore fine sweestigated. Also, the bulk density

measurements are performed under the effect oblidaton and vibration at various levels of
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moisture content. The results show that bulk dgnsitsensitive to type of iron ore, level of

moisture content and consolidation. However, thatimship between consolidation states and
shear strength, or consolidation states and pdiwgtraesistance of iron ore fines are not
researched.

Figure 3-2. A rope grab lowered on iron ore cargo

As discussed above, even though a number of stadiesonducted that can help to incorporate
the variability of bulk properties in handling pess, some links remained unquantified. First, the
effect of level of pre-consolidation stress on plemetration resistance of iron ore is unknown.
Identifying this relationship is essential in sobutk handling applications, such as ship unloading
and excavation in stack yards. Second, by quangfyie interdependency of flowability, pre-
consolidation and moisture content for cohesiva iove, the uncertainty of bulk properties
variability can be introduced into the design prhae of bulk handling equipment. Furthermore,
relationships between influencing and dependerk prdperties are not fully established in the
literature. For instance, the effect of pre-cordatiion stress on the penetration resistance might

be dependent to type of iron ore.

Based on the literature review, the influentialkopkoperties are categorized into three
different groups as follows: 1) type of iron oré), inoisture content, and Ill) consolidation state.
The first group, type of iron ore, covers thoserahteristics of samples that can be assumed
constant during storage and excavation, such asichkcomposition, particle size distribution,

clay type and content. Also, variations of partisiee distribution due to possible segregation
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during transport of iron ore cargoes is considdcetie negligible in the current investigation.
More than five dependent bulk properties are alsasured in this chapter that can be categorized
under three main groups, as follows: 1) bulk dgnaitd compressibility, II) shear strength and

flowability, and IIl) interaction with equipment.

3.1.1. Influencing bulk properties

Three different influencing bulk properties arelum=d in this chapter, which are also suggested
in Figure 3-1. The first property is the type afrirore cargo, which will be referred witln this
chapter. In general, iron ore products are produeddur different particle size ranges: lump,
pellet, sinter feed and pellet feed. Lump ore potsitnave particle size between 6.3 and 40 mm
[18]. Particle size range of pellets is betweem® &4 mm; because of size and characteristics of
particles in iron ore pellets, the variations ofistiare content or consolidation state does not play
arole on the dependent bulk properties [8]. Tlweefpellet as well as lump size iron ore products
are out of scope of the current investigation, iasussed in the previous chapter. Figure 3-3
displays three different iron ore samples, pel&tder feed and pellet feed categories, indigatin
the difference in their particle size distributidinter feed and pellet feed products, which are
included in this study, have a particle size usulés than 11 mm [19,20]. In [20], a Scanning
Electron Microscope (SEM) was used to take high miegtion photos of the sinter feed type
products. All the tested samples had porous pestiof irregular shapes and a range of particle
sizes. Pellet feed type iron ores tend to be moifunly sized, compared with sinter feed type

products.

Pellets Sinter feed Pellet feed

Figure 3-3. Various size range in iron ore productspellets, sinter feed and pellet feefP1]

Second influencing bulk property is the level ofistare content. Iron ore cargoes are found in a
wide range, from relatively dry condition to satexh condition [4]. The dry-based moisture
content, denoted by MiD this dissertation, is the portion of a repreaémé sample consisting of

water, or other liquid express as a percentagkeofdtal dry mass of that sample [32].

The last important influencing bulk property thatimcluded in this investigation is the

consolidating state. In general, the consolidatiocurs due to the consolidating stressacting
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on bulk solids [50]. Also, the kinetic energy comiinom releasing bulk solids from height leads
to a more consolidated condition [20].

3.1.2. Dependent bulk properties

The dependent bulk properties are basically sessith the level of influencing ones. First
dependent property, bulk densips)as shown in Eq. (3.1), follows from the solid siéy (ps),
and the density of the fluid within the voigs)([50].

pp= 1 —€)ps+Seps (3.1)

where S and are the degree of saturation (with fluid) and gayorespectively. The porosity
indicates the ratio of void volume to total volumiebulk solids, and decreases by applying the
consolidating effort. The fluid densitys, is assumed to be constant in this investigatiod,equal

to the density of water.

On an element of iron ore normal stresses as vgelhear stresses may act. It can be
expected that if the ratio of shear stress and abstness exceeds a certain value, the particles
will start to slide over each other, which will teto relatively large deformations. The resistance
against shear force &hear strengtlilepends mainly on two factofsictional strength which is
the resistance to movement between the slope mkdemteracting constituent particles,
andcohesion strengthwhich is the bonding between the particles. Tdigesion strength of the
liquid bridge in an iron ore bulk is dependent be volume of the bridge, and hence the amount
of moisture present [22]. Therefore, the cohesafealvior of iron ore is created due to the capillary
force mainly, contrary to rock or dust materialscArding to [59], three bonding states can be
identified in moist bulk solids, pendular, funicukand capillary states. The bonding strength is
weak at the pendular state. By increasing quaatitigjuid in bulk solids, the bonding strength of
liquid bridge increases to a peak at funicularestét fully saturation point may be reached by
further increasing the moisture content, which eaute drop of capillary pressure near fully
saturation [60]. Fine-grained bulk solids with mate or poor flow behavior due to cohesive
forces are called cohesive bulk solids [50]. Ifithftuence of the cohesive forces can be neglected,

a bulk solid is called non-cohesive or free-flowing

Jenike [61] as well as Schulze [50], suggestedhéoacterize flowability of a bulk solid by
its unconfined yield strengthg, as a function of the consolidation stress;The unconfined yield
strengthge, is the stress causing failure under an unconfooeapression. Usually, flow function,

ffc, is used to characterize the flowability numeticads shown in Eq. (3.2).
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01

ffe=— (3.2)

O¢

The largefffc is the better a bulk solid flows. The flow behav®categorized based on its flow
function in Table 3-1.

Table 3-1. Flow behavior based on flow functiof60]

Range fle<1 1<ffe<2 2<ffe<4 4 <ffo <10 10 >ff.
) NF: not VC: very ] EF: easy- FF: free-
Flow behavior ) ) C: cohesive ) ]
flowing cohesive flowing flowing

Furthermore, for a design procedure the quantdiesacterizing the interaction between bulk
solids and equipment have to be known. Essentisiily can be quantified by measuring the shear
strength between the geometry surface of equipraedt bulk solids, generally referred in
literature as wall friction. In addition to frictial forces, adhesive forces may contribute to the
shear strength between wall material and bulk sgiecimen. The wall friction, is important for
the design of grab, silo, transfer chute, hopped, @her equipment that contact with bulk solids
during their transport [50].

3.1.3.

The selected samples are different in various aspgach as the size and shape of particles and

Iron ore samples

their origin. First two samples belong to the Casaines that are one of the largest iron ore
resources in the globe [62].dnd b are pellet and sinter feed types of iron ore resyay. Third
sample, 4, is a pellet feed type that is extracted from MiRi0 mine that is located in the southern
part of Brazil. All the three iron ore samples amlected at a destination port located in the

Netherlands, where the iron ore cargoes are untblrden ocean going bulk carriers.

The patrticle size distribution of the samples iedained according to [63], and the results
are displayed in Figure 3-4. Smallest and largesessizes of respectively 0.053 and 1.4 mm are
used. In first sample;,150% of weight consists of particles larger tha&d6@ mm, indicating the
median size of particlessglas defined in [64]. Next sample, has a median value of 0.880 mm,
that is more than 16 times larger thanThe do value of k could not be determined using the
sieves. This indicates particles size ofid considerably smaller than the Carajas samples.

Therefore, a large variation of particles sizeagered in experiments.
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Figure 3-4. Particle size distribution of the ironore samples

The as received moisture content (dry-based)sdMEof the samples is determined according to
the method described in [65], in which the watenteat is dried using a ventilated oven.

Table 3-2 displays the as received moisture cormetfite iron ore samples.

Table 3-2. As received moisture content of the ironre samples, based on three measurements per type

I: Type of iron ore l1 2 I3
MC as rec 13.3 8.7 6.8

3.2.  Test Apparatus

3.2.1. Ring shear test

Shear cells are used commonly to quantify the flolitg of granular materials [66]. Jenike [67]
established a methodology to apply shear testtseisuthe design procedure of hoppers and silos.
Shear cells are able to measure the three depepgrarties of iron ore under investigation here

and is therefore selected.

The Schulze ring shear tester RST-01.01 type Mysiesd that its main function and
dimensions are described in [68]. In the test ptaoe, first the shear cell is filled with a bulk
solid specimen. Next the normal stressis applied on the bulk solid specimen throughttge
lid. Both normal stress and the vertical displaceinod the lid are recorded over time. Thus, the
bulk density of the specimen are captured for wewitevels of normal stresses. Also, two
horizontal tie rods prevent the top lid from ratati forces in the tie rods are denoted byakd
F.. So, during the rotation of the bottom ring, asha@eformation in the bulk solid specimen is
created. A schematic cross-sectional view of thigegss is shown in Figure 3-5 with. Figure 3-5a
shows a cross section schematic view of ring stesty before starting the rotation. In the next

one, the shearing is commenced once the bottonstarts to rotate with an angular velocity of
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®, and X» denotes the shear deformation. Figure 3-5¢ shbevshear deformation when shear
failure occurred. The shear stress is directly prigpnal to i and k; with the equations found
in [68], the forces Fand R are converted to the shear stress as displayeq.i(8B).

5 (F, + F
= N ( 1 2) (3.3)
m Ad
where g and rare the moment arms of the tie rod forces anddherce ¢ Ad) respectively. The
stress in the horizontal plane at steady-state ifoweasured and referred as the shear sttdfs,
the shear stress does not reach a constant, Stddyflow is assumed after 30 mm of shear

displacement with variations of less than 0.05%rper of shear displacement [68].

o c
Xm
V. q [ ]
| e L 57
Vanes
\(l_ [ — | — l_/\
Bottom ring—" Im.0
a) c)

Figure 3-5. The shearing mechanism in the Ring Shedest - based or{50]; a) before shearing, b)
during shearing, c) shear failure

With a proper test procedure and correct desigheofing shear tester, test results close to those
achieved with the Jenike shear tester can be @utalut the reproducibility is clearly better [50].
Table 3-3 provides an overview of the measureddégent bulk properties in the ring shear test
as well as wall friction test. With small adjustrteim the shear cell, the wall friction test casoal

be conducted using the same test device [50]. Tdasaorement method for the wall friction using
the ring shear test is similar to the ring sheat procedure. The difference is that in the wall
friction test, the base cell is replaced by a wadlterial. In Figure 3-6, half of the cross section
views of both ring shear cell and wall friction lcale shown. The cell depth is 12 mm in the wall
friction test to ensure the shear failure occutsvben particles and the wall material. A blasted

hot-rolled stainless steel plate is used in ouedrpent as the wall material.
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99 mm
51T mm _

‘40mm

Ring Shear Cell Wall Friction Cell
Figure 3-6. Cross-sectional view of the ring shearell (left side) and the wall friction cell (right side)

Table 3-3. List of measured dependent bulk properés in ring shear and wall friction tests

Test Setup Raw measurement Dependent bulk properties

AL

Lid displacement po: Bulk density

Ring Shear Test Mohr-Circle, including:

®)ir: Linear internal friction
7.: Cohesion strength

o.: Unconfinedyield strength

T
Shear Stress

[f: Flowability
Wall Friction Test Tw o, Wall frictionangle
(using shear cell) Wall shear stress T,: Adhesion strength

3.2.2. A test to determine angle of repose

When a bulk solid material is experiencing a fradasce flow, its surface forms an angle. This
angle, which is referred as the angle of repegeusually measures the maximum slope angle of
bulk solid material between a horizontal plane thedfree surface angle [40]. The angle of repose
represents the shear strength of bulk solid magenatheir loosest state [69]. According to the
Mohr-Coulomb equation, the shear strength of balids materials in a failure planeg,is often
approximated by Eq. (3.4) [70]:

Ts =T, + 0, tan(p) (3.4)

wheretan(p) indicates the friction coefficient of the bulk bl is the normal stress in the failure
plane, and. denotes the cohesion of the bulk material: In oth&rds,tc is the shear strength of
the bulk material i, = 0. By increasings,, due to increasing the height of bulk solids materia

for instance, it is expected that the contributdnc in the shear strength decreases. Whesa
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negligible, am representg mainly. Failure will occur once shear stress inaapitrary cutting
plane exceeds the shear strength of the bulk raat&tie remaining bulk solids in the box forms
an angle of reposem. This parameter represents the shear stresslofaterial under the force

of gravity. Therefore, angle of repos®y, can be used to investigate the effect of type and

moisture content of iron ore on its free surfacavfl

am iS an important characteristic in the handlingcgesses; according to [71] angle of repose
results are useful to categorize flow propertiess used commonly to design silos and hoppers.
For example, in [72] the correlation between thglarof repose and flow pattern in silos is
discussed. Additionally, [73] formulated the coatédn between the angle of repose and discharge
mass flow rate from hoppers. In an applicationrdgd study, [74], silo discharge of wood chips

material is improved by using angle of repose tests

Also, in the excavation application, the volumetloé collected bulk material is mainly
determined by its angle of repose. During closihfpuckets, the excess material flows out the
buckets from its open sides, and so, with a higingte of repose this results in a higher volume
of the collected bulk material. For instance, Feg8r7 shows two different types of iron ore in
the grab’s buckets. Figure 3-7a shows iron oreepelthat is a free flowing material, while

Figure 3-7b shows a fine and moist iron ore cahgd has a considerably higher angle of repose.

b)i

Figure 3-7. Forming an angle of repose inside grabuckets; a) A free-flowing cargo with a low angle ©

repose, b) cohesive iron ore with a high angle oépose

A ledge method set up [9] for measuring the andleepose is used. The test setup and its
procedure, is also referred under other nameseirature, such as shear box [75] and rectangular
container test [14]. Figure 3-8a displays the st dimensions. The container is 250 mm high,
215 mm long and 80 mm wide. In the ledge angleepbse test the bulk material is poured from
a small height, around 10 cm, into the test bowlsido minimize the effect of consolidation.

Next, the door opens to allow the sample to flomc©a static angle of repose is created, photos
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are taken from a horizontal viewy is determined from the images by taking the co@tdis of
ten equally spaced points on the slope of the nadtas shown in Figure 3-8b. Then, the linear
regression technique is used to fit a straight iinéhe data points and the angle of the line with

the horizontal represents the angle of repose.

a)
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& 4 4 8
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©

T

Flap opening

Length = 215 mm

Figure 3-8. The test box to determine angle of rege; a) the initial condition and dimensions, b) faned

angle of repose

3.2.3. Consolidation-penetration test

When the surface of bulk solid material is touchgdan excavating equipment (i.e. grab), its
knives penetrate the material. The resistance ebtilk material to penetration influences the
initial penetration depth and the cutting trajegtof the knives. Therefore, characterizing the
penetration resistance of a bulk solid materiahtaraction with the knives of a grab is essential

for design of excavating equipment such as grabs.

As shown in Figure 3-9, a wedge-shaped penetradmins used in our measurements; since
its cross section resembles the penetration ofsgtatives in bulk solid materials. The tool
dimensions are similar to the tool used in [8]hwt200 mm length. The container properties are

displayed in Figure 3-10. The container volume5dittes.

Four dependent bulk properties are quantified & ¢bnsolidation-penetration test, as
displayed in Table 3-4. According to [21], by redioig the reaction force on the wedge-shaped
tool during the penetration phase, the penetratsistance force is quantified. By integrating
penetration resistance force over penetration depthpenetration resistance is determined in
Joules [9]. Wo,ratio iS the ratio between WWmeasured at a specific level of pre-consolidatmn t
Wso when no pre-consolidation is applied. The bulksitgnof the sample before and after the
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consolidation phase is measured, which is usestosis bulk compressibility under the effect of

pre-consolidation.

4

30°
_

20

Figure 3-9. The penetration tool cross-sectional &w

=200 mm

. Height

Figure 3-10. Dimensions of the container used in nsolidation-penetration test
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Table 3-4. List of measured dependent bulk properéis

Test Setup Raw measurement Dependent bulk properties
pp: Bulk density h
( Ay ) Cp: Compressibility )
Wedge
I displacement
[ Consoh(_:latlon- (N P J F.-Aw: Penetrationresistance as a
Penetration Test function of penetration depth

4 Fu ) Wy .: Energy requiredto penetrate

Reaction force on to depth d at the pre-consolidation
S wedge ) ofo )

Both the flowability and shear strength of a butkid material play a role in the test. As
schematically illustrated in Figure 3-11, a sheq@one, as well as a compacted zone, are created

during penetration of a wedge-shaped tool in balidsmaterials.

/ S

COMPACTION ZONE

I

Figure 3-11. Zones during the penetration test — tsd on[76]

3.3.  Experimental Design Diagram

A simple and popular method to design the experiaigulan is one-factor-at-a-time method
(OFAT). In this method, the variability of the deykent bulk properties can be determined by
changing the level of one of influential bulk profes, while the others are kept constant [77].
However, since the influence of more than one @eritial bulk property are being investigated,
using statistically designed experiments that se\@operties are varied simultaneously is more

effective [53], and enables to identify interdepemcles between the different properties. Within
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experimental designs three types of variables stenduished. First of all the variables that are
kept constant throughout all experiments such aslimensions and operational parameters of
the tests. Second, the three independent variddaeare varied and to which the system response,

here bulk response, is measured. The bulk respsmuigfined as the dependent variable.

3.3.1. Levels of influencing bulk properties

The three influencing bulk properties and theirgesare shown in Table 3-5. Each property is
denoted by a letter and a number to indicate threahi®@ name and its corresponding level
respectively. According to the measurements dofi2dh the variation of moisture content for a
specific type of iron ore is less than £2% in di#fiet cargoes. To gain a comprehensive insight on
the influence of moisture content on the depenbal properties, a variation of £4% with steps

of 2% is investigated in this chapter.

On one hand, it is important to select pre-consdiioh stress levels similar to stress levels
that exist in the application under investigati@m the other hand, it is nearly impossible to
measure the actual pre-consolidation stress actalifferent layers of iron ore in an application
[50]. Therefore, the range of pre-consolidatioresdrin the experimental design diagram is
selected based on the available information inditee. The maximum vertical pre-consolidation
stress in a ship’s hold containing iron ore ismated to reach 400 to 500 kPa at the bottom of
cargo holds [78]. Additionally, the bulk material the bottom of the cargo hold are usually
trimmed using bulldozers or by the grab itself.sTimeans that the efficiency of the grab closing
process, in terms of its payload, does not plagmifecant role in the trimming stage, compared
to prior unloading stages. Therefore, to choosarae relevant to the efficiency of the grab
closing process, the highest stress level for tresalidation-penetration test is set to 3G@&.
The other levels ofpre are 0, 8, 20 and 65 kPa.

Table 3-5. Selected range of the influential bulk fpperties in experimental design diagram

. MC: Level of moisture 6pre: Pre-consolidation
Level I: Type of iron ore
content [%] stress [kPa]
1 I;- Carajas pellet feed MErec-4% 0
2 l,- Carajas sinter feed MGrec-2% 8
3 I>- Minas-Rio pellet feed M£s rec 20
4 - Mcas,rec+2% 65
5 - MCas,rec+4% 300

The maximum consolidation stress is expected tgpa® 20-30 kPa inside grab’s buckets during

its filling. Table 3-6 provides examples of the imstted range of static or quasi-static
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consolidation stress that are expected to occuwarious iron ore storage and transport
applications. Additionally, to capture the streepehdency of bulk materials in a higher
resolution compared to the consolidation-penetnatest, choosing a lower range @fre is
preferred. According to [50], the estimation of thensolidation stress for a comparative
characterization of bulk materials must be adjustdtie capabilities of the particular shear tester
The ring shear tester used in the current investigas able to apply up tepre = 20 kPa.
Therefore, as shown in Table 3-7, 2, 8 ankR8 are the three selected levels of vertical pre-
consolidation stress for the shear test.

Table 3-6. Estimated range of static or quasi-staticonsolidation stress for handling iron ore in
different applications

Application consolidation stress range [kPa]
Ship’s hold 0-450
Ship unloader grab 0-30
Conveyors 0-2
Silo and hoppers Stress depends on silo and hojgpensions

Table 3-7. Selected range for the pre-consolidatiastress

Consolidation- )

opre penetration test Ring shear test
Gpre,0 0 2
Gpre,8 8 8

Gpre,20 20 20

Opre,65 65 -

Gpre,300 300 -

3.3.2. Experimental plan

For each of the test setups a separate experingatais created as described hereafter.

A. Ring Shear Test

Table 3-8 displays a full factorial designed expemt that is used in the ring shear tests. This
experimental plan includes all probable combinatiof levels for all variables, which results in 60
different combinations. Since the reproducibilifyresults obtained by ring shear testers is aded58i,

each experiment is repeated orgg 20iS also chosen for the wall friction test.
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Table 3-8. Experimental plan of the ring shear test

List of independent

] Level 1 Level 2 Level 3 Level 4 Level 5
variables
I [-] l1 2 I3 - -
MC [%] as,rec -4% | as,rec -2% | as,rec as,rec +2% | as,rec +4%
Gpre [kPa] Gpre,2 Gpre,8 Gpre,20 -

B. Angle of Repose measurements

In the angle of repose measurements, as shownhle Ba9, a full factorial design is used to
measure the effect of the two independent variadnhestheir interrelation: type of iron ore and
level of moisture content. This results in 15 ekpents. Each experiment is repeated at least 5

times to ensure a good repeatability.

Table 3-9. Experimental plan of the angle of reposmeasurements

List of independent
] Level 1 Level 2 Level 3 Level 4 Level 5
variables
I [-] Il |2 |3 - -
MC [%)] as,rec -4% | as,rec -2% | as,rec as,rec +2% | as,rec +4%

C. Consolidation-Penetration Test

In the excavation applications, the interactionmeetn all the independent variables (I, MC and
opre) are not necessarily present. For example, ingodaold the consolidation pressure varies in
the direction of the cargo depth, but the moistamrgtent usually remains constant in this direction
[20], except for the trimming stage. The moistuoatent can vary from ship to ship for a same
type of iron ore, depending on for example excawationditions in the mine and weather

conditions during loading of the ship.

Therefore, two separate full factorial experimeplahs are designed for the consolidation
penetration test, that are displayed in Table 3ki@he first set of experiments (1), the effect of
consolidation is incorporated for different typeiafn ore in the consolidation-penetration test.
This results in 15 experiments. In the second fsexeriments (11), all the possible combinations
between the type of iron ore and the level of nmoésicontent are included.. This results in 15
tests as well. This totals to 30 experiments ferdbnsolidation-penetration test. Each experiment
is repeated at least 3 times.
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Table 3-10. Experimental plan of the consolidatiorpenetration test

List of independent
) Level 1 Level 2 Level 3 Level 4 Level 5
variables

Experiment set . Interaction of type of iron oredaconsolidation stress
I [] l1 P I - -

opre [KPa] Gpre,0 Opre,8 Opre,20 Gpre,65 Opre,300

Experiment set Il. Interaction of type of iron @med moisture content

I ['] |l |2 |3 - -
MC [%] as,rec-4% | as,rec -2%| as,rec as,rec +2%  as,rec +4%

3.4.  Experimental Results

3.4.1. Ring shear test

Figure 3-12 presents results of the ring sheas t@stron ore sample &t various combinations
of MC andopre. Figure 3-12a shows the yield locus linesg@d= 2.0 kPa, in which the measured
T are plotted over the applied The yield loci are relatively similar for M&rec-4% MCas,rec-20@nd
MCas recwith the measurethre Of respectively 1.8, 1.9 and 2.0 kPa. The measigrgat MCeas rec+2%

is equal to 2.6 kPa that is around 35% to 43% faifggn the measured values at lower levels of

MC. A similar trend applies to the measured valfeshearatopre= 2.0 kPa for this sample.

Figure 3-12b shows the yield loci fogre= 8.0 kPa. The measured shear valuesroaind
tshear(@t 4 different levels ofshea) are the lowest at M rec-asscompared to the other levels of
MC. Similar to the previous level ofr, the highest shear stress values are measure@agtdyl2o
for this sample, with aearound 18% to 31% larger than the measured vatuesvar levels of
MC. However, the relative difference between meedeak values atneaat 4 different levels

of oshearbetween MGs rec+20aNd MG recodS limited to 5%.

Figure 3-12c shows the yield loci fegre= 20.0 kPa. A shear stress of 20.5 kPa is measured
at MGCas,recduring the pre-shearing stage. Changing moistardeat from the lowest level to
highest level caused an increase of 18%# The measured values Bhearat 4 different levels
of normal stress show the highest shear strendies@ccurs at Mg recand MGs rec+2%sand the
lowest at MGs rec-a% With oshea= 8.1 kPa and Mg re¢ a shear stress of 12.4 kPa is measured,
which is 39% higher than thgre atopre= 8 kPa. A similar comparison can be done betwsgen
of 8 and 2 kPa. This clearly indicates that thel®f normal stress that is applied during the pre-
shear stage increases the shear strength. Thss-$listory dependent behavior of the shear

strength occurs at all levels of moisture contenttlfis iron ore sample.
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Figure 3-12. Yield locus of 1 in various moisture content levels and pre-consalation levels,
opre - @) 2 kPa, b) 8 kPa, c) 20 kPa

For iron ore sampley| the ring shear test could not be conducted fordvkcia% As shown in
Figure 3-13, the particles start to form large aggtrates. Due to the large agglomerates it is
impossible to create a flat surface in the shelimidgout compressing the material, which must
be avoided during preparing the test. Furthermawreording to [68], particles should be in general

smaller than 6 mm in diameter to be used in tinig shear test.
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Figure 3-13. Forming large agglomerates after addip 4% extra moisture content; a) MG rec, b)

MC as,rec+4%

Figure 3-14a and Figure 3-14b show the bulk denggults of sampler lwith including and
excluding the weight of moisture respectively. Agral trend is that by increasing the level of
MC, the sample becomes more compressible. Simmdadtalso was observed in [48] for four
Australian iron ore samples. The moisture contamiaion in iron ore samples is responsible of
the change in the compressibility due the macrokhrehavior of the clay content [79]. For that
reason there is a positive inter-correlation betweeMC andocpre The main outlier in this graph
is the bulk density results of the sample atM6z+20 a considerably higher initial bulk density,
pbo, IS measured at this moisture level compared & Ithwer levels. The bulk density at
MCas,rec+2%iS Still distinct atopre20 This can explain the reason behind measuring highear

stresses at M&rec+20dn this pre-consolidation stress, compared witteotevels of MC.
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Figure 3-14. Bulk density measurements ofilusing RST; a) bulk density, b) dry bulk density

Figure 3-15 presents results of the ring shears test the second iron ore sample, In

Figure 3-15agpre= 2 kPa, a high dependency of shear stresses tewvbleof moisture content is
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observed. At this level obpre, higher shear stress values are measured overdiCas ree
compared to other levels of MC. The lowest sheaesst values are also measured at
MCas rec-a% Which is the driest condition of the sample irsthxperiment. At MGs rec+4% the
highest level of moisture content, tlagear4s 48% higher thanpe This can be explained by
Figure 3-16 that shows that the excessive watélydbmvs out of the sample undepre= 2 kPa.
For that reason, results of the tests ataM&+4ssare neglected in interpreting the results, as

partially saturated materials are the focus ofenirchapter.
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Figure 3-15. Yield locus of  in various moisture content levels abyre equal to: a) 2 kPa, b) 8 kPa, c)
20 kPa
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In contrast to results afpre= 2 kPa, abpre = 8 kPa lower variations of shear stress values (in
percentage) are measured at all the applied meistumtent levels. The measured valuesg,ef

do not show a clear trend by changing the levetaabture content.

Figure 3-15c with the ring shear test resultspat= 20 kPa shows a lower dependency of
Tpre to MC in general, compared #gre= 8 kPa. Exceptpreat MCas rec-2% the other measurements
are close tapreat MGas recwith less than 4% variationgin changes by 8 degrees, corresponding
to about 20% change, with the variation of moisttwatent.tc changes 1.3 kPa, corresponding
to 77%, by varying MC. Therefore; of the sample is more sensitive tlanto moisture content

variation

Similar to samplei| a stress-history dependent shear strength is\@zbén sample2l For
instance, at the normal stress of about 2 kPagerequal to 2, 8 and 20 kPa in the as received
condition, shear stresses of 2.0, 4.2 and 5.6 kPanaasured respectively. In other words, the
shear strength is increased more than 100% atrtaterial condition by pre-consolidating the
sample. This stress dependent behavior is impomadesign of handling equipment, such as
grabs. For instance, once cohesive iron ore bu&rnsolidated by 20 kPa rather than 2 kPa during
closing of grab’s buckets, higher shear stressgsired to mobilize the flow. Therefore, a better
filling process could be expected by minimizing ttmnsolidation on cohesive iron ore bulk
during closing of grab’s bucket.

Figure 3-16. Excessive water leaving the sinter féesample in the wet test condition (MG rec+4%)

Figure 3-17 shows the bulk density results of santpin the ring shear tesppoat MCas recis
1995 kg/niin the shear cell that increases to 2799 Rgiffter shearing at 20 kPa consolidation
stress. The sample is less compressible at lowelslef MC; the difference betwegroandpy,2o
(bulk density under 20 kPa normal stress) ataéasand MGs rec-2%are respectively equal to
285 and 630 kg/MOnly for MCas rec+20sthe bulk density decreases after pre-shearingk&a2
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normal stress. This is caused by the dilation efsample during shearing that lifts the cell’s lid

over a recorded distance of 1 mm.
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Figure 3-17. Bulk density measurements ot lusing RST; a) bulk density, b) dry bulk density

Figure 3-18 presents the yield locus lines of santplMinas Rio pellet feed, at five different
levels of MC. This sample is less dependent tovtr@ations of moisture level, compared to the
two Carajas samples. This can be clearly seeri thrak graphs aipre equal to 2, 8 and 20 kPa
that are shown in Figure 3-18a, b and c respegtiVar instance, in Figure 3-18ae = 2 kPa,

an average cohesion strength,of 0.8 kPa with a deviation of less than 0.1 ifPmeasured at

all levels of MC. The cohesion strength values@iré higher than two previous samples at 2 kPa
pre-consolidation level. Relatively consistent eswfdin are also measured at various levels of
MC; atopre equal to 2, 8 and 20 kPa average linear intem@ldns of respectively 29.8, 40.5
and 37.8 degree with a maximum standard deviafi@degree are measured. Based on the visual
observations, the particles of Minas Rio sampleuailikely to form agglomerates by increasing
moisture content. For that reason, the shear stfesss a low sensitivity to variations of MC.
The stress-history dependent behavior of the s$teamgth is also captured in sampiesimilar

to two previously discussed samples.
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Figure 3-18. Yield locus of 4 in various moisture content levels abyre equal to: a) 2 kPa, b) 8 kPa, c) 20
kPa

Figure 3-19 shows the bulk density results of sanpin the ring shear test. Bopia andpo-dry
show a positive correlation with the (pre-)consafidn stress. For examplgyo at MGeas recis
equal to 1370 kg/fthat rises to 2336 kgfhby shearing under consolidation stress of 20 kPa.
Furthermore, botlp, and pu-ary tend to increase by adding moisture. This meaasttie bulk
density of the sample is not only increased becatifee additional weight of moisture, but also
due to an additional compressibility. Similar ipthe other pellet feed size sample, no uplift of

the cell’s lid occurred during the ring shear test.
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Figure 3-19. Bulk density measurements otlusing RST; a) bulk density, b) dry bulk density

Figure 3-20 shows results of the experiment udiegwall friction test setup. In each graph, the
effect of normal stress on the wall friction angpg, at various levels of MC is displayed. The
measured values ¢f in the first sample,] at three first low levels of MC follow a simil&eend.

At the lowest and highest levels of normal stress,1.1 kPa and = 17.1 kPa¢x of 32.7, 34.4
and 31.5 are measured respectively. By increasing the om@gp MGs rec+2% higher values of
dx are measured in average, compared to lower |lefeldC. This behavior is caused by the

adhesion strength created due to the extra watksdait the sample.

Due to change in MC in samplg & high variation of around 2@ ¢« is measured under

o= 1.1 kPa. By increasing the normal stress, thgeaf variation starts to decrease, and under

c=17.1 kPa the values ¢f are between 20’70 23.3.

In third sample, an average of 34.2 is measured under 1.1 kPa, with an outlier atde
4%. In general, at all levels of MC, there is a negatorrelation between wall friction angle and

normal stress; there are some exception data patiCes rec-a0@aNd MGs rec-2%

3.4.2. Angle of repose and effective angle of internatifon

Figure 3-21 compares the angle of repasg (neasurements with effective angle of internal
friction (@er) for three samples of iron ore at various levélME. In left graphs, the average of
measuredw are shown with the vertical error bars indicatihg standard deviation of 10 test
repetitions. Overall, the measured values\pfaire between 55to 70 in all the tests, except for
the samplezlat MGeas,rec+2% The effective angle of internal frictioper, is the slope of effective

yield locus in ring shear test as defined in [®9@jjch is an important parameter in designing silos
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and hoppersperirepresents the ratio of the minor principal st{espsto the major principal stress

(c1) at steady-state flow. For cohesive bulk soligss usually decreases with increasing

consolidation stress [50].
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Figure 3-20. Results of wall friction test; a) 4, b) Iz, ¢) I3

In Figure 3-21a, the measurements omre shown, in which the Mg&recis equal to 13%. A
variation of only 1is captured iruv by reducing the MC. The test could not be execptegerly
at higher levels of MC, because the extreme stadgrof the bulk material led to an inadequate
filling of the test box. By increasing M@esr increases at all levels ofre for l1. The negative
correlation betweempre and erf can be seen clearly in Figure 3-21a (right). Far ¢urrent

sample, considering standard deviation values gieaof repose measuremenig,is comparable

with @ert measured atpre = 2 kPa.
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Figure 3-21.am and et results for three different iron ore samples; a) 1, b) Iz, ¢) I3

The results of angle of repose on the sinter faeapde, b, are shown in Figure 3-21b. An angle
of repose of 63° is measured in average atdVicThe same value is measured atM&-20and
MCasrec-4%A sudden increase of about’2@ the averaged angle of repose is observed binges
the sample at M&rec+2% A higher standard deviation in the measuremefbusd as well at
MCas rec+29% for which the bulk material does not flow in somithe repetitions. A possible
explanation for the sudden increase in the anglepuise is that as the material’s moisture content
approaches liquidation, agglomerates merge andecister-particle bonds. The inter-particle
bonds are stronger than inter-agglomerate bonds488he inter-particle friction in the material
is higher, which leads to increase in the angleepiose. The test could not be executed at
MCas rec+avdue to extreme stickiness behavior that was alserebd in sample kat high levels

of moisture content. The test is also conductea dry sample to determine the effect of cohesion
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strength on the angle of repose; this resulisir 58 for the dry sample that is°3ower than
measuredom at MGssrec The negative correlation betweemr and @er can be seen in
Figure 3-21b (right), expect for M&rec-4% NO decisive conclusion can be made by compaiing

andgest values for the sinter feed type sampie, |

In contrast with two previous samples, there se@mbe a small negative correlation
between MC andw for I3, shown in Figure 3-21c. At the highest level, Mfec+ay the bulk
material tends to flow easier with an average nrealvalue otw = 57. However, the error bars
at different MC levels overlap with each other;andusive correlation between MC ang
cannot be therefore foundperr values show a consistent trend at all levelsogé for Is,
independent of MC level. Comparalger andam are measured at two lowest levels of MC, which

starts to diverge, up to 12by increasing MC.

Due to relatively consistent measured trendsvofindes in 11 and b, it is expected to not
observe high variations of angle of repose in actsuch as after filling grab’s buckets. In
contrast, for samplez,| a higher variation of angle of repose, and counsetly equipment

performance is expected to occur.

3.4.3. Consolidation-penetration test

Two sets of experiments are conducted using theatmation-penetration test setup. In the first
set, the effect obpre ON the penetration resistance is studied by inyastig all possible
combinations between defined levels of | apd level of moisture content, MC, is kept constant.
In contrast, in the second set, the interactioween | and MC is investigated to quantify their

interaction with regards to the penetration resis¢aof iron ore samples.

Figure 3-22 shows an overview of the results oletiim first experiment set for three iron
ore samples. The graphs in the left column (apd,e display the reaction force recorded during
penetration of the wedge tool into iron ore samfé@ge different levels ofpre are applied, from
0 to 300 kPa. Atpre,q the loose condition, no consolidation strespiad; while only the bulk
material surface is flattened. The right graphsdiband f) show the accumulative penetration
resistance in Joules that is calculated by integydhe reaction force over penetration depth. The
lines represent the average of three measurenaentshe vertical error bars indicate the standard

deviation values.

In the loose condition, the highest resistance egasured in the sinter feed sample ah
average reaction force of more than 1300 N is nredsafter penetrating 0.10 m into the sample.

Considerably lower forces are measured for therathe pellet feed samples at their loose
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condition. In sample1) the penetration tool could not be moved deepem th08 m; therefore,

the measured data are filtered out after 0.07 m.

Once sampletlis pre-consolidated by 8 kPa, a notable incraafiesi penetration resistance
occurs. Similar behavior is captured pithat is originated from the same mining site. Tdst
sample, 4, however shows a different behavior under theceféé pre-consolidation; the peak
value of kv only increases by 11% by applyingg = 8 kPa. After reaching the peak, a steady-

state penetration resistance is observed aftetaircelepth for sample.l

In sample 4 a positive correlation exists betwes: and the depth where the peak reaction
force occurs. However, the peak value af iE less sensitive topre, in contrast with two other
samples. There is a strong positive correlatiomwéencpr and peak value ofW-in samplesil
and b. This phenomena is probably correlated with thenge in bulk density due to the pre-
consolidation stage. Additionally, the peak occatssmaller penetration depths in these two

samples, compared ta |
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Figure 3-22. Results of experiment set | in the caolidation-penetration test, the effect o0&y at
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Figure 3-23displays results of experiment set Il, in which #ffect of variation of MC on the
penetration resistance of iron ore samples indbsd conditiongpre = O kPa, is investigated. The
first sample, 1, has the highest value of M;.camong the other samples. According to the force-
displacement graph, the average reaction fordereétmeasurements is the highest atdicfor

I1 compared to other levels of MC. However, by considethe standard deviation of the
measurements, indicated in the Waxk-graph, there is no conclusive correlation betwegal

of MC and the penetration resistance of this saniidy once the bulk material reaches Mfec+4
that is equal to 17%, the resistance against pei@iralmost disappears. This results in a peak
value of only 17 N in f.

Sample 1 has the highest peak value af &t MCas re¢ cOmpared to other levels of MC of
this samples, as well as compared to other samfleke initial 0.03 m of the penetration depth,
in all levels of MC in samplez| similar trend in & is captured. However, the reaction force
increases exponentially at MGecand MGs reca9by moving the penetration tool deeper. The
exponential trend starts at greater depthsMias rec2uthat results in a lower accumulative
penetration resistance, compared to the two pre\MiD levels. This phenomena can be explained
by the results that were obtained previously ineyreriment with the ring shear test; the lowest
compressibility of sample; lis measured at MErec-a% The low compressibility creates more
penetration resistance in the compaction zone uh@ewedge-shape tool (see Figure 3-11). At
MCas rec+20@nd MGs rec+an@ considerably low values ofyFare recorded, with the peaks of less
than 10 N. Due to the excessive water, the bullenatstarts to behave more as liquid rather than

solid materials.

In samplds, the peak value offis the least sensitive to variation of MC, comlaietwo
other samples. The peak values in this samplebeaveeen 600 to 800 that however, happens in
different depths. For example, at highest leveli@, the peak force is located at 0.08 m, but at
MCasrec-anwat 0.11 m. This results in a positive correlatioetween MC and accumulative

penetration resistance (work) of sampléhkt can be concluded from the right graph.
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Figure 3-23. Penetration resistance of iron ore sgptes in different levels of MC; a) L (Fw-Aw), b) |1
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3.5.  Correlations Between Influencing and Dependent BullProperties

In the previous section, results of the experimesisg the ring shear, ledge angle of repose and
consolidation-penetration tests were presentedthls section, the effect of the different
influencing bulk properties on the flowability, peration resistance and bulk density are

discussed.

Figure 3-24 illustrates the comparative flowabilitgalysis that is created using the ring
shear test results. In Figure 3-24a and Figurel3-2% meatrif. values derived respectively for
different levels of MC andpre are presented. The standard deviation valuedsogeesented to
indicate the variance of flowability due to the oba of the third (absent) property. For instance,

the standard deviations of the méd&iin the left graph is due to the variancespt.

According to Jenike classification [67], the sinteed sized sample behaves as a cohesive
(C) material, however easy-flowing (EF) and verpesive (VC) flowability are also captured in
some tests. Furthermore, high variationsfoin sample 4 is notable. The two pellet feed sized
samples,dand k, are categorized as VC at almost all levels of &@opre Only in sampleilat
opre = 20 kPa dfc value of higher than 2 is captured due to higbeels of appliedshearcompared
to other pre-consolidation levels. The range of snezd flow functions for the three Brazilian
samples,to I3, is similar to the range measured for the Australion ores using Jenike direct

shear tester [48], resulting in #abetween 1 to 4.

As suggested in [80], for cohesive iron ore mateci@hesion forces tend to be less contributing
to the shear strength at higher consolidation s¢®sFor that reason, a positive correlation
betweerspre andffc in all samples is expected. In Table 3-11, theatation coefficients between
opre andffc, as well as between MC and dire shown. The correlation coefficient quantifies t
statistical correlation between two variables, whis bounded between -1 and +1 [53].
correlation coefficient okl indicates the strongest agreements between twables, and 0
means no agreements. No conclusive correlation deetwIC andff; is found for the three
samples. In contrast, an average correlation aefii of 0.735 is found betweepre andff. for

the samples. High values of correlation coeffigemtists betweesyre andffc for samplesidand

I> values, however, a weaker agreement exists fopleabn This suggests that for sampjehe

influence ofopre ONffc is interdependent on the level of MC.
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Figure 3-24. Comparative flowability analysis; a) Main effect of MC variation on ffc, a) Main effect of

opre Variation on ff

Table 3-11. Correlations coefficients in the ringlsear tests

Sample l1 I2 I3 Average | Standard deviatiof
opre and ff¢ 0.875 0.338 0.992 0.735 0.285
MC and ff¢ 0.258 -0.396 0.077 -0.020 0.276

Furthermore, the interaction between MC apdon the flowability of three samples is analyzed
in Figure 3-25. Two properties have interaction wkiee effect of one influencing property (i.e.
MC) on the output of the experiment (ife) is considerably affected by the level of the othe
influencing property (i.ecpre) [53]. For instance, as predicted above, in sampl¢he ffc for
MCas,rec-49dS the highest atyre, g While the lowest flowability for M@ rec+20ds found abpre,s This
suggests an interaction between MC agglonffc for sampled. In contrast, almost no interaction

is found for samplerland .
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Figure 3-25. Interaction plots between MC andsyre ON ffc for different iron ore samples; a) k, b) I2, ¢) I

Figure 3-26 presents the comparative analysis donéhe penetration resistance results. In
Figure 3-26a and Figure 3-26b, thedM:o values are shown respectively for different leals
MC andopre Wso ratio IS Ccalculated by dividing the accumulative perteraresistance, work in
Joules, a\w = 0.05 m over the same parameter measured at M@ndopreo In I1 and b, the

MC variation leads to reduction in the penetratiesistance, Inz) by increasing MC the peakvF

is occurred at loweAw, therefore a positive correlation betweesoYMio and MC is found. In
Table 3-12 the correlations between MC angh Mo as well asspre and W ratio are presented.
opre IS responsible for a substantial increase in theepation resistance of iron ore cargoes,
especially for the sinter feed sized sample. Fat tbason, it is expected that there is a negative

correlation betweeapre and penetration depth of grabs into iron ore oasgo
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Figure 3-26. Comparative penetration resistance argsis; a) Interaction plot between MC and type of

iron ore, b) interaction plot betweencpre and type of iron ore

Table 3-12. Correlations coefficients in the consiolation-penetration tests
Standard

Sample l1 I2 I3 Average o
deviation

6pre aNd Wso,ratio 0.980 0.979 0.986 0.982 0.003
MC and Wso,ratio 0.39 -0.59 0.90 0.235 0.617

Figure 3-27presents the effect ofre0n pp Of the three iron ore samples quantified using
the consolidation-penetration test. The filled neask represent the average of three tests
repetitions at a specifigyre, and the vertical error bars indicate the standandation ofpy,. All
the tests are executed at M. The values ofi0are confirmed by comparing with measuring
bulk density of three samples according to ISO 87@]. Higher values of bulk density are
obtained in the consolidation-penetration testsetmpared to measurements in the shear cell.
For example, for sample &t the loose condition, averageis around 200 kg/frhigher that what
was measured using the shear cell. The differerteeden the dimensions and the geometry of
the cell and test container caused the differenge results. In smaller geometries, wall effects
are likely to be more influential on the packingcohesive bulk materials.

By applyingopre,gs @ sudden increase pg is measured in samplesdnd k; at this level of
opre Mainly rearrangements of particles and elastiomeditions contribute to the densification
process [22]. Then, bulk densities increase withilder slope betweespr0f 8 and 65 kPa. For
example in sample,lppesis 7% higher thapss. The compressibility of the bulk materials tend

to converge to a maximum limit by applyingehigher than 65 kPa. Overall, samplsthows the

70



Chapter 3

most sensitivity t@pre. A wide distribution of particle sizes makes siriégzd type iron ore capable

to obtain a denser packing [78].
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Figure 3-27. Bulk density results for MGs,reg &) consolidation-penetration tests, b) ring sheatest

3.6. Conclusion

The aim of this chapter was to first establish difdetween the influencing and dependent bulk
properties. Second the range of variations of putiperties of iron ore was determined, which is
applicable to design of various of types of hargllegquipment, including grabs. Using three
different setups and by running five separate erpnts in total, it was successfully shown that
the three influencing bulk properties, type of iame, moisture content and pre-consolidation are

responsible for the variations of the dependerk ptbperties.

* In terms of variability of flowability, the threean ore samples are categorized as cohesive to
very cohesive based on the ring shear test redunltaverage, there is a strong positive
correlation between pre-consolidation and flowapilindependent of moisture content.
However, in average a weak correlation exists betweaoisture content and flowability when
the interdependency to pre-consolidation is comsitle

» No conclusive correlation was found between moéstuamtent and the angle of repose of the
three iron ore samples. The variability of angleegfoseon, of these samples were measured
using the ledge method. The test results are imahge of 55° to 70°, except for the Carajas
sinter feed sample at MEec+20dhat resulted in an angle of repose of 84° inayeiof multiple

repetitions. The mentioned range is consistent mi#asurements done in [8], [38] and [82]
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on moist iron ore samples using a similar test oakthn contrast, [8] measured an angle of
repose of 40° for free flowing iron ore pelletsngsthe ledge method.

* The penetration resistance has a strong positivelation with pre-consolidation, independent
of moisture content. There is a weak correlatiotwben moisture content and penetration
resistance when the interdependency to the typembre is considered.

» The bulk density has a strong positive correlatidath pre-consolidation, independent of
moisture content. There is also a strong positbrestation between moisture content and bulk

density, independent of pre-consolidation.

Furthermore, a general conclusion is that the ddgenbulk properties of cohesive iron ore

samples are highly sensitive to the history ofpglied stressspre This phenomena was observed
in both ring shear and consolidation-penetratiatstein which high correlations between pre-
consolidation and respectively flowability and acwlative penetration resistance are found.
Design of bulk handling equipment (e.g. grabs) dohesive iron ore can be improved by
minimizing the undesirable effect of pre-consolidaton the process. This can be done, for
instance, by optimizing geometrical optimizatioreguipment; by applying a relatively low pre-

consolidation stress on bulk solids during closifigrab’s buckets. Then, the flow is expected to
be mobilized requiring a lower shear force. Furthere, both (moist) bulk density and dry bulk

density, are also highly correlated with pre-coitsdion. Therefore, choosing appropriate range

of pre-consolidation in the design of equipmenttfandling cohesive iron ore is also crucial.

Highest variation of the dependent bulk propertiestotal, was captured in the Carajas
sinter feed sample;.IThis sample showed a high sensitivity of the prertien resistance and bulk
density results to pre-consolidation. Also, its langf repose tends to reach a maximum by
increasing the moisture content. Furthermore, tbevdbility of sample 4 showed highest
sensitivity to the variation of moisture contemtwhich an interaction between moisture content
and pre-consolidation was found. Therefore, théésg inconsistency of the productivity (e.qg.
grab’s payload) is expected to occur in the hagdtirocess of the Carajas sinter feed product.
Therefore, using test results of sampldHe variability of iron ore properties can bedrporated

in optimizing bulk handling equipment that are ugedxcavation and storage.
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modelling cohesive bulk solids

Discrete Element Method (DEM) is a suitable nunaricol to simulate bulk solids. DEM is able
to capture the discontinuous behavior of bulk sohgt modelling motion of individual particles
and interaction with each other and equipment. bmputation time of DEM simulations
increases exponentially when particle size is reduwr the number of particles increased. This
critical challenge limits the use of DEM simulatiéor industrial applications, including the

grabbing process. Scaling techniques can offetuiso to reduce computation time. Therefore,

OThis chapter corresponds to the following reference

M.J. Mohajeri, R.L.J Helmons, C. van Rhee, D.L. @tHA hybrid particle-geometric scaling approach
for elasto-plastic adhesive DEM contact models’w&er Technology, Volume 369, 2020, 72-87. DOI:
10.1016/j.powtec.2020.05.012.

M.J. Mohajeri, C. van Rhee, D.L. Schott, “Penetmatiesistance of cohesive iron ore: a DEM stud&']”, 9

International Conference on Conveying and HandbhBarticulate Solids, 2018.



Minimizing computation cost for modelling cohesivelk solids

a proper scaling approach is developed in this tenap simulate cohesive materials with a

minimum number of required computational nodes.

The previous chapter concluded that the pre-caitetotin plays a significant role in the
behavior of cohesive bulk solids. Thus, first, aNDEontact model that to simulate the stress-
history dependent behavior of cohesive bulk sadselected based on its feasibility. In Section
4.2, available scaling techniques for DEM simulatire evaluated. Next, a proper scaling
technique is developed to consider elasto-plasticcehesive behavior of bulk solids. Section 4.3
provides a simulation plan to include effect oftjzde as well as geometry scaling in a hybrid
manner. In Section 4.4, the scaling technique lidi#d by simulating the ledge angle of repose,
ring shear test, and uni-axial consolidation td&eescommendations to apply the hybrid particle-
geometry scaling technique are provided in Sectién Finally, Section 4.6 presents conclusion

for the proper scaling approach for an elasto-gasthesive DEM contact model.

4.1. Selecting a Stress-History Dependent Cohesive Cact Model

The consolidation-penetration is selected as actest to investigate which DEM contact model
is able to capture the stress-history dependeravi@hof cohesive bulk solids. In this test case,
the effect of pre-consolidation on bulk propertige. bulk density) and interaction with

equipment (i.e. the penetration resistance) caanbé/zed.

4.1.1. Simulation setup of the consolidation-penetratiest t

The laboratory consolidation-penetration test metiat was developed in Chapter 2, is used for
determining the penetration resistance of a cokesion ore sample. A simplified virtual
apparatus similar to the experimental apparatusaated in the DEM commercial software
package EDEM®. The components of the virtual apgparare displayed in Figure 4-1. The only
difference between the real and virtual apparatuthat instead of the Plexi-glass, a periodic
boundary condition is used in the simulation. la tontainer, the particles are created using a
dynamic factory and placed in random positions.yTére allowed enough time to reach a quasi-

static condition, where the average velocity otipkes is smaller than 1n/s.

The simulation consists of two stages, the conatibd and the penetration. Once the DEM
particles are relaxed, the consolidation stageommmenced, in which the lid plate moves
downward with a small velocity of 0.02 m/s. Aftezcnirring first contact between the lid plate
and particles, a constant pressure between themairgained to mimic the consolidation stage

in the real experiment. The magnitude of the apphieessure is referred as the pre-consolidation
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stress. After compressing the particles for 1 séctime lid plate is moved upward at the same
velocity.

After preparing a consolidated sample, the wedggest penetration tool, which is 0.20 m
long, moves downward with the constant velocitylahm/s, similar to the penetration stage in
the real experiment. The reaction force on the westgaped tool during penetration into the
cohesive iron ore sample is measured, a smootipagaton is used to reduce the possible effects
of noise in the measurements: by integrating tealtiag force F [N], over the depths [m], the
penetration resistance/ [J] is obtained.

40 mm

Test container
/ Wedge-shaped tool
Lid /

75 mm

‘EDEM ‘EDEM’ 20 mm
Figure 4-1. Virtual apparatus in EDEM®; left) the consolidation stage, middle) the penetration stage,
and right) wedge-shaped tool

This chapter compares two DEM contact models, fivstHertz-Mindlin (no-slip) combined with
Linear Cohesion (HMLC) [83], second the Edinburdasfo-Plastic Adhesion (EEPA) [24]. The
first contact model, Hertz-Mindlin, is a non-linegastic model and has been used in most recent
DEM studies [11]. To replicate the cohesive behawidhe iron ore sample, the Linear Cohesion
model is added to the base contact model that mesdifie normal contact force by adding the
following force:

F,=2k.mR, &, (4.1)

where, k, R, and§,, are the cohesion energy density F)/nparticle radius [m], and normal
overlap between particles [m] respectively. A canstohesion energy density of 50 kd/ifhe

contact parameters of the EEPA model are selectelhsto [84]; only a smaller Surface Energy
value (8 J/) is used that allows for creating bulk density andl ratio values comparable to

values measured in the real experiment.
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The wall friction test was done using a ring stak, according to [50]. Since no adhesion
strength was observed between the iron ore pasigeid the steel material, the Hertz-Mindlin (no-

slip) contact model is used for modelling the iatgion of particles with the geometries.

Particles of iron ore fines are irregular in shapagng a wide size distribution [20]. In this
chapter, however, particle shapes are simplifiespteeres. To compensate the simplification of
the particle shapes, the influence of restrictiotion of the particles on simulation output is
therefore investigated. By restricting rotationtloé particles, their angular motion is prevented.
Thus, a better interlocking between particles eate¥d, compared to the use of a rolling friction
spring-damper model. When rotation of particlealliswed, the built-in rolling friction model of
EDEM® software package is used, which is referrelitérature asnodel A[85]. Additionally,

a size distribution with the standard deviatiorOdf is used. A mean particle size of 11 mm in
diameter is used, which is around 10 times larigan the real particles; using a realistic particle
representation of cohesive iron ore in the virgialulation would have resulted in an unfeasible

computational time per simulation.

The patrticle shear modulu§)is also selected to be 5 MPa in the current@ecthich is
close to the value used by [22] for modelling coesron ore. However, [86] showed using a
value smaller than 100 MPa might result in undésgraffects in the penetration of a wedge into
bulk material. They advised that the approach shbalverified when the particle shear modulus
is altered.

Therefore, as displayed in Table 4-1, a simulgpiam is designed to select a contact model
that model the stress-history dependent behaviprogpately. Three different independent
variables are included, contact model, integratiore-step, and the ability of particle to rotate.
The simulation output is analyzed though three ddest variablesApo,o, Wso and Weo. Here,
Apb,o is defined as the change in bulk density in tleséocondition (0 kPa) over the simulation
time. If a DEM simulation is stable and reliabley,o prior to the penetration stage should be
almost 0 kg/m App o is calculated by comparing the bulk density afiténg the container, and
the bulk density before the first contact betwes wedge tool and the particlessdAbo and
Wasorooare defined as the dimensionless penetrationtaesis at the penetration depths of 50 mm
and 80 mm, respectively, which are calculated ugigg(4.2). Once a stable DEM simulation of
the compression-penetration test is developedinfheence of the contact models on capturing

the dependency to the pre-consolidation streswestigated.
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Penetration resistance [J] at depth of z (4.2)

Wop I=-1= Weight of iron ore sample [kN] - Length of the wedge tool [m]

Table 4-1. Simulation plan to select a stress-histpdependent contact model

Independent variables Range of investigation
Contact model [HMLC EEPA]
) Percentage of Rayleigh time step [%]: [1.5 3 6.2% D5 50]
Time-step ]
Corresponding absolute value {1€]: [0.62 1.25 2.80 5.60 10.4 20.6]
Rotation of particles [Allowed Restricted]
4.1.2. Simulation results

Figure 4-2 displays the influence of the inveseghindependent variables on the dimensionless
penetration resistance, syvand Wso. In the case of allowing particles to rotate, botmtact
models show a high sensitivity to the integratiometstep. On the other hand, when the rotation
of particles is restricted, the results are moabls{ except for the 50% of Rayleigh time-step.
When the time-step is too large, important datandurontact detection and calculation is missed.
Figure 4-3 also confirms the findings about effettotation; when the rotation of particles is
activated, the bulk density changes during the kitimn for both contact models. Therefore, the

rotation of particles is capped for prospectiveudations in this section.

100 ¢ - —o— - EEPA - rotation allowed

x 100 - - —o— - EEPA- rotation restricted
— 80 ‘. =-——- HMLC - rotation allowed . HMLC - rotation restricted
- \ 80 ‘V‘__"~-__'\
8 \ o~ : S
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Figure 4-2. Influence of time-step on the dimensidess penetration resistance; left) rotation is allwed,

and right) rotation is restricted
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Figure 4-3. Influence of time-step on the bulk denty change in the loose condition; left) rotation$

allowed, and right) rotation is restricted

Next, the effect of contact model on the dependerdite simulation output on the applied pre-
consolidation stress is investigated. In Figure #d results are compared with the experimental
results obtained in Chapter 3 for the Carajas $fpka In this experiment, three different levels
of pre-consolidation stress are applied on the $&p8 and 65 kPa. As illustrated in Figure 4-4,
a higher pre-consolidation stress results in adrigienetration resistance in both laboratory tests
and the DEM simulations. The elastic contact mo#¥JLC (red squares), shows a lower
dependency to the pre-consolidation stress, edjyetia the greater depth. This shows this
contact model is unable to capture a realistic aesgbility of the cohesive iron ore between the
penetration tool and bottom of the container. Gndther hand, the Elasto-plastic contact model,
EEPA (blue diamonds), is capable to better reitia¢ dependency of the penetration resistance
to the consolidation level. Although, the EEPA mladelerestimates Wat the pre-consolidation

of 8 kPa; calibrating the contact stiffness wilbpably improve the results.

Figure 4-5 displays the change in the bulk dertsiipre and after the consolidation stage.
Similar to the penetration resistance, the EEPA ehasl more successful in replicating the

laboratory results, with the exception in 8 kPa-@oasolidation stress.
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Figure 4-4. Effect of pre-consolidation stress orhe penetration resistance; left) dimensionless

penetration resistance at depth of 50 mm, and rightDimensionless penetration resistance at depth of

80 mm
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Figure 4-5. Effect of pre-consolidation stress onwk density

Additionally, this section showed that the builtsiolling friction model of EDEM® software
package,model A produces simulations that are unstable. Restgctbtation of particles
enhanced stability of the simulation. Another preimg solution is to implement a rolling friction
model in the software package that ensure a seificievel of stability. Also, choosing an
appropriate contact model is crucial for modellbodpesive materials properly. Further calibration
of the EEPA contact model will minimize the misnateetween experimental and simulation

results.

4.2.  Scaling Technique

4.2.1. An overview of scaling techniques for DEM

To predict the outcome of the flow process acclyatae DEM parameters should be chosen
carefully. To select the input parameters with aerice, the common procedure is to calibrate
and to validate DEM simulations [9,28,87,88]. Thrééferent calibration approaches for

choosing DEM parameters can be named, as follows:
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The first approachDirect Measuring requires measuring the input parameters direxttly
particle or contact level [11]. Accurate measuretsi@f the micro-properties do not necessarily
lead to a successful prediction of the bulk flowgarties [2-3]. Furthermore, modelling the actual
shape and size of particles leads to a computdtioe that is impractical for industrial
applications, such as silo flow [4-5], transfer &a[92—-94], and ship unloader grabs [9], where

the approximate number of particles required isugnethan 10

In the second approacim-situ calibration field experiments on a specific industrial
process, at a scale of 1:1, are used to eithéarasdi or re-calibrate a DEM simulation replicating
the real process. For example, llic et [@B] have usedhe in-situ calibration approach in a
gualitative way for modelling the accelerated flanvtransfer chutes. Using this calibration
approach, the shape and size of particles can loelfed in a simplified way that are different
than those actually handled in full-scale operatif®4]. In the in-situ calibration approach, a
sufficient number of experiments must be condutteavoid ambiguity of DEM parameter set
[95]. Additionally, a disadvantage of the in-sitalibration approach is that the calibrated DEM
parameter set depends on the design, and it maghofsimulate processes different than the in-

situ calibration experiments.

In the third approactBulk Calibration,a laboratory experiment or series of experiments
is/are first conducted to measure the bulk properthat are relevant to the application under
consideration [11]. Next, the input parameterdi&M simulations are calibrated by minimising
the mismatch between output simulations and laboraheasurements. In general, to produce
comparable bulk responses, these calibration stiook replicate a laboratory setup and

procedures at a scale of 1:1 [96].

Although theBulk Calibration Approacitan use a less detailed representation of particle
shape and size, an important challenge remairfsuthe size of equipment used in bulk terminals,
compared with particle size and the scale of caflibn laboratory experiments. For instance, a
Schulze Ring Shear Tester used to measure theobylerties of particles smaller than 6 mm has
an internal volume of less than-A®® [97]. Equipment in bulk terminals, such as shifoader
grabs and silos, by contrast, have volumes that@te 10* greater than laboratory devices. This

challenge limits the use of DEM simulations forusttial applications [9-10].

Various approaches are used to reduce the computatie of DEM simulations. They
can be categorized into two main groups. In thst §roup, computational techniques are used to

speed up simulations, whereas patrticle size anchgeyg are kept constant. For instance, in [91]
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reducing the stiffness of contact springs succégdfd to more rapid simulation by allowing a
larger integration time step to be chosen. [108p @roposed using a more efficient DEM solver

to reduce the computation time.

In the second group, either geometric size or garsize or both is/are scaled. Table 4-2
provides an overview of the scaling techniquesiaaple to DEM simulations. Scaling can be
done at either global or local level. At globaldgvscaling is applied to the entire simulation
domain, influencing all the particles. For exampdarticle size can be scaled up in the entire
domain by a constant scaling factorAt local level, scaling is only applied to a sihecregion
or a specific group of particles. For instancethia Scalpingor Cut-off technique [6, 15], finer

fractions of particles are omitted by replacingtth&ith the larger particle size fractions.

Table 4-2. An overview of scaling techniques apphdle to DEM simulations &: scaling factor)

. . Scaling factor of ) )
Scaling technique Scaling factor of particle Level
geometry

Local Particle Refinement 1 Variables over domain Local
Scalping (cut-off) 1 Finer fractions are up-scaled Local
Exact Scaling S S Global
Geometric Up- or Down-Scaling S 1 Global
Coarse Graining (CG) 1 S Global
Hybrid Particle-Geometric Scaling

Skox Se Global
(current chapter)

The philosophy of.ocal Particle Refinementvhich uses up-scaled particles outside the drea o
interest, is similar to Local Mesh Refinement [10Bhis technique was successfully applied in
[103] to model cone penetration into free-flowingterials using DEM. However, the main
challenge when using local scaling techniquesas ttiee speed of current DEM solvers depends
mainly on the smallest particle size used in theusation. The reduction in computation time is

therefore limited by the critical integration tiraep.

In Exact Scalingboth particle size and geometric dimensions aakeddy the same scaling
factors. An example can be found in [104], which invedtigathe upscaling of the uni-axial
confined, uni-axial unconfined and cone penetratiest for cohesive elasto-plastic soils. An
important uncertainty with thiexact Scalingnethod is that both micro-properties at particiae
(e.g. particle mass), and macro-properties at baite (e.g. bulk volume, porosity) are varied
simultaneously. For instance, to create comparaliial stress states during scaling, Janda and

Ooi [104] suggested to reduce the gravity with shene scaling factor that is used to up-scale
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particles and geometry sizes. Since the scaledmsyshould have the same energy density as the
original (unscaled) system [105], altering grawtying scaling is not recommend&thott et al.
[91] also proposed theeometric Downscalingf excavation equipment, which did not result in

confirmed scaling rules.

Another technique, referred to @earse Graining (CG)substitutes larger grains for the
original DEM particles, thus allowing for a loweumber of particles in simulations. [9]
successfully applied this technique, using thebcaled DEM parameters in a large-scale
simulation of grabs and free flowing bulk materigd$6] investigated the coarse graining of the
JKR contact model [9] combined with Hertz-MindlibQ[7] in a shear tester, but no scaling rules
for modelling cohesive bulk materials were estéigids A more successful study [30] investigated
the Coarse Graining of an Adhesive Elasto-Plastithé uniaxial consolidation process through
a trial and error approach, and it found that thestant cohesion force of the contact spring

(constant pull-off force) should be scaled up by slquare of the particle scaling factor.

One or more combinations of the scaling techniquestioned can be used to reduce the
computation time of DEM simulations. For examp88][used three different scaling techniques,
Exact ScalingCoarse GrainingandScalping to simulate the angle of repose of a free-flowing
bulk material. In practice, however, raw bulk metisrand powders, such as moist iron ore fines
and coal usually show cohesive elasto-plastic hebhavBulk responses of this type of materials,
such as shear strength, bulk stiffness, and buikitie depend on the history of applied normal
pressure on the bulk specimen [21,22,48,108]. Asudised in the previous section, this stress-
history dependent behavior can be simulated prpgriusing contact models that are based on
an elasto-plastic adhesive spring. Thus, the quegihow combinations of scaling solutions can
be applied to a different contact model incorpoigtihe behaviour of cohesive elasto-plastic

materials.

In the remaining of this chapter, therefore, a ld/particle-geometric scaling approach with
the focus on an adhesive elasto-plastic DEM comtantel is developed. This hybrid approach
combines particle scaling with geometric scaling sequential manner. Figure 4-6 compares the
idea behind the hybrid approach (Figure 4-6a) i@#act Scaling (Figure 4-6b) and particle
upscaling (Figure 4-6¢) techniques. In hybrid saalionly particle properties (e.g. particle size,
particle interaction parameters) or geometric prigge (e.g. dimensions) are varied at a time,
which is the main novelty ovéixact ScalingAs discussed earlier, the main uncertainty with t
Exact Scalings that both micro-properties at particle scated enacro-properties at bulk scale

are varied simultaneously. In hybrid scaling, tkemetric size is scaled each time after applying
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particle upscaling, so basically larger particles dit in the simulation setup. This creates a
novelty for hybrid scaling over particle upscaling, which up-scaled particles might not fit
properly in the simulation setupTcomputationiS the ratio of the computation time of the scaled

simulation to the computation time of the referesiceulation.

By applying hybrid particle-geometric scaling osiulation setup, its internal volume can
be increased to a level comparable to equipmesblid bulk terminals. This allows to create

DEM simulations of an industrial process that hpsactical computational time using scaled up

particles.
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Figure 4-6. Scaling approaches, (a) hybrid partickgeometric scaling approach (b) Exact Scaling, and
(c) particle upscaling

4.2.2. Particle scaling for an elasto-plastic adhesive tamt model

The Coarse Graininggchnique substitutes coarse grastisnes larger than the original particles
for the original particles with radiug. In general, a higher scaling fact®teads to a lower
computation time of DEM simulations. According tt0p], the scaled system should have the
same energy density as the original (unscaledgsydtsing the same particle density maintains
the same potential and kinetic energy densitieritiit CE9]. The contact stiffness and damping
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should be also scaled precisely, to maintain theesenergy losses between the scaled system and

the original one.

Lommen et al. [9] establish the CG principles fog Hertz-Mindlin contact model in both
the normal and tangential spring directions. Figii&shows the normal direction of the spring-
damper system for both eight original particles #mel substituted coarse grain wih 2. If
spherical particles are used, by maintaining theeséoung’s modulus in two systems, the contact

stiffness and damping are identical to the equintadéiffness and damping of the original system

respectively.
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(a) Coarse grain (b) Original system

Figure 4-7. A coarse grain contact with a scalingaktor of 2 and the equivalent contact of the origial
group of particles[9]

Figure 4-8 is a schematic diagram of the non-limeade of the EEPA contact spring in the normal

direction. The contact spring in the normal directconsists of four different parts:

» Constant pull-off forcdo (N): an ever-present adhesive force that is addesthier normal
forces.

» Branchl, the loading spring: the contact follows theldatwhen two particles are approaching
each other. Choosing= 1.5 makes the loading spring equivalent to teezdMindlin contact
spring in the normal direction [84].

» Branchll, the unloading and reloading spring: due tspadeformation, upon unloading the
contact spring switches to the unloading and refmpdpring k. The specific overlap
corresponding to zero spring force during unloadéndescribed as the plastic overfgpThis
plastic overlap is tracked and updated as thesshistory-dependent parameter of the contact

spring. The stiffness of the contact sprinddnanchll, ko, is a function ok; and the plasticity
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ratiolp, and it is equal tel)%. The plasticity ratiojr, controls the ratio between stiffness in
—Ap

branch 1l (k) and stiffness in branch | {k which shows the influence of plasticity ratio at
contact scale. This means by increasing the pigstatio, a higher level of plastic overlap
occurs during contact.

Branchlll, the adhesive spring: if unloading continueybndd,, an adhesive (negative) force
is created that is limited to the maximum adhe$oree fmin. Once this point is reached, the
adhesive spring is activated, whose stiffneskads If unloading continues, two particles

separate if adn = O the absolute normal force is larger than trestant pull-off forced

A
In

Branch 1

n

Branch 11
non
k; (0n-0p)

/

’ >
fs / . 5
-ka;h
Branchlll f min

ey

v

Figure 4-8. The relationships of the EEPA contactming in the normal direction [84]

Eq. (4.3) shows the mathematical formulation ofgshm of hysteretic force in the normal spring:

fo+ ki 6y if ky (6y —0p) = kq Oy
fvn=1fotky Oy —68)  if ky 6y > ky (6§ — Op) > —kaan O (4.3)
fo — Kaan Ox if —kaan 6§ =k, (6 — 6p)

If n = 1.5 is used, the stiffness of the contacingpin Branchl, ki, is calculated as follows:

4
k, = 3 E*VR* 4.4)
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whereE" andR’ are the equivalent Young's modulus and radiusvofgarticles that are in contact.
By using/p = 0, the contact spring is converted to an elasgiring [24]. The plastic overlap is

calculated in Eq.(4.5):

1
6P :APE 61\] (4.5)

The stiffness of the adhesive spriBganchlll, is calculated as follows:

kadh _ (fmin - fO) (4.6)

x
6min

wheredminis the corresponding overlap with the maximum atlleg®rcefmin. Since the minimum

overlap,dmin, is the intersection betwed@ranchll andBranchlll, then it can be considered equal

to (M)l/". The power value foBranchlll is x. Similarly to JKR theory [109], the
2

maximum adhesive force as formulated in Eq. (4 8) function of the contact patch radasn)
and the adhesion surface enerigy(J/n¥).

3
fmin =5 Ty @ (.7)

Figure 4-7 shows that the equivalent stiffnes$iefdriginal systerkeq, Which consists of’ pairs
of series springs, can be derived using Eq. (@8hf= 1.5. Using the fact that in series springs,
Oseries= SON, and based on the definitionlaf(Eq. (4.4) keqduring loading is determined.

— o2
keq,I =S kseries

ZF (4.8)

Maintaining the same equivalent Young’s modulustfi@r coarse system yields:
E¥ =E* (4.9)
Therefore, according to Eq. (4.10)Bmanchl, the stiffness of the coarse system is equal to the

equivalent stiffness of the original system. Thmeacaling rule is applicable to the tangential
stiffnessk: [9].
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=5 B VR

4
=3 E" VsR* (4.10)

=+/sk,

= keq,I

Eq. (4.11) rewrites the normal force in unloading aeloadingBranchll, for the coarse system.

1
First, k; andsy, are replaced b}l% andApn &y respectively.
—Ap

fz\’/,u = ké (51’vn - 5l’°n)

-t (- )

a-7) (5” A O (4.11)
_ma-zb
“Taa V)

Next, according to Eq. (4.10; is replaced by/s k,. Also, since the coarse system is equivalent
to & pairs of series springdy = s dy. If the same plasticity ratid, is maintained for the coarse

system, fon = 1.5:

Vs ky <1 - AP(%)n)
(1-2p)
o (1-48) o
2 n
CEyO I
=s’k, (6f -6} )

515 (8%)

fi 1\’/,11 =

=S

=s? fan
Therefore, according to Eq. (4.12), during unlogdamd reloading, the stiffness of the coarse

system is equivalent to the original system coimgjsdf s* pairs of series springs.

The next step is to find scaling rules for cohesorees. Figure 4-9 compares the constant
pull-off springs between the original system angl ¢barse system with a scaling factor of 2. If
the constant pull-off force is scaled upyccording to Eq. (4.13), the force in the coarstesy
(Fa) is equal to the equivalent force in the origiggétem (k). The equivalent constant pull-off

forces in the original and coarse systems are fitverequal.
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Z
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A) Coarse grain B) Original system

Figure 4-9.A coarse grain contact with a scaling factor of 2 gring pull-off and the equivalent contact of the

original group of particles
Fy=fy=s*fo=Fp (4.13)

Similarly to Eqg. (4.8), the equivalent stiffnesglwé original system iBranchlll, keq.n,is derived
in Eq. (4.14):

— o2
keq,III =S kseries
1

2 S_Z Fseries
é?eries (4_ ]_4)
fn
2
> G

_ o2-x
=S kaan

=S

If the Surface Energy\y, is scaled by the factasifor the coarse system:
Ay' =s Ay (4.15)
Furthermore, sincéy, = s y, the contact radiua is proportional to the particle radius, which is

scaled up by the scaling factar The minimum attractive force in the coarse sysfgnm is

therefore:

3
fonin = > s’mAya (4.16)

Thus, according to Egs. (4.6), (4.12), (4.13),4%.14.16) and (4.17), iBranchlll, forn = 1.5,
the stiffness of the coarse system is proven tedual to the equivalent stiffness of the original

system. It is remarkable that changing the value tiie power value dBranchlll, leaves the
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using the fact that this point is the

. . . . B
conclusion still valid.dmin is replaced by(f’"”‘k—“’)l/"
2

intersection betweeBranchll and Branchlll.

’ _ (fr;un - fol)
adh — 6,
min

_ Z(fmm fO)
" fam k8" E
)

2

(
S fo)

X
SZ fmm + \/S_ k2 Sn 6}’1 " (417)
V5K,

—— (fmln fo)

X X
S 6mm

— o2—X
=S kaan
= keq,III

4.2.3. Geometric scaling

Geometric dimensions are linearly scaled, whichmadhat all the dimensions are scaled by the
same factor, referred to in this chapter es. S'he scaling of geometric kinematics is also kg th
same scaling factor. This allows for maintainingaastant shear strain rate during geometric

scaling.

4.3.  Hybrid Simulation Plan for Particle and Geometric Scaling

In this section, a simulation plan is designeditstly investigate the influence of the proposed
particle scaling rules on bulk responses in quidiesand dynamic regimes. Second, to evaluate
the decoupled effect of scaling from both a pagtarhd a geometric perspective, a hybrid particle-
geometric simulation plan is created. To isolate dffects of &x from S, only one of them is
varied at a time. In other words, when geometryetisions are varied, particle properties (e.g.
particle size, particle density, contact settirey® maintained constant. This allows for creating
intersects between two levels afos as illustrated previously in Figure 4-6. Follogitest cases

are used to study behaviour of bulk material frarious aspects:

» Uniaxial confined consolidation simulation, whiciptures the stiffness of bulk material under

vertical consolidation stresses. Using this cads,avaluated whether bulk stiffness is scaled

properly.
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» Ledge angle of repose simulation, which is widedgdito develop calibrated DEM simulations
[9,14,82,96]. This test cases evaluates the pedooe of hybrid particle-geometric scaling
when modelling the free-surface flow of cohesivékbuaterials.

» Schulze ring shear simulation, which is used to ehaghear flow under the effect of
consolidation stresses. Shear tests are commoely tascharacterize bulk materials (free-
flowing and cohesive) [50], and to calibrate DEhslations [90,110-115].

The transition from a quasi-static to a dynamidmeggcan be characterized using thertial
Number lregimg Which has been used in [116] to study the shear.flhe ratio between inertial

forces and confining pressure can be expressed Hsjn(4.18).

Iregime =2 ]/ Rp 1’pP/P (418)

wherey is the shear strain ratep B the particle radiug; is the particle density, and P is the

confining pressurehime< 0.01 has been characterized as a quasi-statimed@il6].

4.3.1. DEM input parameters

Main constant DEM parameters to model particlestaed interaction are listed in Table 4-3a.
These parameters are selected based on the catdild&M simulation of cohesive elasto-plastic
coal in ring shear test that is developed in [Z8E calibrated DEM parameters have been verified
in terms of shear strength and bulk density foioter levels of consolidation pressure. A spherical
shape is used to model DEM particles. A normalrithigtion of particle size with a standard
deviation of 0.1 is used. A particle density of Q3&)/n? has been used in [29]. In the current
study, particle density is increased to 4500 Rgimt allows to simulate density level of heavier

bulk solids, including cohesive iron ore [8].

DEM input variables are listed in Table 4-3b. MBIEM variable in all tests is particle size.
A reference particle radius of 5.5 mm has been ,usedesponding to$S= 1. The rotational
freedom of particles can be suppressed artificiaylyeither introducing a rolling friction model
[85] or restricting rotation of particles [9,11Restricting rotation of particles has been done in
[29] by applying a counterbalance torque in eacheistep necessary to prevent rotational
movement. This leads to increasing the resistahparticle against rotational torque. Restricting
rotation of particles has been successfully usedretsemble realistic material behavior
[8,9,29,105,118]. A restricted rotation option &g treference value is used to consider the

rotational torque between particles. The plastigié§io is another DEM variable in this
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investigation. A reference value of 0.75 is usee@rable elasto-plastic behavior of the contact
spring.

Table 4-3a. Constant DEM input parameters to modeparticles and their interaction - based orf29]

Item Symbol | Units | Value
Shear Modulus G MPa 7.5
Poisson’s ratio v - 0.25
Particle shape yp - Sphere
Coefficient of restitution Rpp - 0.01
Coefficient of static friction He-p - 0.25
Particle density pp kg/m® | 4500

Table 4-3b. DEM input variables to model particlesand their interaction

Item Symbol | Units Reference value
Particle radius ats1 Ro mm 55
Rolling friction model - - Restricted rotation [29]
Plasticity ratio Ap - 0.75 [29]

4.3.2. Uniaxial consolidation

Simulation setup

A virtual uniaxial confined consolidation simulatigetup is used to evaluate the Coarse Graining
technique under vertical consolidation stressegurei 4-10 shows the specifications of the
simulation setup, including reference box dimensidParticles are generated using a moving
particle factory plate, which fills the box fromtham to top. This avoids compaction during the
particle generation step, which might be causedhieykinetic energy of the particles. Next,
particles are allowed to settle and to reach &stanhdition, where the ratio of the kinetic energy
to the potential energy is less than=®0as defined in [104]. Afterwards, the loading
(consolidating) stage starts by moving the lid@ldwnward at a velocity of M. After the bulk
material has been consolidated, the unloading stages by moving the lid plate upward at the
same velocity. A lid velocity of 4 mm/s is usedSgéx= 1, which is equivalent to an axial strain
rate of 0.02 3. Based on Eq. (4.18), by using the axial straie,ran Inertial Number, I, smaller
than 0.01 during the consolidation (up to 200 kRafreated, and therefore, the simulation

procedure creates a quasi-static regime.
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Figure 4-10. Schematic view of the uniaxial consadlation simulation setup (Sox = 1)

Tests
Two different tests are conducted using the uniataulation setup. The first test, 1.1, uses the
non-adhesive non-linear Elastic mode of the comtexxtel, which is basically similar to the Hertz-

Mindlin contact model. In other wordss, Ay and hare set to zero in the first test with n = 1.5.

Figure 4-11 shows the experimental plan for TektWith the uniaxial consolidation
simulation. Test 1.1 includes both the upscalimydownscaling of particle size and the upscaling
of box size. The horizontal axis indicates the ipkrtscaling factor § and the vertical axis
indicates the box scaling factogos2 The box dimensions and top lid velocityidare upscaled
linearly, by scaling factors of 2.5 and 5, relativeghe reference simulation setup. For each level
of Sgox, five different levels of Sare investigated. This results in smallest angelsir particle
radii of 2.2 and 33 mm respectively in Test 1.1.

In the second test, the contact plasticity is atéid by settinge = 0.75. Test 1.2 with
uniaxial consolidation simulation uses the nondinE&lasto-Plastic mode of tieEPA contact

model . $is varied from 2 to 6 whilegx is kept constant at 5.

92



Chapter 4

Contact mode
5t ® Elastic,n=1.5 ® o o000
‘_.x 25 o © o000
@
(/2]
1+t o © o000
107! 10° 10’
S, [

Figure 4-11. Experimental plan for hybrid particle-geometric scaling in Test 1.1 with the uniaxial

consolidation setup

Objectives

The tests with the uniaxial consolidation setupedatne two main responses. The first is the
average porosity of bulk material, as formulated5@]. This parameter compares the packing
densities after filling the box in different simtitns. The second response is the pressure on the
moving lid ouig during its displacement in the z direction. Thisleles the stiffness of bulk

material during loading and unloading to be comgatedifferent levels of Sand Box.

4.3.3. Angle of repose

Simulation setup

The angle of reposeuy) is an important characteristic in bulk handlimgqesses; according to
[71], angle of repose results are useful to caiegdlow properties. Multiple test procedures are
available in literature to determing, some example are described in [50]. Using diffetest
procedures, different values of angle of repasg {or a same bulk material can be expected [9].
A ledge method setup or shear box is used to stmtiee static angle of repose. Figure 4-12
shows the reference test box dimensions. The e@rtes 200 mm high, 200 mm long and 80 mm
wide. The fixed parts are coloured black. The rad,pvhich is the flap opening, starts moving at
a velocity of V = 1 m/s to initiate particle flowylremoving the lateral support. This leads to a
shear strain rate of up to 0.2,sand | larger than 0.01 during the flow under ghavity force.
Based on (4.18), the simulation procedure creatdgnamic regime that ends with a static

condition once an angle of repose is formed.
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Figure 4-12. Dimensions of the angle of repose tes#tup; reference box size g« = 1)

Tests

Three tests are conducted using the ledge angépose setup. To be consistent with the previous
uniaxial consolidation test experiments, a refeeguarticle radius of 5.5 mm, equivalent =4,

is used in the current experiments. Figure 4-13vshihe experimental plan for Test 2.1, which
verifies the developed coarse graining techniquegplying a hybrid particle-geometric scaling

approach, in which both particle size and box arzevaried in a sequential manner.

In the second test, 2.2, particle size and levedabfesion are varied using a full factorial
experiment to verify the coarse graining technitpredifferent levels of cohesion. In Table 4-4,
arelative cohesionierm is defined to distinguish between the exmktggels of bulk cohesion,
from a relative low angle of repose to high valuest example, at a medium level of relative
cohesion for 8= 2, Ay and § are equal to 20 JAvand -0.32 N respectively. To create relatively
high bulk cohesion fors= 2, Ay and § are increased by 50% respectively, compared to the

medium level. A decrease of 50% is also appliecte¢ate relatively low cohesion.
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Figure 4-13. Experimental plan for hybrid particle-geometric scaling in Test 2.1 with an angle of repe

setup

Table 4-4. Three different levels of relative cohésn for Sp = 2

Level of relative
. Ay [3/m?] fo[N]
cohesion
Low 10 -0.16
Medium 20 -0.32
High 30 -0.48

All the simulations in Test 2.1 are conducted atlime relative cohesion. Thuay and § are
varied with respect to the particle scaling fac®raccording to equations (4.15) and (4.13)
respectively. The test box dimensions are als@dday geometric scaling factorsesof 0.5, 2.5,

5 and 10. Five levels ofrSthe particle scaling factor, are tested at eacél lof Sox. This results

in a total of 25 simulations in Test 2.1. Firstthe smallest box sizeg& = 0.5, five different
particle scales are simulated, &ual to 0.2, 0.3, 0.4, 0.5 and 0.6. Next, fivetipie sizes are
simulated in §x= 1.0, that are equal t S 0.4, 0.6, 0.8, 1.0 and 1.2, &ual to 0.4 and 0.6 are
simulated in both &x= 0.5 and 1.0. It is expected that by maintainimg particle size constant,
the angle of repose can be compared under the effearying box dimensions. In other words,
the link between &x= 0.5 and 1.0 in the experimental plan }s=3.4 and 0.6, which allows to
verify the adequacy of hybrid particle-geometrialsty using the ledge angle of repose
simulations setup. The hybrid scaling is continbgdising Sox=2.5and $=1, 1.5, 2, 2.5, 3. In
Seox = 5, particle scales of 2, 3, 4, 5, and 6 are satedl. Using the largest geometry dimension,
Ssox= 10, particle scales of 4, 6, 8, 10 and 12 conrdmg to particle radii of 22, 33, 44, 55 and
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66 mm are simulated. Therefore, in Test 2.1 withlédge angle of repose setup, adequacy of the

following hypotheses are checked:

a) The particle scaling rules that are establishezigh equations (4.8) to (4.17) is applicable for
various particle sizes

b) The exact scaling, where both particle and gégnage scaled with a same scaling factor, is
not applicable on cohesive materials when an elalsistic adhesive contact model is used. In
other words, the effect of particle scaling shdaddlecoupled from the effect of geometry scaling,

which can be done using a hybrid particle-geomestaling approach.

In Test 2.2, the dimensions of the text box ard kepstant at &x = 5. The particle size is
varied from $ = 1 to 6, and three levels of relative cohesianm iavestigated. This results in

running a total of 15 simulations.

In Test 2.3, the effect of coarse graining is @&galuated for the case of enabling rotation
of particles. The following variables are includedTlest 2.3: particle scaling factor, coefficient
of static friction, and coefficient of rolling frion. The rolling friction model follows the
recommendation by Ai et al. [85] to use model C dmasi-static conditions. Following the
suggestion of [119], the rolling stiffness of [128]Jused and the viscous rolling damping torque
is disabled. By enabling rotation of particles,ittmeobility increases, so higher restrictive forces
(e.g. cohesive and friction) needs to be used, epepto the case when the rotation restricted
option is used. The reference values of coeffisi@nstatic friction and rolling friction are chase
according to the calibrated model of wet sand 21]1which are equal to 0.7 and 0.8 respectively.
for S>= 2, Ay and f equal to 100 J/fand -1.32 N are used respectively. This resuttegh = 53°,
similar to the angle of repose measured 2 in Sox= 5 with the medium relative cohesion
level when the restricted rotation option is usedand fare varied with respect to the particle
scaling factor Saccording to equations (4.15) and (4.13) respelgtivn this test, the ledge angle
of repose simulation is done using,& 5, and $= 2, 3, 4, 5, and 6. Using an one-variable-at-a-
time approach, level qgfs p-pis varied between 0.3 to 0.9, and levelgf is varied between 0.4
to 1. This allows to confirm the particle scalindeas are independent of levels of coefficient of

static and rolling friction.

Objectives
The equilibrium of forces and stresses can be driowra critical failure anglem criica, as
illustrated in Figure 4-14. In an arbitrary cuttipigne A, different normal and shear stresses will

act, depending onwm criical. All normal and shear stresses at the free sudaeequal to zero.
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Failure will occur once, exceeds the shear strength of the bulk mater@loling to the Mohr-
Coulomb equation, the shear strength of bulk meiteyis often approximated by Eq. (4.19) [70]:

Ty = 1. + 0, tan(p) (4.19)

wheretan(p) indicates the friction coefficient of the bulk ragal. 1c denotes the cohesion strength
of the bulk material: in other words; is the shear strength of the bulk materiat if= 0. If the

box dimensions in the Test 2.1 are scaled up, ¢ncal stress acting onsAncreases, due to the
greater weight of bulk material. Although the exXacation of Ais unknown, Eq. (4.19) suggests
that increasing the normal stresg decreasethe contribution ofc to the shear strength. A
negative correlation betweesogandoam can therefore be expected. To enable the effelobxf
scaling on the angle of repose of cohesive masetiabe evaluated, we need to ensure that the

vertical pressure in the z direction (and consetiyier) is scaled correctly in DEM simulations.

GZX:O

sz:()

-

Figure 4-14. Equilibrium of forces at the criticalfailure angle

According to [122], normal stresses in verticaltests can be calculated using Eg. (4.20), in

which the constant vertical stressis assumed to act across the cross-sectionalarea

gppr A —Ktan(p) Uz
=—J[1-— A 4.20
Dz =g tan(p,) U € ] ( )

whereg, pb, K, ¢x, which denote standard gravity, bulk density,ritstress ratio and wall friction
angle respectively, are assumed to be constant)56]the cross-sectional perimeter, arnsithe
bulk material height above the cross-section. Sinceest 2.1 all the box dimensions are scaled

linearly, according to Eq. (4.21) a linear relaship exists betweesy,bottomand Jox.
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—K tan(@x) (Spox U1) (Spox 21)

9 Py (Slgox Al)

o = 1—e (SBox A1)
v,bottom K tan(<px) (SBox U1) [ ]
A —K tan(@y) U1 74 (4.21)
— SBO,X (M 1 —e Al )
K tan(e,) U,
= & Spox

where the parameters with subscript 1 refer totiggnal box dimensions withp& = 1. 6v,bottom
increases linearly when& is increased, where the constaris the rate of change. To check
whether a unique can be obtained during hybrid particle-geometraliag, and also to ensure
that the simulation results match the analyticautsan, ovbottom iS measured for all the

simulations.

The coordination number, or the average contaatp@eicle, is another important factor
in quantifying particle packing [123]. This indicatis used here to evaluate the effect of both
Coarse Graining and geometric scaling on partieleking. The average coordination number
over all the particles is measured after the bugitemal has reached a static condition. Since the
number of contacts between geometry and partigdesasically higher for simulations with
smaller particles, only contacts between partiees included when calculating the average

coordination number.

In addition, the angle of reposg is measured using a computer image-analysis tgeani
as proposed in [124]. Once a static angle of remseeatedaw is determined from the images
by taking the coordinates of ten equally spacedtpain the slope of the material. Then, the linear
regression technique is used to fit a straight iinthe data points and the angle of the line with
the horizontal represents the angle of repose.dtbimimages, the bulk surface profiles after the

creation of the angle of repose are also compagtgiden simulations.

The four parameters mentionedpottom average coordination numbesy and bulk surface
profile, are used to evaluate the effects of plartend box scaling on the angle of repose

simulation.

4.3.4. Ring shear test

Simulation setup
A DEM simulation of the ring shear test (RST) i$ s8p based on [9Gnd[125]. The RST is
commonly used to characterise the flowability ofhesive and free-flowing materials. A

schematic cross-sectional view of the RST cebdillvith particles is shown in Figure 4-15.
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Figure 4-15. Schematic cross-sectional view of tlogiginal ring shear cell: (left) cell dimensions, (ight)

schematic view of process

The simulation setup and test procedure is sirtol§9], in which the calibrated DEM parameters
of cohesive material using the elasto-plastic aidkesontact model is developed. In the
simulation, the shear cell is first filled with piates. After they reach the static condition, fine-
shearing stage starts. In this stage, a uniforrnabpressure of 20 kPa is first applied to the bulk
material surface using the lid plate. Next, theasloell starts to rotate over the centre line (C.L.
with a rotational velocity ofocer. A range of rotational velocity between 5 to 2@me/s was
used. It was found that this range of velocitynsuwgh to create a steady-state shear flow in the
bulk material. Using a lower rotational velocityomger time is required to to create the steady-
state shear stress in simulation. For that reascgnisure that the steady-state is always reached
within the simulation time, acen = 15 deg/s is used in all simulations with ringahtest. This
leads to a shear strain rate of 0.49and a dynamic regime. In the second stage ofestethe
shearing stage, the normal pressure is reduceckRa2o measure the shear stress of the pre-

consolidated bulk material.

Test
Figure 4-16 shows the experimental plan designedadte RST simulations. Three different shear
cell sizes are created by scaling the referenddygeicaling factors of 2 and 5, whilge is kept

constant during this test. The particle radiudse &aried from 2.2 to 27.5 mm.
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Figure 4-16. Experimental plan for hybrid particle-geometric scaling in Test 3 with RST

Objectives

The shear stress values are measured at bothatshearing and shearing stages, referred to in
this chapter aspre andtshear respectively. The measured valuestgf and tshear for different
combinations of &iand $ are used to evaluate the hybrid particle-geomstaing in RST

simulations.

4.4. Results of Hybrid Particle-Geometric Scaling

4.4.1. Uniaxial consolidation

Figure 4-17 shows the porosity values measurediffarent levels of &x. The average porosity
is measured after the particles reach a staticitondand before starting the loading stage.
Upscaling the box dimensions decreases the porahiky to a greater total mass of particles,
which results in denser packing in general. Thesalts show thatgsxand average porosity are
strongly correlated, with a correlation coefficiefit-0.985. The maximum porosity at each level
of Sgoxis measured for the smallest value efSsox, thus the minimum porosity is measured for
the highest value of fSsox respectively. Hence the minimum porosity occuremwl® = 6 at
Seox= 5 and is equal to 0.385. This value is highentie theoretical limit of minimum porosity
for rigid spheres. According to [126]niA (also known aswappie) for rigid spherical particles =
approximately 0.22. The maximum variation in potpsiue to the scaling of particle radius is
0.5%. This variation is probably caused by theiprgeneration method, where the new particle
is placed in the simulation domain without any eamtwith neighbouring particles. The initial

conditions are therefore adequately comparabladt Evel of Sox.
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Figure 4-17. Porosity in Test 1 (uniaxial consolidion test) before loading

Figure 4-18 shows the outcome of Test 1.1, whicistilates the influence of botlsgand $on
the loading and unloading behaviour of bulk matefiae vertical axis represenssiq and the
horizontal axis indicates the vertical locatiorttud lid plate Ziq divided by the height of the box
Heox. The oLig variation due to particle upscaling is determifmdcalculating the maximum

difference betweeniiq in the simulation with the smallest &nd other simulations.

As shown in Figure 4-18a, for& = 1, loading is continued untilid/Heox = 0.15, and a
maximumoyig of 184+ 6 kPa is measured fop 8om 0.4 to 1.2. The minimumn.i4, O kPa, during
the unloading stage fos&= 1 occurs at da/Hsox = 0.0302 + 0.0020. This value represents the
residual deformation due to one complete cycl@afling (consolidating) and unloading the bulk

material.

As shown in Figure 4-18b, fos&= 2.5, loading is continued untiLid/Hgox= 0.12, and a
maximum oLig Of 165 * 4 kPa is measured. A residual deformatwdn0.0243 + 0.0000 is
measured. As shown in Figure 4-18c, fe§xS 5, loading is continued untilid/Hgox = 0.12, and
a maximumotia of 151 + 4 kPa is measured fop flom 2 to 6. A residual deformation of
0.0276 + 0.0004 is measured.

On average, a standard deviation of 3% is meadorelgdoth maximunoLig and residual
deformation at three levels ofsse Test 1.1 therefore confirms that the uniaxial fowd
consolidation simulation using the non-linear nahkAsive mode of the contact model is
adequately insensitive to particle scaling. Thigleof the contact model is equivalent to Hertz-
Mindlin.
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Figure 4-18. Influence of $ and Sox 0n the loading and unloading paths of the non-lirer Elastic
contact mode in the uniaxial consolidation simulatn (Test 1.1)

Figure 4-19 shows the outcome of Test 1.2, whias ulke non-linear elasto-plastic mode of the
contact model. Loading is continued untilaHgox = 0.095, and a maximusiis of 120 + 1 kPa

is measured. This results in a standard deviatidass than 1% in maximums.i¢ with varying
the particle radius from 11 to 33 mm. A residudbdmation of 0.0749 £ 0.0006 is measured in
Test 1.2, which is 2.7 times the residual deforamaitn the equivalentgaxin Test 1.1 whehy = 0.
The considerable difference in the value of redidlgormation, as well as the difference in
maximumotid, is due to enabling the plasticity of the contacidel, which has been discussed in

[24] as well. A standard deviation of less than &¥%neasured for the residual deformation in

Test 1.2.
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The above shows that, in both the elastic andeelalsistic modes of the contact model, the
loading and unloading paths are adequately indep#ricbm $. Coarse Graining as well hybrid

particle-geometric scaling are therefore applicablthe uniaxial confined consolidation test.
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Figure 4-19. Influence of $ and Sox 0n the loading and unloading paths of the non-lirer Elasto-Plastic

contact mode in the uniaxial consolidation simulatin (Test 1.2)

4.4.2. Angle of repose

Figure 4-20 shows the relationship betwegBotom Ssox and particle size. The vertical axis
indicatesov,bottony the horizontal axes in Figure 4-20a and Figu20B-show the box scaling
factor Sox and $/Sgox respectively. According to the fitted linear reggion in Figure 4-20a, the
simulation results match the analytical solutiothwi = 3.43 and a coefficient of determination
R? of 0.9989. This confirms that the simulation iseato capture the effect of geometry scaling
on the vertical pressure distribution properly.egligible effect of §Sgox ONov,bottomiS Measured

in Figure 4-20b. The normal pressure on the cuftiages, is therefore scaled correctly in DEM

simulations, and it is comparable at every leve®af.

As Figure 4-21 shows, for the entire range efS&x, the average coordination number
follows a similar trend asgS, increases. Particle packing therefore dependssen Athough
some deviations of the average coordination numiyetp 10%, are captured fogop= 0.5 and
1, the influence of @Sgox 0N particle packing is significantly less than #féect of Sox. The
increase in the average coordination number dtleetecaling of box dimensions is caused by the
strong correlation betweenssy and vertical pressure in the bulk material, as alestrated

previously in Figure 4-20. As illustrated in Figu4e22, the coordination number (averaged in
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horizontal directions) increases in theirection. In other words, particle packing ighe loosest
state near the bulk surface<0), and the bulk material becomes densezfdsox increases. In

general, increasingddkin Test 2.1 creates denser packing at a highel ¢é\&ox.

35 : —a : % 35 — . ': 3 : S
% Sim /,/ * ¢ Box
30F |7 Linear regression 30 f *x 05
* 1
Analytical: %, bottom = & SBOX ® 25
25+ 25+ =5
= = ¢ 10
o it o
= 20} = 20
v | | u
§ ¥ £ | - :
_8_ 151 9\ bottom =343 SBox _8_ 151
> 24 >
S R =0.9989 ©
10 % 10 8 ® ° * .
5 51
X * * * * *
X * * * * *
0 : : ' - - 0 - :
0 2 4 6 8 10 0.4 0.6 0.8 1 1.2
Sgox [ Se/Spox [

Figure 4-20.6v,botom in Test 2.1; (a) linear relationship betweemsy,pottom and Ssox, (b) negligible

sensitivity of ov,bottom t0 particle size
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Figure 4-21. Average coordination number in Test 2.
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Figure 4-22. Increasing particle packing over box gight (S = 4)

Figure 4-23 shows the angle of repose results sf Zd, in which 5and Soxare varied. With
Seox = 0.5 and 1, an angle of repose oP % measured for all the particle sizes. If the box
dimensions are scaled up witBoS= 2.5, the particles start to form an angle ofosgpsmaller
than 90, which is equal to 63° in average. A standard deiabf only 1° is measured for
Ssox= 2.5. The average values @f at Sox = 5 and 10 are 53° and 43° respectively; standard
deviations of less than 1° are measured in theste wehen varying the particle size. Considering
the low standard deviation values, the particldisgahus successfully replicated similar angles
of repose for the #Sgox range investigated at each level afoS Therefore, hypothesia
(described in Section 4.3.3) on the adequacy ofptréicle scaling rules in the ledge angle of

repose simulation is confirmed.

Furthermore, the performance of Exact Scaling, whmth $ and Sox are scaled at the
same time, is analysed in the angle of repose atmul Figure 4-24 shows they of the
simulations where - Sgox. Increasing the scaling factor, as Eq. (4.20) eatgy makes the
cohesion ternt less of a contributory factor to the shear stiengtmpared to the friction
coefficient, tang). This led to a negative non-linear relationshgiween the geometry scaling
factor andam. Exact Scaling is therefore an inadequate solutioscaling the angle of repose
simulation for cohesive materials when an elas&std adhesive contact model is used. This is
consistent with findings of [94] in DEM modellind a draw-down test. This confirms hypothesis
b, which was described in Section 4.3.3.
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In addition, in the hybrid experimental plan desidnat each level ofgS at least one /S
intersects with a higher level oks&. For example, &= 1 is simulated in boths&equal to 1 and
2.5, corresponding toSsox equal to 1 and 0.4 respectively. According to Fegd23, for =1
at Sox= 1, anom = 90° is captured, while ag& = 2.5 using the same particle size and contact
settingsom is equal to 64°. The difference in the angle pbse is caused due to the differences
in level of normal pressure and average coordinatiomber, that were demonstrated earlier in
this section. For that reason, following a hybrattigle-geometric scaling, first particles are
scaled up from &= 0.4 to 1.2. Second, geometry dimensions aredag from &ox= 1 to 2.5,
by keeping the particle size and contact settimgst@ant for 5= 1. Next, particles are scaled up
from S = 1 to higher scales i.ep$ 3. Given the success of the particle scalingsiuiv is
adequately equal betweer S1 and 3 at &x= 2.5. Additionally, the intersection between
Seox =1 and 2.5 is &= 1. Therefore, up-scaling is done from $0.4 to 3 in this case, by
decoupling the geometry scaling from particle swaliThis is done by using an intersection point
between &= 1 and 2.5, which isgS= 1. Applying a similar rationale, the effect cfagnetry
scaling is decoupled from the particle scalingtfa other levels of &x. Using hybrid particle-
geometric scaling, the ledge angle of repose sitmoulas therefore scaled up by increasing the

particle size 60 times, from a particle radius df thm to 66 mm.

Keeping Sox constant in the Test 2.2 enables the effect otdiesion parametersy and
fo under Coarse Graining to be investigated. To aeatlge results of Test 2.2, in additioruig
the difference in bulk surface profiles is showigure 4-25 illustrates an example of comparing
bulk surfaces between two DEM simulation outputse Teft image shows the reference image,
in which $ = 2 and relative cohesion is set at a low levhe Tight image compares the outcome
of the simulation with 8= 5 and a similar level of relative cohesion witle reference image.
The green area indicates the missing area in ttemdamage compared with the reference image.
Red lines, which represent the bulk surface offggtarticle radius in the simulation witk S 2
(2 Reret=11 mm), are used to evaluate the variation ik buiface. The bulk surface in the coarse

grained simulation therefore matches the refersimelation well.

Figure 4-26 compares the bulk surfaces betweenaiions with low (left) and high (right)
relative cohesion levels. The magenta area indicdatedifference due to the increase in cohesion.
Both the angle of repose and the bulk surface utee@ly increase as the relative cohesion

increases.
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Figure 4-23. Influence of particle and geometric sding on the angle of repose results in Test 2.1
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Figure 4-24. Inadequacy of Exact Scaling in anglef tepose simulation of cohesive materials

Reference simulation

mm Underestimated area

mm Overestimated area

— = 2 RP,ref.

SP=2 SP=5

Figure 4-25. Comparing bulk surface between two paicle scaling factors (low relative cohesion)
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Figure 4-26. Comparing bulk surface between two diérent levels of relative cohesion atf&2

Figure 4-27 shows comparative bulk surfaces at toedium and high levels of relative cohesion.
In general, the mismatch is zero in the upper glapiles, and is only present in the middle and
lower parts of the pile. Overall, at all three Ilsvef relative cohesion, the difference in bulk
surface between coarse grained particles and idation with R= 11 mm ($ = 2) is limited

0 2 Roref= 11 mm.

Reference simulation B Underestimated area
Relative =—— 2 RP ¢ mm Overestimated area
cohesion Jfel.
Low
Medium
High

SP=2 SP=3 SP=4 SP=5 SP=6
Figure 4-27. Angle of repose results in Test 2.2
Figure 4-28 comparasy in Test 2.2. The dashed line shows the avesagt all five levels of
Se. The averagewm with low relative cohesion is equal to°4Awith a standard deviation of less

than P. Increasing the relative cohesion to a mediumllen@eases the average to 53°, and
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an averagewm of 62° is measured at high relative cohesion wigttaamdard deviation of 1°. This

confirms that the Coarse Graining technique isiapple to different levels of relative cohesion.

Angle of repose results in Test 2.3, in which thiéirrg friction C is used, are presented in
Table 4-5. By increasing coefficient of static fioam from 0.3 to 0.9, the average is increased
from 45° to 56°. By increasing coefficient of ralfj friction from 0.4 to 1, and maintaining a
constant coefficient of static friction at 0.7, eageawm is increased from 47° to 54°. In all cases,
by varying particle scaling factor, a standard dgoh of 1° or less is captured fav. This shows
that the particle scaling rules were establishekiction 4.3 are applicable when a rolling friction
model (e.g. model C) is used. Additionally, scdlgbbf particles in the ledge angle of repose
simulation for elasto-plastic cohesive materialsosfirmed independent of values of coefficients
of static and rolling friction.
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Figure 4-28. Angle of repose results in Test 2.2

Table 4-5. Effect of coefficients of static and rdihg friction on the angle of repose for differentparticle
scaling factors, $=2106, at Sox=5

Ms,p-p Hr,p-p oM [o]

0.3 0.8 45+0.6
0.5 0.8 48+1.0
0.7 0.8 53+0.7
0.9 0.8 56+0.6
0.7 0.4 47+0.9
0.7 0.6 50+0.4
0.7 1 54+0.8
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4.4.3. Ring shear test

Figure 4-29 shows the outcome of the test withRIST simulation. For each simulation, two
different shear stress values are plotted. Thdtsesiithe pre-shearing stage. and the shearing
stagershearare plotted in the left and right graphs respetyivtpre andtshea0f 20.5 kPa and 5.3 kPa
respectively are measured fos $ 0.4, the smallest particle size. £20% of the soead shear
stress values foreS= 0.4 is used to evaluate the influence of pataohd geometric scaling. In
other words, a variation of £20%, compared to tleasured shear stress values for the smallest
particle size, is considered acceptable duringrsgalf the ring shear test. As the left graph shows
Tpreincreases by 20% when particle size is scaledamp & = 0.4 to $ = 5 and the geometry of
Seoxis scaled ufrom 1 to 5. Similarly to the pre-shear stage,ghearing stage results show that
TsheariNCreases by 20%, due to the scaling up of pagiahd geometry. In addition, a comparison
of the results of the pre-shear and shearing st&lgmss that during the shearing stage, a relatively
higher variation inc due to upscaling is measured. The measured vafuesafor intersects of
different levels of & (i.e. $ = 1.2 and 1.8) vary considerably when geometre & scaled up.
The hybrid particle-geometric scaling approachdfae enables the upscaling of both particles
and geometry in this test by using the interseattpdhat decouples the effect of particle and

geometric scaling on shear stress .
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Figure 4-29. Ring shear test results: (left) pre-dar stage, (right) shearing stage

4.5.  On Applying Hybrid Particle-Geometric Scaling

Using a hybrid particle-geometric scaling, the @lisg of particles and geometry can be used to

develop large-scale DEM simulations of industriedrqular processes, such as grabs, silo flow
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and transfer chutes, while a minimized computatiting is maintained. To achieve this, steps

shown in Table 4-6 are recommended to follow.

Table 4-6. Necessary steps to apply hybrid particigeometric scaling in combination with DEM

calibration
) 1) M) V)
Laboratory test| Calibrated DEM Simulating Simulating

simulation geometric scaling particle scaling
Sgox 1 1 >1 (e.g. 5) >1 (e.g. 5)
Sp 1 1 1 >1 (e.g. 5)
Response 1 1 Y1 y1' y1
(e.g. bulk stiffness)
Response 2 y2 Y2 y2' y2'
(e.g. angle of repose
Response 3 Y3 VE ys' ys
(e.g. shear strength)

» Step | is to conduct the laboratory tests to charae complex behaviour of cohesive and
elasto-plastic materials for various bulk respondesoted by.

» Step Il is to calibrate the DEM simulation repliogt the laboratory tests at a scale of 1:1,
which is a common calibration procedure.

» Step lll is to vary the geometry scale by maintagnionstant particle size and contact settings.
Values of bulk responses are expected to be affdgteggeometric scaling.

» Step IV is to vary the particle scale and to coragaulk responses with outcome of step Ill.
More scaling steps can be added to reach the desade-off between computational time and
accuracy. Once a scaled up simulation with a redlumamputational time is developed,
validation should be achieved using in-situ expernis [9]. Validation experiments can be
done in quantitative and qualitative ways; somargdas can be found in [8,28,92-94,127—
131].

4.5.1. Implementation for other contact models

The current chapter applies hybrid particle-geommetcaling to the Edinburgh elasto-plastic
adhesive (EEPA) contact model. In general, the ilysraling approach can be used for other
cohesive DEM contact models simulating cohesiveensds. For instance, the Hertz-Mindlin
contact model combined with the Linear Cohesion ehoals formulated in [22], can be used to

model elastic adhesive (cohesive) bulk materialsing) the Linear Cohesion model adds an
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additional normal cohesive force to the Hertz-Mindhodel. The additional normal cohesive
force is calculated according to Eq. (4.22):

fadan = Kaan A (4.22)
wherekadnis the cohesion energy density (JyimndA is the contact area @n The particle scaling
rules can be established similarly to the apprdhahwas used earlier in Section 4.2. Using the
superposition principle, the equivalent force @& thiginal systenfudn,eq Which consists o pairs
of series springs, can be derived using Eq. (4128ng the fact that in series springsyies= SO,
the contact area is scaled By Blaintainingkadh constant during scaling makes the additional

normal cohesive forckgn Scale-invariant.

fadh,eq = s? fn = s? kadh A (4-23)

The concept of th&EPA contact model is similar to the Adhesive ElastasBt contact model
that was earlier developed By Ludingin [23]. The main difference between these twotaon
models is that in_uding’s model, the contact stiffness during unloading aeldading also
depends on the plastic overlép This allows the level of non-linearity of plasticsplacements
during unloading and reloading to be adjusted. Tfference should be taken into account if
Coarse Graining is applied to the contact modetritesd in [23].

4.6. Conclusion

In this chapter, a hybrid particle-geometric saalpproach was developed that allows for scaling
DEM simulations by isolating the effects of varyipgrticle size and geometric dimensions on
bulk properties. Additionally, particle scaling esl were derived by extending the Coarse
Graining technique to incorporate two importanteasp of bulk materials, their elasto-plastic

behaviour and their cohesive forces.

» Three different types of tests were used to conflrat the proposed patrticle scaling rules as
well as hybrid particle-geometric scaling are aggibie to quasi-static and dynamic regimes.

» Uniaxial consolidation test at various vertical toimg pressures, up to 190 kPa: the Coarse
Graining technique is applicable to both the nowedir Elastic and non-linear Elasto-Plastic
modes of the EEPA contact model. This was confirfieedh range of particle sizes, from a
diameter of 2.2 mm until 60 mm.

* Ledge angle of repose that investigates the steaof cohesive materials under gravity force:
first, the hybrid scaling approach was successhyjiiglied to scale up the particle size as well
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the geometry size. In other words, the particle sias scaled up to 60 times by isolating the
effect of particle scaling from geometric scalifgirthermorethe Exact Scaling technique,
where both particle size and geometry are scaled) ke same scaling factor, is inadequate
for the ledge angle of repose test for cohesivasfetplastic) materials. Comparable initial
conditions (e.g. average coordination number) caha@reated using Exact Scaling. Second,
the particle scaling rules have been successfylplied to different levels of cohesion
parametersofandAy. There was a positive correlation between cohearahledge angle of
repose.

» Shear stress values in ring shear test for bothrivsheartwre) and shearingréhea) Stages: the

variations were limited to 20% by applying the hglparticle-geometric scaling.

It was demonstrated that the constant pull-offédsand the surface energy should be scaled
by the factors sand s respectively during particle scaling. Fumihane, in hybrid particle-
geometric scaling, only particle properties (e artiple size, particle interaction parameters) or
geometric properties (e.g. dimensions) are variedtene, which is the main novelty over Exact
Scaling or Coarse Graining. Using a hybrid scalthg, upscaling of particles and geometry can
be used to develop large-scale DEM simulationsobiesive (elasto-plastic) bulk solids with a
minimized computational time. Next chapter will éscon calibrating DEM input parameters
using the EEPA contact model.
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A multi-objective DEM calibration
procedure for cohesive and stress-history

dependent bulk solids

DEM simulations can only predict bulk level respesmisiccurately if their input parameters are
calibrated appropriately. Calibration aims at fimglian optimal combination set of DEM input
parameters that replicates the captured bulk regsoT his chapter presents a reliable and novel
calibration procedure for simulating the bulk respes of Carajas SF that were captured in
Chapter 3.

Multiple challenges are experienced when calibgafEM input parameters for cohesive
materials. Section 5.1 discusses major challerigekiding that DEM calibration may lead to
either an “ambiguous parameter combination” or enptg solution space. In other words, a

calibration procedure might fail to meet definiteseand feasibility criteria. Another major

OThis chapter corresponds to: M.J. Mohajeri, C. Rlee, D.L. Schott, “Replicating cohesive and stres
history dependent behavior of bulk solids: feagipiand definiteness in DEM calibration procedure”.

Accepted in Advanced Powder Technology, 2021.
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challenge in DEM calibration is that the categdrigpe DEM variables (e.g. contact module)
have not yet been considered when optimization austlare used. A multi-step multi-objective
procedure is introduced to address definitenessfeamibility, including both continuous and
categorical DEM variables. In each step, the véggllsolution space is narrowed down to be
further optimized in the next step. The specificNDEalibration targets, simulation setups, and
initial sampling strategy are also introduced irctia 5.2. Section 5.3 presents results of the
multi-step DEM calibration. The adequacy of calibrh input parameters are verified in
Section 5.4. Section 5.5 presents conclusion oadkeguacy of the calibration procedure, in terms
of definiteness, feasibility evaluation, samplieghniques, number of variables and calibration
targets.

5.1. Feasibility and Definiteness in DEM Calibration Pracedure

To simulate, design, and optimize processes anighe@umt for handling bulk solids, such as iron
ore and coal, the discrete element method (DEs) isdequately accurate computational method.
However, DEM simulations can only predict bulk leresponses (e.g. shear strength) accurately
if their input parameters are selected appropyatdlo select the input parameters with

confidence, the common procedure is to calibra2g8[87,88].

Over the past decade, reliable DEM calibration pdores have been developed to model
free-flowing bulk solids, such as iron ore pel[®is glass beads [12], sinter ore [13], sand [1}},15
and gravel [16,17]. By setting multiple targets flioe DEM calibration, more than a single bulk
response can be considered. This prevents the amibs parameter combinations” problem in
the DEM calibration procedure, which is discussediétail in [17]. For example, to calibrate
DEM input variables for simulating iron pelletsiimeraction with ship unloader grabs, Lommen
et al. [9] considered at least three differenthralion targets. They replicated the static anfjle o
repose using the ledge and free-cone methodsgthetiation resistance of iron pellets was also
replicated, using a wedge penetration test setup.

In general, DEM calibration is performed followitge generic procedure shown in
Figure 5-1 To find an optimal combination of DEMpirt parameters that satisfies multiple
calibration targets, optimization methods can adfeplution. Various optimization methods have
already been applied to calibrate tlmentinuoustype of DEM variables successfully
[12,13,16,132]. Continuous DEM variables are nunamariables that have an infinite number

of values between any two values [133]. For examible coefficient of static friction is an
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important continuous DEM variable during calibratifi1]. Richter et al. [16] concluded that
surrogate modeling-based optimization methods arst promising for DEM calibration when

continuous variables are included.

Categorical-type DEM variables have not yet beetugted in the calibration procedure
when optimization methods are used. Categoricabbbes are finite numbers of groups or
categories that might not have a logical order [1B8r example, shape of particles is a DEM
categorical variable that plays an important ralerdy calibration [134]. One can use design of
experiments (DoE) methods to include categoricabibes in the DEM calibration procedure.
However, a high number of simulations might havé¢orun with no guarantee of finding an
optimal set of DEM input parameters [16]. Addititipairon ore fines and other similar bulk
solids (e.g. coal) have an irregular distributidmparticle shape [20] as well as fine particle size
[30]. Modeling accurate particle shapes and sipesdhesive bulk solids in DEM simulations
thus leads to a computation time that is genemapractical for studying industrial bulk handling

processes, such as flow in silo [30].

Categorical input Continuous input
variables variables
Examples: Examples:

» Contact module ) Coe.fflc[en.t of
static friction

+ Particle shape « Shear modulus

A \ 4

Simulate bulk responses, Y’, for various sets of input
variables

|
[Y’]
v

Calibration targets, Y,
e.g. generated using
laboratory tests

Find comparable
Y and Y’

\ 4
Calibrated set of DEM
input parameters

Figure 5-1. Main components of a generic DEM calitation procedure.

Furthermore, selecting an appropriate contact mfsded the available options is an important

challenge in the DEM calibration. Applying optimiicm methods without choosing a proper
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contact model might, for example, lead to an engatjution space or inadequacy in meeting
macroscopic bulk behaviors other than the selectditbration targets [13]. A contact model
generally includes multiple modules to calculatecés and torques between elements (e.g.
particles). Figure 5-2 schematically illustrates@ntact spring-damper system between two
particles,a andb. Here, three main modules are identified: contaicte in the normal direction

is denoted by, while frandtr represent force in the tangential direction artdtronal torque
respectively. Contact modules can be selected aradgmtly of each other. For instance, a rolling
friction module can be implemented in various waysgetermine rotational torque between two
particles [9,85,119]. Therefore, each module of tomtact model can be considered as a

categorical variable in DEM calibration.

By contrast with free-flowing materials, cohesiwgkbsolids such as moist iron ore fines
usually show a stress-history-dependent and cahvdgkiavior [108]. Their bulk responses, such
as shear strength, bulk density, and penetratgistaance, depend on the history of applied normal
pressure on the bulk specimen [22,48,108]. As shiawie previous chapter, this stress-history-
dependent and cohesive behavior can be simulatedibyg contact models based on an elasto-
plastic adhesive spring. Orefice and Khinast [2§dia multi-stage sequential DEM calibration
procedure to model cohesive bulk solids using aalinelasto-plastic adhesive model; the
calibration was done by replicating a specific bied&ponse at each stage, starting with the angle
of repose (measured using the funnel test) asrgtectlibration target. Three continuous DEM
variables were included during the calibration;estibDEM input parameters, continuous and
categorical, needed to be kept constant during ttelibration procedure. The multi-stage

sequential calibration procedure might fail to méetfollowing criteria.

» Feasibility. Replicating all the selected bulk resges can be infeasible using chosen values
for the input parameters that are constant dutirgcialibration, such as a specific contact
module. Therefore, considering the necessity oluging multiple calibration targets, the
calibration procedure can lead to an empty soluspace for one or more than one of the
calibration targets.

» Definiteness (or avoiding ambiguous parameter coathins [17]). To meet this criterion, a
bulk response independent of the calibration targetds to be simulated successfully using
the calibrated set of DEM input parameters. Addgidy, properly selecting all modules of the
DEM contact model is a prerequisite. Otherwise,dhkbrated set of input parameters might

fail to capture a bulk response different thangilected calibration targets.
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Particle a

I

Particle b

\

Symbols

% @ Spring
A ©  Damper
\_ J

Figure 5-2. A contact spring-damper system betweemwo particles, including normal, tangential, and

rotational directions.

For example, the “definiteness” criterion has béecused on in the automated calibration
procedure developed by [29], which is based onretie algorithm to replicate stress-history-
dependent and cohesive behavior of bulk solidhiénring shear test. By introducing cohesive
forces as well as elasto-plastic stiffness intoDE# calibration procedure, the number of DEM
input variables and the number of required bullpoaeses increase [23,25-27]. For that reason,
the abovementioned criteria become important iretbging a reliable calibration procedure to
simulate cohesive and stress-history-dependentvimehaf bulk solids. As yet, however, no
literature has addressed how to ensure that bitériar feasibility and definiteness, are metin a
DEM calibration procedure considering both contisi@nd categorical DEM input variables.
Additionally, calibrating DEM input parameters tillsa challenge when a high number (i.e. >2)
of variables in combination with a high number afkoresponses (i.e. >2) is involved. Therefore,
a reliable DEM calibration procedure is needed aptare the cohesive and stress-history-

dependent behavior of bulk solids.
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5.2. DEM Calibration Procedure

5.2.1. A Multi-Step Optimization Framework
In general, a calibration procedure aims at idgimif an optimal combination of DEM input

parametersX* = xj, ..., xys, that leads to simulated bulk respond€s= y;, ...,y,’\,y, adequately

similar to responses captured in physical laboyatorin-situ testsy =y, , ..., yy, [11]. Nsis

the number of DEM input parameters awgthe number of calibration targets. Bulk responses
such as bulk density and shear strength thus ndszldetermined first, using appropriate physical
tests. This allows for setting calibration targatsl for quantifying the difference in bulk respanse
between simulated and physically determined valliesnsure that feasibility and definiteness
criteria are satisfied for multiple calibration dgats, a multi-step DEM calibration procedure
considering categorical input parameters is progpasd-igure 5-3. The following four steps are
included: (I) feasibility; (Il) screening of DEM viables; (Ill) surrogate modeling-based

optimization; and (1V) verification.

To apply surrogate modeling-based optimization pdw@ameter space needs to be searched
effectively to be able to approximale. Accordingly, F(X) maps relationships between new
calibration targetsy =i, ..., Wy, and (significant) DEM variables. Although thelffdctorial
design can be used to create multi-variate sampléghe possible combinations between
significant DEM variables must be included. Thiads to a high number of simulations needing
to be done. Fractional factorial designs, suchagihi [135], Placket-Burmann [136], and Box
Behnken [137] designs, can be used to generatd-vauilate samples required for surrogate
modeling without the need to create all the possioimbinations of variables. For example, if a
full factorial design is used for 4 input variableaving 3 levels each, that leads tb=381
combinations to run. Using the Taguchi (orthogona¢thod, a fractional factorial design can be

created by running only 9 or 27 possible combimegio

The accuracy of the surrogate model is evaluatiedyuilse coefficient of determinatioR?.
This coefficientquantifies the surrogate model accuracy in reptesgrvariability of values
obtained from DEM simulations. To ensure that tineagate model converges to a verifiakle
a minimumR? value of 0.75 is considered to be met for all qalilon targets. Otherwise, more

samples are used to train the surrogate model.

Next, the response optimizer searches for an optiambination of input variable¥;, that
jointly meets a set of calibration targe¥s, To find X" using the surrogate model, the response

optimizer toolbox available in Minitab [138] is ubk& the current investigation.
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Searching for a feasible solution space that oseltected
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( Verified X" )

Figure 5-3. Main steps of the DEM calibration procdure considering feasibility and definiteness

criteria.
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The mean of absolute relative differences is usagiaintify error in the verification step.yifand
y' represent measured bulk responses in the experiamenthe simulation, respectively, then
|e|meanis determined according to Eq. (5.1) for a nunddfebulk responsed\e. In the current

study, anejmean< 10% is considered an acceptable outcome duririficagion.

Ne
le|mean = Z 100
k=1

Therefore, in each step of the calibration procedbe variables space is narrowed down to be

(5.1)

Ve = V'
Yk

further optimized in the next step. In the fin@sta verified parameter set is found by checking

|€|mean

5.2.2. DEM Calibration Targets: Y
In this chapter, DEM calibration targets are sevatues reported in Chapter 3. Bulk property

variability of cohesive iron ores has been charasd using the following laboratory tests:

A) Schulze ring shear test;

B) ledge angle of repose; and,

C) consolidation-penetration test.

Additionally, three influencing parameters relatedbulk properties were varied in the laboratory
tests: (1) iron ore sample; (2) moisture conteahaded byMC; and (3) vertical consolidation
pressure, denoted lpy The results obtained in the laboratory testedistbove (A, B, and C) are
used in the current chapter to set DEM calibratéygets. During the calibration procedure, two
out of three influencing parametelC ando, are considered as sources of possible bulk pyoper
variability. Below characteristics of the selectadk solid sample as well the measured bulk
responses are described briefly.

5.2.3. Bulk solid sample

The bulk solid sample is a sinter feed type of ioo& from the Carajas mines, one of the largest
iron ore resources on earth [62]. The average tyenisihe particles is 4500 kgfwvith a standard
deviation of 125 kg/h The median particle sizéso, is equal to 0.88 mm [64]. The dry-based
moisture content was determined according to thinaaedescribed in [65], in which the sample
is dried using a ventilated oven. This resulteM® = 8.7%. An overview of measured properties

of the sample is presented in Table 5-1.
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Table 5-1. Overview of measured properties of theobesive iron ore sample (based on measurements of

Chapter 3).
Property Symbol Unit Average value
Dry-based moisture conten MC % 8.7
Particle density Pp kg/m? 4500
Median particle diameter 56l mm 0.88

5.2.4. Measured bulk responses

Table 5-2 displays physically measured bulk respsred the sample using the ring shear and
ledge angle of repose tests whgr < 20 kPa andiuc = +2%. Pre-consolidation or pre-shear
stress,opre, IS @ Normal confining pressure that is appliedaity. In the ring shear test, for
example, a normal confining pressure of 20 kPajpied initially during the pre-shear stage, and
next a normal confining pressure of 2 kPada) is applied. Figure 5-4 shows the results of shear
stress measurements in the ring shear test, imgutie pre-shear stage and one shearing stage.
In generaloshear is smaller tharpre, Which allows us to investigate a stress-hista@pahdent
bulk response, such as shear strength in the ¢abear tests. The ledge angle of repose test has
been conducted under no pre-consolidation strdsshwepresents the free-surface flow of bulk
solids under gravity force. Maximum and minimumues of physically measured bulk responses
are shown undefiyc, up to 2%, compared to its as-received condition.cBnsidering the
maximum and minimum measured values of bulk resgggmrextreme values can be included in
the feasibility evaluation step of the DEM calilioatprocedure. In other words, the feasibility is

evaluated for a range of bulk response values.

The wall friction was also determined in ChaptefBe test was done withag:e equal to
20 kPaand then the wall friction was measured for eigffecent levels ofoshear between 2 and
17 kPa. The wall friction measurements resultealwall yield locus with an average wall friction

angle of 19° and a negligible adhesion strength bkPa.

Table 5-3 displays measured bulk responses of #meple using the consolidation-
penetration test whete> 65 kPa andmc = 0%. To consider the stress-history dependemnay, t
levels ofapre are included in the calibration procedure, eqad3 and 300 kPa, respectively. As
the first bulk response parameter, accumulativeefpation resistance [J] on the wedge-shaped
penetration tool is determined by integrating tbaction force over penetration depth [8]. The
secondary measured bulk response in the test mitk@ensity after removingpre. For example,

after removingopre Of 300 kPa, the bulk density was measured acogrtbnthe procedure
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described in [21], which for this sample was equaP807 kg/mi on average for three test

iterations.
Table 5-2. Physically measured bulk responses withiuc up to #2% when opre < 20 kPa (based on

measurements of Chapter 3).
Minimum |Maximum

Symbol | Unit

Test Bulk response
Value value
Shear strength in pre-shear stage Q0 kPa)| Tpre=20 kPa 16.5 194
kPa 4.2 5.6

Shear strength in shearing stage=(2 kPa) 12:20

Ring shear
Bulk density in the loose condition Pb.0 kg/m? 1803 1840
Bulk density after pre-shear of 20 kPa | pp.20 kg/m? 2400 2580
Ledge angle
Angle of reposedpre= 0 kPa) oM ° 63 84
of repose
A
Tore
&
o
— &
© S
Q &
~3 &
N
(&
__ lshear
0 >
t[s]

Figure 5-4. Schematic shear stress measurementsring shear test, including pre-shear and shearing
stages.

Table 5-3. Physically measured bulk responses whepe> 65 kPa pased on measurements of Chapter)3

| Average |Standard
Test Bulk response Symbol | Unit o
Value deviation
Accumulative penetration resistance a
Wso,65 J 108 7
80 mm depth whesye= 65 kPa
Consolidation| Accumulative penetration resistance a
) W?+0,300 J 121 5
-penetration 70 mm depth whesipre= 300 kPa
Bulk density after applyingpre= 65 kPa | poes | kg/m? 2668 65
Bulk density after applyingpre= 300 kPa | ppsoo | kg/m? 2807 14
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Therefore, bulk property variability of the cohesivon ore sample has been determined under
variation of confining pressure as well as moisttoatent. This provides a comprehensive set of

measurement data to be used in the DEM calibratiocedure (illustrated in Figure 5-3).

5.2.5. Initial Sampling Strategy for Step | (Feasibilitysing LHD

The initial sampling aims at evaluating the fedsibiof capturing calibration targets using
selected DEM input constants and variables. Thigwal for selecting a suitable solution,
including levels of categorical variables and cant&t. Two simulation setups, ring shear and
ledge angle of repose tests, are used in stepdibidity. This means that the shear flow in two
different test setups is simulated #gfe of up to 20 kPa. Three different bulk responsgsszo,
T2:20, andam (angle of repose), are analyzed using DEM simutatifor various combinations of

input parameters.

During a calibration procedure, DEM input paramet¥r= x, , ..., xys, are divided into
two groups: input variables and constants. Levpuirvariables are varied in a range to meet
calibration targets. Levels of DEM input constaate chosen based on available literature, if
applicable; otherwise, their level is selected Hase rational assumptions, as recommended by
[25], or by the direct measurement method, as dsadiin [11]. For example, modeling the actual
shape and size distribution of a cohesive ironsample leads to a computational time that is
impractical [139,140]. Thus, a simplified represgiun of particle shape and size can be used to
develop a DEM simulation of cohesive iron ore. Tiaishnique has been applied successfully by
[22,29,96] to model bulk solids that have fine jmdes with irregular shape distribution.

Nevertheless, the rotational torque between pasginkeds to be considered; according to
[105], two options are possible: (a) introducingeatain level of non-sphericity in particle shape;
and/or (b) suppressing the rotational freedom diges. In this chapter, option (b) is applied, as
— compared to using multi-spherical particles -daes not have a negative influence on the
computational time. The rotational freedom of pdes can be suppressed artificially by either
introducing a rolling friction module [85] or regtting the rotation of the particles [9,29,117].
Both techniques are included as a categorical biarie step |, feasibility. The rolling friction
module is implemented according to [119]. This iempéntation was classified as “rolling model
C” by [85], so the rolling friction module aRC in this chapter. The rotation of particles is
restricted by applying a counterbalance torquearheime-step necessary to prevent rotational
movement. This leads to an increase in the pasticésistance to rotational torque. Restricting

the rotation of particles has been used succegsfallresemble realistic material behavior
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[8,9,105,118]. Additionally, the number of inputriables is reduced because, when using the
restricted rotationRR) technique, rolling friction coefficient does nglty a role in rotational

torque.

DEM input variables for RC option

Table 5-4 displays DEM input variables when R€ option, rolling friction module C, is used.
Based on the available literature, the coefficiehstatic friction between particlegspp IS
probably the most influential parameter on thermaéshear strength of bulk solids [7,28,51-62].
Coefficient of rolling friction is also usually ceidered as an influential variable on shear flow
[11]. To calibrate the shear flow of cohesive bsiids, [121] found that a range of 0.2 to 1.0 is
reasonable for coefficients of static friction amdling friction when rolling model C is used.
Particle shear modulus determines the stiffnesseo€ontact spring. Therefor®, particle shear
modulus, is included as a continuous DEM variabl#he current investigation. A range between
2.5 to 10 MPa is used f@, which covers values used by other researcherglngdcohesive

bulk solids using the same elasto-plastic contaxdeh[22,29].

Constant pull-off forcefg) and surface energyy) are included in the calibration to control
the magnitude of adhesive forces in the contacgb is varied between -0.0005 and -0.005 N,
and4y between 5 and 50 JnThese ranges are expected to be sufficient to mptuealistic

shear flow based on the DEM calibration done ir].[29

Table 5-4. DEM input variables to model interactionbetween particles wherkRC option is used.

Input variable Symbol Unit Range
Coefficient of static friction Us,p-p - [0.21.0]
Coefficient of rolling friction Lr,p-p - [0.21.0]
Particle shear modulus G MPa [2.510]
Constant pull-off force of N [0.55] e-3
Surface energy Ay Jin? [5 50]
Contact plasticity ratio Ap - [0.050.9]

DEM input variables for RR option

Table 5-5 displays DEM input variables when BRI option, rotation restricted, is used. First,
based on our simulation results reported in [298, tanges of coefficient of static friction and
surface energy are changed, compared to the valuEsble 5-4. By restricting the rotation of
particles, their mobility decreases and so lowstrigive forces (e.g. cohesive and friction) can

be used during the calibration procedure, comptrede case when tHeC option is used. The
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coefficient of static friction is varied betweer2@nd 0.4, while the surface energy variation is
between 2.5 and 25 JnSecond, ranges of other input variables are airtdl the case when the

RC option is used.

Table 5-5. DEM input variables to model interactionbetween particles wherkR option is used.

Input variable Symbol Unit Range
Coefficient of static friction Us,p-p - [0.2 0.4]
Particle shear modulus G MPaj [2.5 10]
Constant pull-off force of N [0.55] e-3
Surface energy Ay Jin? [2.5 25]
Contact plasticity ratio Ap - [0.050.9]

DEM input constants

Table 5-6 presents other DEM input parametersatekept constant during initial sampling for
step I, feasibility. Particle density is set to @83@/n¥, similar to the measured value (Table 5-1).
As discussed earlier, the representation of pedicthape and size is simplified. Spherical
particles are used and the mean particle diamataevs set to 4 mm including a normal particle
size distribution with a standard deviation of driaddition to a reasonable computation time
when spherical particles are used, the coarseiggaprinciples for the elasto-plastic adhesive
contact model [140] can be applied during the catibn procedure to further minimize the
computation time. For example, the ledge angleepbse simulations are done using coarse
grained particles with a scaling factor & = 2.25, as per [140]. Constant pull-off force and
surface energy are scaled with factor§gfandS to maintain comparable bulk responses with

the unscaled simulation. For further details otipke scaling rules, please refer to [140].

The tangential stiffness multipliek;mut, is recommended as 2/3 [148] for non-linear
elastic contact springs. According to [149], to mtain simultaneous harmonic oscillatory
positions between normal and tangential elastinggr a value of 2/7 is recommended. However,
no recommendation was found in literature to sédggit. when a non-linear elasto-plastic normal
spring is used. For that reason, a rangk «fi. bounded to 0.2 to 1 was used in the ledge angle
of repose simulation. Within this range, no sigrafit influence on the simulation stability and

simulated bulk responses were found, and therdfaig.is set to 0.4.

As suggested by [29], if a negligible adhesionrgite is measured in the wall friction test,
the Hertz-Mindlin (no-slip) contact model [150] cae used to describe interaction between

particles and geometryis p-w the sliding friction coefficient between partisiand wall geometry,
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is therefore determined directly by Eq. (5.2), whiesults inpsp.w = 0.37 for the measured
average angle of the wall yield locgs of 19°. The rolling friction coefficient betweemipicles

and wall geometry has a negligible influence onuated shear stress [90], and therefagew is

set to 0.5.
Hsp-w = tan(ey) (5.2)
Table 5-6. DEM input constants.
Particle and geometry input parameter Symbol Unit \alue
Poisson'’s ratio v - 0.25
Particle density Pp kg/m? 4500
Mean patrticle diameter at the reference particiesc
dp mm 4
(&=1)
Particle shape Yy - single sphere
Coefficient of restitution, particle-particle rfo - 0.01
Normal and tangential contact modules, particldigar fn,p-pand frpp - EEPA
Slope exponent n - 15
Tensile exponent Xp-p - 15
Tangential stiffness multiplier t Kuit. - 0.4
Normal and tangential contact modules, particld-wal pwand . - Hertz-Mi.ndIin
w (no-slip)

Sliding friction coefficient, particle-wall db-w - 0.37
Coefficient of restitution, particle-wall fGw - 0.01
Time step At S 1.2e-5

Initial samples

Using design of experiments (DoE) techniques, patamspaces including their levels and
possible combinationscan be searched effectively using a minimum nurabsampling points.
A Latin hypercube design (LHD) is constructed irclswa way that each of the parameters is
divided intop equal levels, whengis the number of samples. Based ondheriterion [151], the
location of levels for each parameter is randosilpultaneously, and evenly distributed over the
parameter spaces, maintaining a maximized distagivecen each point. The LHD is constructed
according to the algorithm developed in [152], whigatisfies thedp criterion for up to 6

parameters. This allows for including up to 6 DEMut parameters in a feasibility evaluation.

Figure 5-5 displays levels of the 5 continuous DiEpUt variables at/s= 1 when the RR

option, restricted rotation, is used. Forty differeamples are created using the LHD to simulate
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ring shear and ledge angle of repose tests. Slypilasing the LHD, 40 different samples are
created for the 6 continuous DEM input variabless@d on Table 5-5) abS 1 when the RC

option, rolling friction module C, is used.
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Figure 5-5. Forty different samples for RR option & Se = 1, are created using Latin hypercube design

for 5 variables.

In total, 160 simulations are run during step &sieility, which cover 2 categorical variables and

6 continuous variables.

5.3. Results

In this section, first the simulation results oé timitial samples (step |) are presented. Then, a

feasible solution is chosen to continue the cafibnaprocedure when executing its next steps.
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Additionally, new samples are created at the begqof each new step to meet its specific

objective.

5.3.1. Step |: feasibility
Figure 5-6 displays the simulation results of tBeiritial samples when thRC option, rolling

friction module C, is used. Three different bulkgenses are quantified:

» shear stress in the pre-shear stageoo;
» shear stress in the shearing stagg,, and,

» average angle of repose in the ledge tast,

Thus, Ny = 3 in step |, feasibility evaluation. Simulatioaesults are also compared with the
maximum and minimum values that were measured enldhoratory environment (shown in

Table 5-2). For examplesxp. ma@ndzexp.minare shown using blue and red dashed lines resphcti
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Figure 5-6. Shear strength and angle of repose vaa captured in 40 samples when RC option is used:

a) tpre=20; b) 72:20; €) ledge angle of reposeans).

Using theRC option, a range afre=20bounded to 6.2 and 12.3 kPa is captured. This shioais
the 40 samples created using LHD could v@rt20by around 100%. The maximum simulated

tpre=20,12.3 kPa, is around 25% lower thagpmin This means that simulating a comparapie2o
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is probably infeasible using tHeC option. To confirm whether this conclusion is lied to the
selected ranges of the 6 DEM input variables, @aftht simulations using extreme values of
DEM input variables are conducted. Extreme valuesselected outside the selected ranges
shown in Table 5-4. For example, using sample 3@ichvproducedmpre=20 = 12.3 kPa, an
additional sample is created by increasing parsblear modulusz, to 100 MPa. This leads to
only a marginal increase in simulatgg-20. Even though the angle of repoag, is simulated in

a range of 43° to 90°, simulating comparable bekponses is infeasible in the ring shear test.

Therefore, according to Figure 5-6 an empty sotusipace is reached when R€ option is used.

Figure 5-7 displays the simulation results of tBeiritial samples when th@R option,
rotation restricted, is used. The same list of bielponses as in Figure 5-6 analyzed here, and

therefore the feasibility is evaluated fdy = 3.
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Figure 5-7. Shear strength and angle of repose vads captured in 40 samples wheRR option is used:

a) tpre=20; b) 12:20; €) ledge angle of reposenfy).

First, a range ofpre=20bounded to 13.9 and 26.6 kPa is simulated; thigmolothrexp.maxand
Texp.min S€CONd, a range @f20 bounded to 2.5 to 6.5 kPa is simulated. This razwers both
Texp.max@nd Texp.min Third, a range otw bounded to 60° and 90° is simulated; this covees th

maximum and minimum values measured in the labgragavironment. Thus, according to
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Figure 5-7, a non-empty solution space is reachkdnwheRR option is used. However, no
sample satisfies all three calibration targetstjpifror example, sample 39 seems to be an optimal
parameter set, however the simulated bulk resparm®@pared t@expmax(pre=20)Texp,max@:202Nd
aexpmaxnave errors, |e|, of 1.13%, 22.53% and 5.88% ré&spic By establishing mathematical
relationships between input variables and eaclbredion target, such errors can be minimized.

Therefore, th&RRoption is used in the next steps as a feasibldisalto be optimized further.

5.3.2. Step II: significant DEM variables
A one-variable-at-a-time (OVAT) technique is usedreate samples that allows for investigating
the direct effect of each DEM variabbg, on simulated bulk responses by running a limited

number of simulations.

Table 5-7 displays the samples created for this, steluding 6 DEM input variables at
the reference particle scal& (= 1), when the RR option is used. This result6@rsamples in
total, to be simulated in the ring shear and ledggle of repose tests. When one variable is
changed, the others are maintained at the displafetence values. Reference values are based
on one of the samples that was used in step Idditian to 5 DEM input variables that were
included in step I, the tangential stiffness muikip ki mur, is also varied in this step. This allows
for checking whethékmur. has any significant influence on the selected begponses. A similar
list of bulk responses includingre=20, 72:20, andam is analyzed in step Il. Furthermore, larger
ranges for the DEM input variables, compared topfevious step, are used to create samples.
This allows for running a comprehensive sensitiahalysis showing relationships between the

DEM input variables and the selected bulk respanses

Table 5-7. Sampling for step Il, finding significart DEM variables.

Variable Unit Reference Low Step High
value

Hs,p-p - 0.3 0.1 increase by 0.1 1.0
G MPa 75 1 multiply by 2 1024
Ap - 0.2 0 increase by 0.1 0.99

-fo N le-3 0 increase by 0.5e | 5e-3
Ay Jin? 5 0 increase by 2.5 and |5 25
Kt,mut. - 0.4 0.2 increase by 0.2 1.0

Figure 5-8 displays isolated effects of the 6 DEMUut variables ag = 2.25 on the simulated
angle of repose. Since the ledge test box is paddrin a rectangular containesiy would be

always equal or smaller than 90°. By varying caéfit of static friction, the maximum possible
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angle of reposeam = 90°, being reached when ., > 0.6. As expected based on the Mohr-
Coulomb theory, there is a positive strong corietabetweerusppandam, as shown in Figure
5-8a. A higher particle-particle friction resultsa higher shear strength when normal pressure
and cohesion strength are constant. By contrase ik a negative correlation betwé&eandom,

as can be seen in Figure 5-8b. By increadifgom 1 to 128 MPagw decreases by around 20°.
By increasingG, a lower contact overlap, is created. This is expected to result in loveecds

in the adhesive branch of the contact spring (pirtncreasingG to higher values has negligible
influence onam. The ledge angle of repose simulations usipgqual to 0 and 0.99 result in
unstable simulations, in which the stable situatesdiscussed in Section 2.4) is not reached. As
shown in Figure 5-8c, by increasingfrom 0.1 to 0.5am decreases by around 20°, and further
increasinglp has a negligible influence ami. Constant pull-off force and tangential stiffness
multiplier are found to have negligible effects ew in the investigated range, as shown in
Figure 5-8d and Figure 5-8f, respectively. Thera &rong positive correlation betweg¢nand

amv, showing a non-linear trend near the extreme wa(&&@ure 5-8e). According to the Mohr-

Coulomb theory, a higher cohesion strength regulésshigher shear strength.
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Figure 5-8. Isolated effects of 6 DEM input varialgs atSe = 2.25 on the average angle of repose: a)
coefficient of static friction; b) particle shear nodulus; c¢) contact plasticity ratio; d) constant pui-off

force; e) surface energy; f) tangential stiffness aitiplier.

Coefficient of static friction, particle shear mdas; surface energy, and plasticity ratio are
significant DEM variables influencing the anglerepose.

Figure 5-9 displays the results of the OVAT-basstsgivity analysis for simulategre=2o.
According to the Mohr-Coulomb theory, the higheglenof internal friction of bulk material
results in a higher shear strength when normalspresand cohesion strength are constant. A
linear trend seems to exist between these two peasn The other 5 DEM input variables,
compared tqus pp have a weaker influence ege=20. Particle shear modulus and surface energy

have positive correlation values withe=20. The surface energy contributes in the cohesion

strength of bulk material, thus contributing in 8fear strength too.

134



Chapter 5

Figure 5-10 displays the results of the OVAT-baseakitivity analysis for simulategl .
Coefficient of static friction has a strong posgtigorrelation withe2:20, Similar to its correlation
with zpre=20. The surface energy plays a more important rotei) compared tépre=20. Increasing
surface energyfy, from 0 to 25 J/rhcauses an increase of more than 200%: According to
the Mohr-Coulomb theory, at relatively low vertigakssure values, the cohesion strengthas
a higher contribution to the shear strength, coeghsr shear flow at high vertical pressure values.
As expected, based on the results of the ledgepafse simulation€; has a negative correlation
with 72:20. This is probably due a lower normal overlap adanh the contact spring by increasing

the value ofG. Contact plasticity ratiolp, also has some level of influence @no, but not in a

predictive manner

40 & 5 40 b 40 =
.
35 ’ 35 35
30 W _ 30} _ 30}
o o o
x 25 'f x 257 x 257
o ¢ o . 0
=20 > 20 ¢ . LT2071 - . _®
’ gott®t Asaih aad
15 4 15 15} 3‘
101§ 10} | 104 | '1‘
0 05 1 0 2 4 0 0.5 1
. log (G [MPa]) s
40 d 40 _s 40 f
35 35 35 ¢
30 _ 30¢ _ 307
Q o Q
x 25 =, 257 =, 257
o o e O
20 o +520¢ e *T 820
“k._,.".‘.-.f". “_.f."'.’ PSS S ¢
15 15} 151
10 10 | 10 |
012345 0 5 10 1520 25 0 0.5 1
* -3 2
f,5(-107) [N] Ay [Jim?] Ky mut.

Figure 5-9. Isolated effects of 6 DEM input variabds on the shear stress in the pre-shear stagg -20):

a) coefficient of static friction; b) particle shea modulus; ¢) contact plasticity ratio; d) constantpull-off

force; e) surface energy; f) tangential stiffness aitiplier.
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In conclusion, only one input variablemur, has a negligible influence on the investigatel bu
responses. Therefore, all the other 5 input vagghbte included in the surrogate modeling-based

optimization in the next step.
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Figure 5-10. Isolated effects of 6 DEM input variales on the shear stress in the shearing stage.{): a)
coefficient of static friction; b) particle shear nodulus; c) contact plasticity ratio; d) constant pui-off

force; e) surface energy; f) tangential stiffness aitiplier.

5.3.3. Step lll: surrogate modeling-based optimization
In this step, first the Taguchi method is usedreate multi-variate samples to include variations

of 5 significant DEM input variables when tRR option is used. Second, relationships between
each calibration target and the DEM input variallesmapped to creaf€X). This is done using

the multiple linear regression technique. As disedsin Section5.1, to consider the definiteness
criterion, calibration targets are modified by extthg the ledge angle of repose test and by

including Weo,esandW+o 300 measured in the consolidation-penetration tess frteans that four
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calibration targets are included in step Ill, amereforeMy = 4. Additionally, the maximum values
of shear strength (shown in Table 5-2) are usezhhisration targets in the simulation of a ring
shear test. Third, an optimal set of DEM input paeters is found; these jointly satisfy the four

selected calibration targets.

Table 5-8 presents the levels of the 5 signifi@EM input variables & = 1 that are used
to create multi-variate samples. Given the adequeatellated bulk responses in step |, the
coefficient of static friction is bounded to 0.2dab 4. For the same reason, level&adre set to
2.5, 5, and 7.5 MPa. Three levels are selecte@ torcapture any possible non-linear relationship
betweenG and the DEM calibration targets. is bounded to 0.2 and 0.6. This range is expected
to be enough to capture a wide range of plastinithe contact spring. Two other parametérs,
and4y, which control cohesive forces in part Il of tbentact spring, are confounded. In other
words, their levels are varied simultaneously inay that allows us to minimize the number of
samples. Thus, 4 coded variables are used in thachadesign to create samples. In total, 18

samples are created using the Taguchi method.

As investigated in [9], the reaction force on thedge-shaped penetration tool is affected
by the particle scaling factor. For that reasore tlonsolidation-penetration simulation is
calibrated only for level of particle siz&(= 2.25), which is similar to the particle size dise

the ledge angle of repose simulations.

Table 5-8. Levels of DEM input variables atSr = 1 in step lll: surrogate modeling-based optimizéon.

Coded | Variable name Level
variable (uncoded) 1 2 3
1 Ms.p-p[-] 0.2 0.4 -
2 G [MPa] 25 5.0 7.5
3 Ap[] 0.2 0.4 0.6
4 -fo [N] 0.5e-3 | 2.5e-3| 5.0e-3
Ay [3Im2] 4 8 12

Next, the matrix of simulated bulk responggs] , including 4 different bulk responses for 18
samples, is created. This matrix is used to magtiogiships between DEM variables, and
simulated bulk response¥,. Details ofF(X) are presented in Table 5-9, including coefficianits
the DEM variables in linear regressions fitted mnudated bulk response¥,. Cte.stands for the
constant term in the regression model. Remarkaflgll the fitted linear regression models the
coefficient of static friction has the highest lewad significance. Values of coefficient of

determinationR?, are also presented; in all the regression mottedsge are higher than 0.75.

137



A multi-objective DEM calibration procedure for @sive and stress-history dependent bulk solids

Table 5-9.F(X) whenieMy; mapped relationships between DEM variables and siulated bulk

responses.
v Coefficients in fitted linear regressions
Symbol | Unit - G Py A R?
Bulk response Y Cte. Hop P !

] [MPa] | [ | [I/n7]

Accumulative penetration

) Woao 65 ]
resistance at 80 mm depth J -86.7 435 6 22 3 0.77
WhenGpre: 65 kPa.
Accumulative penetration
. W+0,300
resistance at 70 mm depth J -111 550 1 113 4 0.80

whencpre= 300 kPa

Shear strength in shearing 12:20
stage ¢ = 2 kPa)
Shear strength in pre-shegr tpre=20
stage ¢ = 20 kPa)

kPa 259 6797 -5 -415 143 0.89

kPa 3382 41455 171 -38% 175 0.97

Therefore, the multiple linear regression moddbisnd to be adequate for us to continue with
response optimization. If insufficient values Rf are reached in this step of the calibration
procedure, either a higher number of training sas@r more advanced surrogate modeling

techniques can be used.

Figure 5-11 presents an optimal set of DEM inpuialdes that jointly satisfies four
different calibration targets in step Il with ansposite desirabilitydcomposite €qual to 0.61.
Composite desirabilitydcomposite represents the geometric mean of individual degity values,

d, as shown in Eq. (5.3) and Eq. (5.4), respectively

M,
dcomposite = (1_[ di)l/n JLE My (5.3)
i=M,
f(X) - yT’niTL ’

’ » Ymi < f(X’) < y
d=1 Y~ Ymn T (5.4)
YY’nax - f(X) , '
- y< f(X) < Ymax

Ymax
where f(X) is the predicated bulk response using the linegnession, ang is the target bulk
response that is measured physically,, andy.. respectively represent the lowest and highest
simulated values of a specific bulk response amalhgsamples in step Ill. Each row in
Figure 5-11, except the top one, represents afgpsithulated bulk response with its maximum

possibled value obtained by finding an optimal set of DENumhvariables. For example, the last
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row represents the response optimization for séie@angth in the pre-shear stagg-=20. For this

bulk response, the physically measured valuis equal to 19.4 kPa.

Using the mapped relationship between DEM variabiely’, simulated bulk response, a
combination of variables is found that is predidietead tdf(X") = 18.7 kPa. This means that the
outcome predicted in the simulation of a ring sheat using the current solution, shown in red,

iS arpre=20 €qual to 18.7 kPa, witth= 0.80.

DEM Variable] ~ Msp-p G hp Ay
Unit [-] [MPa] [-] [J/m?]
Optimal (red)[0.2 0.31 0.4/2.5 7.510.2 064 8 12
dcomposite: L —
N |—[TT———
0.61 Legend
Wao 65 [V] / Linear
=105 regression
y' I """ 7/__
fx)=112 / Predicted
d=0.92 ~ value
W0,300 [V] / / Optimal
y=120 | A e ] o 4 level
#X') = 121 / — | —
d=0.99
Toa0 [kPa] / /
y=56 - [ Iy S [ dE—
f(X) = 4.4 / pd
d=0.49
Tpre=20 [kPa] /
y=194 | [/ 1 | I I I—
. —
fX) = 187 / — |
d=0.80

Figure 5-11. Finding an optimal set of DEM input vaiables that jointly satisfies calibration targets

using response optimization.

5.4.  Verifying the Calibration Procedure

This section discusses verification of the calioraprocedure, step IV. First, it should be vedfie
whether the outcome of surrogate modeling-basetn@ation is adequate. This is verified by
running simulations using the optimal set of DEMuhparameters and comparing simulated bulk

responses to predicted valudéX’). Second|e|meanis used to compare simulated bulk responses
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— using the optimal set — with all the calibrattargets, corresponding to the maximum values in
Table 5-2 and the target values in Table 5-3. Thhd entire yield locus in the ring shear test,
including 1 level obrpre and 4 levels ofsheas IS compared between the calibrated simulation and
experiment. Fourth, the wall friction test as adeipendent bulk response is verified for various

stress states.

First, ring shear and consolidation-penetratiomstese simulated using the optimal set
found Figure 5-11. In Table 5-10, four differentnsiated bulk responses are compared with

values predicted using the surrogate-based optiioiza

Table 5-10. Comparing simulated bulk responses ugjnthe optimal set with predicted values of

surrogate modeling-based optimization.

) Consolidation-
Test Ring shear )
penetration
Parameter Tpre=20 T2:20 Wao,es | Wro,300
Unit kPa kPa J J
yl
) 19.6 4.9 115 130
Simulated bulk response
f(X")
. 18.7 4.4 112 121
Predicted value
le| = 100 * |%| 4.6 10.0 26 6.9

The relative difference is10% in all cases, and therefore the adequacy omihiéple linear
regression technique together with the responsenizggtr is confirmed for our DEM calibration
problem. If large differences betwegnandf(X") had been captured, a higher number of samples
or more advanced regression techniques could rees@ Used to minimize the relative difference.
Second|e|meanis used to compare simulated bulk responses — tisengptimal set — with all the
calibration targets, corresponding to the maximwatues in Table 5-2 and the target values in
Table 5-3. In other words, bulk density, shearrgjtie, ledge angle of repose, and accumulative
penetration resistance values are verified herbleTa11 compares 9 different simulated bulk
responses with their target values, which were oredsphysically using the laboratory tests.

Four parameters in the ring shear test are compadidating shear strength and bulk density.
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Table 5-11. Verification of calibration procedure;comparing simulated bulk responses with their

calibration targets.

y
. . y r_
Test Parameter|  Unit Simulated le] =100 * | 2= | |efean
Target value y
response
Tpre=20 kPa 19.6 194 1.0
T2:20 kPa 4.9 5.6 125
Ring shear 5.2
Pb,0 kg/m?® 1850 1963 5.8
Pb,20 kg/m? 2760 2800 1.4
Woeo,65 J 115 105 95
Consolidation- W70,3O J 130 120 8.3
. 4.8
penetration Pb,65 kg/m? 2680 2668 0.4
Pb,300 kg/m?® 2830 2807 0.8
Ledge angle
oM ° 90 84 7.1 7.1
of repose

The shear stress in the pre-shear and shearingssggimulated witfe| equal to 1% and 12.5%
respectively. Bulk density values in loose andgiteared conditiongp,0 andpn 20 are simulated
with |e| equal to 5.8% and 1.4%. On average, a relativeatien of 7% is captured in a ring shear
test including four calibration targets. In the solidation-penetration test, four different
calibration targets are evaluated, including acdatiue penetration resistance and bulk density
values measured at two different pre-consolidalémels. In the consolidation-penetration test,
accumulative penetration resistance parametésgss and\Wro 309 are simulated withe| smaller
than 10%. Additionally, bulk density values at tdifferent levels ofapre, 65 and 300 kPa, are
simulated with negligibl¢e| values (smaller than 1%). This confirms that, gshre elasto-plastic
adhesive contact model, the calibration procedws successful in capturing history-dependent
behavior of the cohesive iron ore sample in terfpemetration resistance and bulk density.
Finally, the ledge angle of repose, which was regduduring the surrogate modeling-based
optimization, is replicated witfe| = 7.1%. Therefore, considering simulated bulk dgnalues

in four different stress states aag, the definiteness criterion is met using the optiset of

calibrated parameterx;.

Third, the entire yield locus is verified for theng shear test conducted withre=20.
Figure 5-12 compares the results of the ring stesdiusimulation using the optimal parameter set.
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Comparable shear stress values are measured irsipotlation and experiment, witB|mean=

6.7%. This verifies that the calibration procedigeble to replicate shear strength in various

stress states and is able to capture the non-lyielarlocus.

20
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o, =67% &7
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Figure 5-12. Verification of yield locus forepre=2o.

Finally, wall friction measurements as a bulk resmindependent of the calibration targets are

compared in Figure 5-13, including 8 different sretates. The simulated wall yield locus shows

a linear trend that replicates experimental valwét) |€|nean= 5.5%. Since the Hertz-Mindlin

(no-slip) contact model (without adhesive forcegiswised to model particle-wall interactions,

this linear trend could be expected. This findiegimilar to the conclusion of [29], obtained by

modeling a cohesive coal sample in a wall frictiest.
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Figure 5-13. Verification of wall friction measurements.
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5.5. Conclusion

In this chapter, a reliable and novel DEM calitmatprocedure is established by incorporating

two important criteria: feasibility and definitesed'he DEM calibration procedure was applied

successfully to model cohesive and stress-histepeddent behavior of moist iron ore based on

an elasto-plastic adhesive contact module. Thenitlefiess of the calibrated parameter set has

been verified using 20 different bulk response &slin four test cases, such as ring shear,

consolidation-penetration, and wall friction tests.

The established calibration procedure can be usedlibrate material models when a high
number of DEM input variables (e.g. 6) as well agdtiple calibration targets (i.e. >2) are
involved.

Both continuous and categorical variables can legl us step |, feasibility. Using the Latin
hypercube design (LHD) method, it has been showm &aategorical DEM variable (i.e.
rolling friction module) can be used during caliiva.

During the calibration procedure, significant DEMriables can be screened using the one-
variable-at-a-time (OVAT) method in step Il. Fongi shear and ledge angle of repose
simulations, coefficient of static friction betweearticles fsp-p was found to be the most
significant DEM variable. In general terms, thig@mme is consistent with findings by other
researchers [11]. Particle shear moduf} éurface energylf), and contact plasticity ratio
(4p) were the other significant variables when thestelgplastic adhesive contact module was
used.

It was shown in the current chapter that surrogateeling-based optimization is applicable
when a high number (i.e. > 5) of DEM input variabie involved.

The combination of Taguchi and multiple linear e=gion techniques was successful in the
surrogate modeling-based optimization, with coedfit of determination values larger than

0.75 for all the calibration targets.

Next chapter will focus on validating the calibihteodel of the cohesive iron ore in simulating

the grabbing process where all the bulk resporissyssed in Section5.4) play a role.
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Validating co-simulation of a grab and

cohesive iron oré

A novel design approach of grabs is to test virpratotypes of new concepts in interaction with
bulk solids. To confirm the simulation accuracytlé grabbing process of cohesive and stress-
history dependent iron ore cargo, this chapter Idggeand validates a full-scale co-simulation.

The calibrated material model of Chapter 5 is useskt up the co-simulation.

First, by executing in-situ measurements duringuhi®ading of a vessel, grab-relevant
bulk properties of the cargo, such as penetratsistance, are determined. Second, full-scale
grabbing experiments are conducted in the cargd, kdiich allows the process to be recorded in
realistic operational conditions. Third, full-sca@ie-simulation is set up using the material model
that has been calibrated in the previous chaptgragplying the particle scaling rules of
Chapter 4, the co-simulation can be run with a fprak computation time. Fourth, the co-

simulation is validated by comparing its predicido experimental data from various aspects,

OThis chapter corresponds to: M.J. Mohajeri, W. digijier, R.L.J. Helmons, C. van Rhee, D.L. Schott,
“A validated co-simulation of grab and moist iroreaargo: replicating the cohesive and stress4lyisto

dependent behaviour of bulk solids”. Accepted irvéated Powder Technology, 2021.



Validating co-simulation of a grab and cohesivaiooe

such as the force in cables and the torque in wsciihe grabbing process of cohesive of iron
ore and free-flowing iron ore (pellets) are compargth each other. The validated co-simulation
proves that the stress-dependent behaviour of n@heargo as it interacts with the grab were

captured successfully.

6.1. Introduction on the Validation Method

The general model of the grabbing process of batge (i.e. iron ore) using cable-based grabs is
shown in Figure 6-1la. The crane operator contfusgrab using cables that are connected to
driving winches. In addition to the grab desigrelitsthe dimensions of a ship’s hold, the
properties of bulk cargo, the crane operator, weschnd cables are all contributing elements in
the grabbing process. Thus, predicting the perfaceaf new design concepts is still challenging

as it requires consideration of the interactiomieein multiple contributing elements.

A novel approach to design grabs is virtual prgioty in interaction with bulk solids
[8,153,154]. Lommen et al. [9] have developed &seale co-simulation between grabs and free-
flowing iron ore material [108]. The co-simulatibas been validated for simulating the grabbing
process of iron ore pellets [155]. As shown in [Fgy6-1b, the co-simulation uses the framework
developed by coupling two solvers, MultiBody Dynam{MBD) and Discrete Element Method
(DEM) [6]. The co-simulation requires a virtual neaoperator, a CAD model of a grab, and a

calibrated DEM material model as inputs.

In contrast to iron ore pellets, the majority @firore cargoes exhibit cohesive and stress-
history dependent behaviour [22,108]. Cohesivee®rgetween particles are created due to the
liquid bridge, and hence the amount of moisturesgme influences material behaviour and its
interaction with equipment. Furthermore, as thevading starts and proceeds to greater depths,
grabs touch the cohesive material that is pre-dmteded with a higher level of overburden
pressure [21]. Consequently, during the unloadfragtaulk carrier, the bulk responses of cohesive
iron ore cargo, such as bulk density, shear stregtd bulk stiffness, are expected to vary over
the cargo depthe(irection) [108]. The cohesive and stress-hist@gendent behaviours of bulk
materials are not yet investigated in terms ofrat#on with grabs. Therefore, a test method first
needs to be developed to determine the grab-rei@vaperties of cohesive bulk materials during
the unloading of a cargo hold; second, a reliad#Dmaterial model for cohesive bulk solids

needs to be included in the co-simulation to endisevirtual prototyping of grabs.
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In the previous chapter, DEM parameters were Gidlok to simulate the cohesive and
stress-history dependent behaviour of moist ir@ncargo with an elasto-plastic adhesive contact
model. The common procedure to assure the valwiitthe model is to first calibrate with
laboratory scale experiments [29,156] and nextdeadi DEM simulations with industrial scale
experiments [9,28,87,88,157-159]. Validation is ieetd by comparing the results of the
simulation and experiment, either in quantitativeqoalitative ways [8,28,92-94,127-131]. To
ensure design concepts can be evaluated undel @p@rational conditions, validating the model

in full-scale is required [160,161].

b)

Co-simulation of grabs and bulk
solids

MBD solver
Computing geometry motion

Coupling
server

otion of

Forces on
geometry

geometry

.

%
A/I

) DEM solver
1: Ship's hold 2: Bulk cargo Computing bulk behaviour and
3: Grab 4: Cables L bulk-equipment interaction

5: Crane operator  6: Winches

Figure 6-1. a) General model of the grabbing procegi.e. of iron ore) during unloading bulk carriers
b) the co-simulation framework of grabs and bulk séd materials based on[6]

Figure 6-2 displays the main steps required to ldgvihe validated co-simulation of grabs and
cohesive iron ore. In the first step, iron ore caigycharacterized during the unloading of a bulk
carrier, as well as in the laboratory environme&he second step is to record the grabbing process
under actual operational conditions, including thego depth as a variable, thus capturing the
stress-history dependent behaviour of bulk matefiaé third step is to create a large-scale co-
simulation of grabs and cohesive bulk solid catgd has a practical computation time. The forth
step is to validate that the co-simulation captuhesgrabbing process of the cargo accurately,

considering essential outputs such as the statie$pdynamics, and kinematics of equipment.
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6.2. Bulk Material Characterization and Validation Method

This section describes further the steps requoetharacterize bulk material and to validate the

co-simulation modelling of the grabbing processaliesive iron ore cargo.

6.2.1. Characterizing bulk solid cargo

The bulk solid cargo is characterized in both labany and ship hold environmenihe cargo is

a sinter feed type of iron ore from the Carajasasjnvhich is one of the largest iron ore resources
on earth [62]. The average density of the particl@s00 kg/m with a standard deviation of 125
kg/m?®. The median particle sizéso, is equal to 0.88 mm.

In-situ and laboratory In operational conditions

Step 1 : Step 2 :
Characterizing bulk solid | | Grabbing experiments |
cargo I I

I I

I I

I
| I
Setting up a full-scale simulation | | | Validating the co-simulation |

A MBD-DEM co-simulation Evaluating the accuracy :

The validated co-simulatio
of grabbing process

Figure 6-2. Main steps to develop a validated corsulation of grabbing process

The objective of in-situ measurements during unilogds to determine the properties of the
cohesive iron ore cargo over its de@hl he following bulk properties are relevant to ¢inabbing
process [108], and are thus selected:

» Penetration resistance through initial penetratiepth,Ainitiai,s66
» Bulk density,pn
* Moisture content, MC
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Measuring penetration resistance and bulk dengitynd the unloading process allows for
quantitatively investigating the level to which ttergo is densified over its depth. It is expected

that moisture content also shows variation ovega@aepth [4].

A test procedure is designed to determine the pesir@t resistance and bulk density using
a single test device. Figure 6-3 displays a schemaw of the designed test device, which is
namedsampling tube & sliding hammé866). It consists of two main components, a samgpl
tube (Figure 6-3a and b) and a sliding hammer (€igu3c). The effective length of the sampling
tube is 260 mm, with an inner diameter of 66 mng #nckness of 2 mm. The hammer is 400
mm long with a mass of 0.855 kg, which is connedted slide with a length of 278 mm. The

sliding hammer can be fixed to the sampling tubegia connecting head.

a) _ c)
q —] I
Connecting E
head =
, 4 = 400 mm
Sampling = 260 mm Sliding
tube E hammer
= | (0.855 kg)
b)
D70 278 mm
U+
THK.2 mm -

Figure 6-3. Schematic view of sampling tube & slidig hammer (S66): a) sampling tube and connecting

head to hammer, b) cross section view of the sampdj tube, and c) the sliding hammer

Penetration resistance is determined based on #ieabeersion of theStandard Penetration Test
(ISO 22476-3). The tube is driven into the bulkface with five consecutive drops of the sliding
hammer, and next, the initial penetration depthuble Qinitia,ses) is recorded. The number of
hammer drops is sufficient, as more hammer dropsresult in a penetration depth greater than

the effective length of the sampling tube.

The test continues by driving the sampling tubéhierrinto the bulk surface until the
final penetration depth is reached. Next, the ialmarefully extracted to weigh the collected
bulk solid specimen. It is ensured that the tulkextsacted without losing the bulk specimen.

Bulk density,pp, is then determined by Eq. (6.1).
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op = — (6.1)

Ae Ls

where M is the weight of the collected specimegid.the final penetration depth of the sampling
tube that is determined by using the ruler, as shiowrigure 6-3a. Ais the inner cross-sectional
area of the tube. The moisture content of samplaso measured in the laboratory using a drying

oven, according to the method described in [65].

During the unloading process of bulk carriers, Itk responses of fine moist iron ore
(Ainitiar,s66, ppand MC) are expected to vary, as shown by the sranfligure 6-4. This hypothesis
is based on field measurements [20], including@oae Penetration Test (ASTM D3441), and

moisture content over cargo depthprior to commencing the unloading process.

min f(z) max

0 | |
fz)
- Ainitia],S()6
z — Py
— MC
Zmax

Figure 6-4. Expected distribution of grab relevantoulk properties over cargo depth ¢

Firstly, due to the void between particles, moisigrexpected to transfer to greater depths during
the voyage of bulk carriers. This results in theusmsulation of moisture near the bottom of cargo
holds [4]. Secondly, due to increasing verticalfoong pressure over the cargo depth, lower
initial penetration depth and higher bulk densiglues are respectively expected to occur by
increasingz [108]. However, a saturated condition usually es@at the “wet bottom” of iron ore
carriers [19], usually foz/znax> 0.8.

Verifying the accuracy of the sampling tool (S66)

It needs to be verified whether the S66 devicecsugte in determining bulk density of the

cohesive iron ore sample. For this purpose, twizidiht test methods, 1SO 17828 [81] and S66,
are used in the laboratory environment. In ISO 87821k density is determined by using a rigid

cylinder with the inner volume of 5 litres. The bulensity results, including both average and
standard deviation values, are compared in Table Bulk density measurements using

ISO 17828 are repeated five times, resulting irmeerage bulk density of 1774 kgfwith an
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acceptable standard deviation of 20 k§/mieasurements using the S66 device result in an

averagep, of 1780 kg/miwith a standard deviation of 40 kgfim ten test repetitions.

Table 6-1. Verifying the accuracy of the samplingdol (S66) in determining bulk density

N Averagepp SD SD
Measurement method Repetitions
[kg/m?] [kg/m?] [%]
ISO 17828 5 1774 20 11
S66 10 1780 40 2.2

Comparable average bulk density values can be mexhgging ISO 17828 and S66, with a minor
difference in standard deviation values. Thereftine, accuracy of S66 in determining bulk

density of the cohesive iron ore sample is verified

Measurement plan

A primary variable is considered in the measurenmah: cargo depthzl. Bulk cargo is
characterized in the in-situ conditions from the &b the cargo pilez = 0 m, untilz/znax= 0.85.

As grabs unload the bulk carrier, greater dehs @ m) can be accessed. At each cargo depth,
the measurement is repeated between three to ifvest ensuring test repeatability. Three

different cargo holds are accessed during thetinmseasurements.

The cargo depttz, is determined using a laser ruler (HILTI PD 40hen standing on the
bulk cargo surface, the hold depth index is readguthe laser ruler device. The device is only
able to measure the distance to the depth indéxyriable to measure the laser beam orientation.
Thus, the distance to three different points arasueed for each cargo depth, that allows for

determiningz with a maximum error of 0.5 m.

It usually takes more than a day to unload an cbeamd bulk carrier. Therefore, unloading
continues over a “night shift”. No data can be eciéd during this time, as the in-hold

environment is unsuitable for taking such measurgsn@uring that period.

6.2.2.
Figure 6-5 shows five stages of the grabbing pmaesintroduced in [155]. In this figure, the red

Grabbing experiments

arrows indicate the cable velocity direction. Thealgis lowered onto the bulk surface
(Figure 6-5a), ending with a certain penetratiorptdeas the grab digs into the material
(Figure 6-5b). This continues by closing the grat) eollecting the bulk solid (Figure 6-5c¢). Once
the grab is almost filled with the bulk solid, theisting stage commences (Figure 6-5d). During

experiments, the grabbing process usually ends thélsuspension stage (Figure 6-5e), which
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allows for conducting further measurements, suctwarghing the grab and collected mass

together.
AAA
YVYY U U
I A A &3
a) Lowering b) Resting ¢) Closing d) Hoisting e) Suspension

Figure 6-5. The operation of the grabbing processonsists of five stages: a) Lowering onto the bulk
surface, b) Resting with slacked cables, c) Closiray tensioning two cables, d) Hoisting using all ddes,

and e) Suspending the grab if required

Table 6-2. Measured parameters during the grabbingxperiments

Stage Measured parameter

All stages Force in cables
Torque in winches

Kinematics of geometry

Suspension Payload
Average porosity of collected bulk solids

In-grab bulk sampling

Table 6-2 presents the list of parameters measargabbing experiments. Two different types

of parameters are measured. The signal type pagesraae the following: the force in cables, the

torque in winches, and the kinematics of grab gegm8calar type parameters are also recorded,

such as payload and average porosity.

» Force in cables: the grab is operated on four cadnhel the tensile forces in these cables are

measured using load cells. The load cells aredakcatljacent to driving winches of the crane.

These load cells as well as other sensors areratdibby the terminal operator on a regular

basis. The load cells measure force in cables avittequency of 2 Hz. The payload of grab,

MpwT can be determined using Eq. (6.2).

MDWT = Mt - Me (62)
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where M is the total force in cables once the grab isthdigfter collecting bulk solids, and
Me is the total force in cables before collectingkbslids. In other words, Mcorresponds to
the weight of an empty grab.

Torque in winches: the torque in each winch is heiteed separately with a frequency of
100 Hz.

Kinematics of geometry: to record kinematics ofghab geometry, a video tracking technique
similar to [155] is used. Basically, the grab getmneonsists of two rigid bodies that revolves
over a main hinge. For that reason, three markersused that are sufficient to track the
geometry movements in X-Z plane.

Average porosity of collected bulk solids: onceghab is suspended, 3D-scanning technology
is used to determine the volume of the collectd# balids, \bwr. First, point cloud images
are taken using the Intel RealSense™ depth (SDikeca Second, a surface mesh is fitted on
point cloud images, according to the method desdrib [162]. Figureés-6a shows an example
of generated surface mesh, including the grabciiatiains collected bulk solids. Thirdpwr

is determined by importing the mesh surface ofecdéd bulk solids into a 3D CAD model of
the grab. The porosity of collected bulk solidsyti can then be calculated using Eq. (6.3).

MDWT

(6.3)

n =1-
bwr Vowr ps

whereps, particle solid density is equal to 4500 k§[d08].

In-grab bulk sampling using S66-1000: once the gganspended, a sampling tuBég with
the effective length of around 1 m is used to oblEamples from the area highlighted in
Figure6-6b. The tube is then carefully extracted from thik Imaterial. The sample is weighed,
which allows for quantifying the porosity in a slariway compared to Eq. (6.3). The sampling

using S66-1000 is repeated at least three timasirieiy the repeatability of the test.
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Collected b)
bulk solid

In-grab bulk ‘

sampling N\

Figure 6-6. a) generated 3D surface mesh, includirgyab geometry and collected bulk solid, b)

schematic cross-sectional view of grab and collectdulk solid, indicating the in-grab sampling area

Experimental plan
Two sets of experiments with different consolidatistates are defined, of which multiple
repetitions are performed.

* In the first experiment set, the process is reabratethe cargo depth af= 7 m. The first
experiment set includes: test 1.1, test 1.2 artdLt8s

* In the second experiment set, the process is redatisz = 2.5 m. The second experiment
setincludes: test 2.1 and test 2.2.

The crane operator and bulk surface geometry drer giossible influencing variables in our
experiments. The motion of closing and hoistingoligs are recorded with a frequency of 100Hz,
thus a virtual crane operator can be modellederctirsimulation. To minimize the influence of

bulk surface geometry, grabbing experiments arewre on an adequately flat bulk surface.

6.2.3. A full-scale simulation setup

The co-simulation between MultiBody Dynamic (MBD)cRDEM solvers uses the framework of
[6], as shown schematically in Figure 6-1b. The MBinulation of the grab is set up in
ADAMS® using the real dimensions of the grab. la tlrtual environment, the operation of the

grab is simulated using a combination of winchasases and cables [7].

A material model of the cohesive iron ore has ledibrated in the previous chapter. The
calibrated model is used in the current chaptesetoup the DEM simulation. By applying the
particle scaling rules of [140], a mean particlandéter of 55 mm is used in the simulation. The

surface energy and constant pull-off force needset@djusted during the scaling of particles.
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Table 6-3 presents the main input parameters ofDE® simulation. For other DEM input

parameters and the calibration procedure refdrétevious chapter.

To replicate a pre-consolidated condition in tmewation, DEM particles are compressed
using a pressure-controlled plate. A quasi-stadieddion, as defined in [140], is maintained
during compression. Once the desired pressure6beor 200 kPa, is reached, the pressure-
controlled plate is moved upward. Thus, a pre-cldaton condition is replicated in the DEM

simulation.

Table 6-3. Main input parameters of DEM simulation

Parameter Symbol Unit Value
Particle density Pp kg/m? 4500
Particle diameter ! mm 55
Particle shape ¥, - Single sphere
Normal and tangential contact modules, particle-
) fN,p-pand ﬁ"p-p = EEPA [84]
particle
. Rotation
Rolling contact module rf - )
restricted
Coefficient of static friction, particle-particle s.bp - 0.31
Coefficient of static friction, particle-geometry s, Hw - 0.37
Constant pull-off force of N -0.2
Surface energy Ay Jin? 100
Plasticity ratio Ap - 0.2

Figure 6-7 displays the DEM simulation environmamtjuding the grab’s geometry components.
The dimensions of the material bed are selectast afinning a sensitivity analysis so that the
grabbing process is not influenced by the boundalfibe in-situ measured winch velocity history
is used as input in the co-simulation to replidategrabbing process. In addition, modelling the
actual distance between the grab and the trolleyeny of the crane could complicate the
simulation setup unnecessarily. Thus, only theiea@rposition of the main hinge is analysed, as
in the MBD simulation where the grab is positionedhe similar x-y coordinates compared to

the winches.

To set up a full-scale DEM simulation of the gratgoprocess, the grab’s components are
separated into buckets and knives, as suggestédraoynen et al[9]. The reaction forces from
DEM particles on the bucket part is independemiasticle size, thus the particle scaling rules of
[140] can be applied. The penetration resistaneenagknives depends on the particle size [9],
thus & p-w is adjusted to 0.2 for the interaction betweenvé&siand particles. This results in a
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comparable penetration depth of grab due to itswaight, when the simulation and experimental

setups are compared.

Material bed /

EDEM

Figure 6-7. Main components in the DEM simulationjncluding material bed, the grab’s buckets, and
the grab’s knives

6.2.4. Evaluating accuracy of the co-simulation

For scalar type parameters (e.g. payload, averagesity), the mean of absolute relative
differences is used to quantify error in the cotdation. Ify andy’ represent measured scalar
parameters in the experiment and the co-simulatiegpectively, there|mean is determined
according to Eq. (6.4) for a number of test refetd. In the current study, d@|mean< 10% is

considered an acceptable outcome for validatingtoerracy of the co-simulation.

Ne
lelmean = Z 100
k=1

Signal type parameters (e.g. force in cables, ®rguwinches) are compared between the

Yk =Yk (64)
Yk

experiments and simulations using the coefficiémiatermination, R as described by Weisberg
[163]. To validate the force in cables and the terqn winchesLommen et al[155] suggested

that minimum Rvalues of 0.9 and 0.8 are required respectively.

6.3. In-situ and Validation Results

In this section, the results of in-situ bulk cad@racterization, as well as the validation of the
DEM-MBD model, are presented.

6.3.1. Bulk cargo characterization during unloading
Figure 6-8 presents the outcome of the in-situ omeamsents on bulk properties over cargo depth,

including initial penetration depth (Figure 6-8ajk density (Figure 6-8b), and level of moisture
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content (Figure 6-8c). The purple-coloured are&mtés the “night shift” period in which no data

was measured.

According to Figure 6-8ajiniia,sesin the first 2.5 m of the cargo depth is largemtha
75 mm in all three measurements; while in othea gaints, whez > 6 m, the initial penetration
depth of S66 is smaller than 75 mm. A higher désmain results is observed wher< 2.5 m,
compared to whemn> 6 m. However, a clear trend is thaitia,ses in the later situationz(> 6 m)
is always smaller than in the former<2.5 m). Some level of increase Aitial,sesiS 0bserved
whenz> 8 m, compared to 82> 6, which is probably due the correlation betwédengenetration

resistance of material and its moisture content.

According to Figure 6-8thulk density values in the first 2.5 m of the cadgpth is lower
than 2400 kg/y and the bulk density of three out of four datinfsshows comparable values
to the laboratory measurements (Table 6-1). Inreshtat greater depthgX 6 m), the bulk

density of the cohesive iron ore cargo increaggsfgiantly (up to around 3100 kgfn

According to Figure 6-8c, the moisture conteneasieen 8.4% and 9% wher 6 m, while
it increases up to 10% whe® 6 m. In general, due to the void between padijctaoisture
transfers to greater depths during the voyage Iif carriers. Similarly, a non-linear increase in
moisture content has been observed for other irecargoes [20]. The average moisture content
of the cargo is 9.1%, with a standard deviatio0.6f%.

Aiitial,s66 MM Py [kg/m’] Moisture content [%]
0 50 100 150 1500 2000 2500 3000 8 9 10 M
0 ———— ol - - ot ® -
o & -
4 4 4
E (5] E = E -
N < N - N -
8 8 8
e i}—e— —9136 “&@—e—
12 12 12
a) b) c)
O Average APinitial O Average p, O  Average moisture content
— 8D of AP, el — SDofp, — SD of moisture content
SD of z SD of z SD of z
Night shift Night shift Night shift

Figure 6-8. Grab-relevant properties of cohesive an ore over cargo depth: a) intial penetration de,

b) bulk density, and c) level of moisture content
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In conclusion, an increasing densification of ttehesive iron ore over the cargo depth is
observed, which is in line with the expected tresiaswn in Figure 6-4. This has been supported
by the considerable changesifiia,sss and bulk density values over cargo depth that heen
determined during the unloading of the vessel. Tdusing the lowering stage, grabs penetrate
into increasingly pre-consolidated bulk solids. model the grabbing process of cohesive bulk
solids in a realistic way, the increasing levelgd-consolidation over the cargo depth needs to

be replicated in the DEM simulation setup.

6.3.2. Validating the co-simulation

Two sets of grabbing experiments are conducted eviilee dry-based moisture content is
8.8t0.2%. The DEM material model is calibrated basedhenmoisture content of 8.7%, which
is expected to replicate cargo conditions propedsabbing experiments are conducted at two
different cargo depths, which correspondztequal to 7 and 2.5 m. Due to cargo weight, the
overburden pressure creates a pre-consolidatedtioondt mentioned cargo depths [21]. The
overburden pressurepre, can be approximated by multiplying cargo deptd amerage cargo
density together; the average cargo density is X80@°. For example, in the experiment set 1,
corresponding ta = 7 m, the historical pressure is equal to appnaxely 200 kPa. Figure 6-9
compares the bulk density in simulated pre-conat#id conditions with experimental results of
[108] on the same iron ore sample. Bulk densityealatopre equal to 65 and 200 kPa are

adequately replicated in the DEM simulations.
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Figure 6-9. The DEM simulation setup adequately relicates the bulk density in pre-consolidation
situations

Figure 6-10 shows the simulated grabbing processgltour different stages of the operation:
a) Lowering, b) Rest, c) Closing, and d) Hoistifie suspension stage is not included in that

simulation.
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Experiment set 1: cargo depth of 7 m

The experimental results of the grabbing processampared with predictions of the DEM-MBD
co-simulation. Table 6-4 compares the payload & @kperiments, Mvtexp, When the cargo
depth is 7 m, to the simulated payload valueswiim. The corresponding pre-consolidated
situation is simulated by applying a uniform pressof 200 kPa on the bulk surface prior to the

grabbing process.

Table 6-4. Comparison between simulated payload arekperimental measurements in test Iz& 7 m)

Test MDWT,exp M bwr,sim |e|
[ton] [ton] [%0]
1.1 24.9 25.7 3.2
1.2 25.7 24.2 5.8
1.3 27.8 27.1 2.5
Mean 26.1 25.7 1.8
a) Lowering b) Rest

EDEM

c) Closing d) Hoisting

‘EDEM

Figure 6-10. The simulated grabbing process in diérent operation stages: a) Lowering, b) Rest, c)
Closing, and d) Hoisting

In the experiment set 1, an averageWlexp= 26.1 ton is determined with a standard deviabion
1.2 ton. The co-simulation replicates the payloaldes, with an averagegWr sim = 25.7, with a

standard deviation of 1.2 ton. The difference betwsimulated payloads and experimental
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results, |@lean is 1.8%, with the maximum value of |e| = 5.8%e Fmall error is probably caused
by idealizing the bulk surface in the simulatiord ais operational characteristics. AlSghott et
al. [155] have validated the simulation of the grallimocess of free-flowing iron ore products
with values of |ek 6.0%. Therefore, the payload values for test 1sameulated adequately,
compared to reality.

Test 1.1 is selected for further analysis in teohshe force in cables and the torque in
winches. Figure 6-11 compares the total force iblesabetween the experiment and the co-
simulation. The total force during the loweringg&dL) represents the empty weight of grala, M
Once the grab is resting on the bulk solid, capteslack, thus, the total force drops. By tensing
the closing cables during the next stage (C), thb gtarts to collect the bulk solid. This contisiue
by involving the hoisting cables and eventuallyind the grab out of the bulk solid. In test 1.1,
the crane operator moves the grab toward the qdayand therefore, no suspension stage (S) is
present. The force over all stages is predictedurately with an overall coefficient of
determination of 0.959.

To validate the grab’s dynamics, the torque ofdlesing and hoisting winches during a
grabbing cycle are compared in Figure 6-12. Simdahe force data (Figure 6-11), the torque in
the closing and hoisting winches are adequatelyigied. Only during the hoisting stage (H) does
the torque start to deviate slightly from the expental data, for both closing (Figure 6-12a) and
hosting (Figure 6-12b) winches. The predicted dgsind hoisting winches have the coefficient
of determination values of 0.947 and 0.934 respelsti for the entire time span. Therefore, the

results confirm the grab’s dynamics in test 1 ameectly predicted in the co-simulation.

Test 1.1
60 Test
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M
=ao| M
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Time [s]
Figure 6-11. Load comparison in test 1.1.; Grab opation consists of lowering of the grab (L), restig
on the surface (R), closing (C) and hoisting (H)
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a) closing winch, test 1.1 b) Hoisting winch, test 1.1
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Figure 6-12. Torque comparison in test 1.1., a) cing winch, b) hoisting winch; Grab operation
consists of lowering of the grab (L), resting on té surface (R), closing (C) and hoisting (H)

Figure 6-13 displays the three markers that weaitrack the movements of the geometry during
the grabbing process. Left and right markers regmethe movement of the left and right grab’s
buckets respectively. The hinge marker represdmsnain hinge of the geometry where the

grab’s two buckets revolve.

Figure 6-14 compares the position of the markersvden the simulation and the
experiment. The position of the markers is analysbdn the grab geometry is within reach of
the video camera. In other words, the initial pdithe lowering stage and the last five seconds of
the hoisting stage are excluded from the analy$iese excluded areas are not of interest as the
grab mechanism is not operational (no closing @anapy) and there is no dynamic interaction
with material (lowering and hoisting). For all mark, the desired coefficient of determination,
R? > 0.9 is met with values exceeding 0.96. The ofeskcomparisons in Figure 6-14 confirm
that the co-simulation is capable of predicting tirab’s kinematics for a pre-consolidated

cohesive bulk solid cargo.
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hinge marker

Figure 6-13. Three markers are used to quantify kiematics of the grab

0 a) left marker (X) 3d) right marker (X)
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Figure 6-14. Comparison between simulating and videtracking of the three applied markers on the
grab, on pre-consolidation of 200 kPa in test 1.1) X-position of the marker on the left bucket, b)Z-
position of the marker on the left body, c) Z-posibn of the marker on the main hinge, d) X-positiorof

the marker on the right bucket, and e) Z-position éthe marker on the right body

With the aid of 3D-scanning technology, the volupheollected bulk solids, My, in the grab is
determined for test 1.3, and the average porasityy, is calculated using Eq. (6.3). Figure 6-15a
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presents how porosity is distributed in the simatatThe densification is at its lowest level near
the free surface of bulk material, while due tosérg compression forces, the material becomes
more densified in its central region. The self-virtigf bulk material, as well as the force applied
by the grab geometry, are the acting compressioe$o A sampling tub&66 is penetrated 0.60

m into the grabbed material and used to collecipdasrin the region highlighted in Figure 6-15b.
The sampling is repeated three times, resultirtigaraverage porosity of 0.468 for the highlighted
region. The average simulated porosity for the sasgéon is 0.480, indicating that simulated
porosity distribution replicates reality accuratelyth |e| = 2.5%. Table 6-5 presents the
comparison of Mwr and mwr. The payload is replicated with a 2.5% differehetween the
simulation and the experimentowr is predicted accurately with |e| = 1%; this resutt an

adequate prediction of the average porosity w|th 28%.

n(Exp) = 0.468+0.020
n(Sim) = 0.480£0.010 "

0.3 0.35 0.4 0.45 0.5 0.55
n (Porosity) [-]

Figure 6-15. a) Simulated porosity distributon, andb) porosity comparison between experiment and

simulation

Table 6-5. Validating mass and porosity of collectebulk solid

Test 1.3 NMbwT NowT

[ton] [-]
Experiment 27.8 0.375
Simulation 27.1 0.400
le] [% 2.t 5.6

Experiment set 2: cargo depth of 2.5 m
Table 6-6 compares the payload in experimentsyMxp, With the simulated payload, oM sim,
when the cargo depth is 2.5 m. The correspondirgcpnsolidated situation is created by

applying a uniform pressure of 65 kPa on the bulkage proceeding the grabbing process.
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In the experiment set 2, an averagewMWexp= 26.4 ton is determined with a standard
deviation of 0.3 ton. The co-simulation replicapes/load values accurately, with an average
Mbwrt,sim = 26.3 with a standard deviation of 0.7 ton. Ngigle differences between simulated
payloads and experimental results are observed|@itan= 0.4%.

Table 6-6. Comparison between simulated payload anegpxerimental measurements in test 2 2.5 m)

Test

MbwT exp M bwr sim le|
[ton] [ton] [%0]
2.1 26.1 25.7 1.5
2.2 26.7 27.0 1.1
Mear 26.4 26.Z 04

In addition, test 2.2 is selected to further vakdtne total force data. Figure 6-16 compares the
total force in cables between the experiment aedctitsimulation. The cables do not go fully
slack during the rest stage (R), and thereforetata force does not drop to zero. All four stages
are replicated accurately in the co-simulation wi&h = 0.957, confirming that the desired
accuracy is also met when the cargo depth is 2.5 m.

- Tegt 2.2

[4)]
o

fN
o

Force [ton]
el w
o o

=y
o

0 4 8 12 16

Time [s]
Figure 6-16. Load comparison in test 2.2.; Grab opation consists of lowering of the grab (L), restig
on the surface (R), closing (C) and hoisting (H)

The volume of collected bulk solidsp¥r, in the grab is determined for test 2.2 using3be
scan technology, and the average porosiy;rnTable 6-7 presents the comparison @ixwvand
nowt. The payload is replicated with a 1.1% relativiéedénce between the simulation and the
experiment. Wwr is predicted with |e| = 5.3%; this results in deguate prediction of the average
porosity with the absolute different of 0.029 agldH 8.8%. The sampling tut866 is penetrated
0.60 m into the grabbed material and used to dokaenples in the region highlighted in
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Figure 6-17. The sampling is repeated three timessilting in the porosity of 0.410.020 for the
highlighted region. The simulated porosity for g@me region is 0.440.010, indicating that

simulated porosity distribution replicates reaiyequately with the absolute difference of 0.030

and |e| = 8.6%.
Table 6-7. Validating mass and porosity of collectebulk solid
Test 2.2 Mbwr NowTt
[ton] [-]
Experiment 26.7 0.34(
Simulation 27.0 0.369
le] [%6] 11 8.8

n(Exp) = 0.4100.020 |
n(Sim) = 0.440£0.010 "\
% 2| ‘\

Figure 6-17. Porosity comparison between experimerind simulation in Test 2.2.

The grabbing process in two levels of pre-constlig corresponding to 65 kPa and 200 kPa,
are validated. This confirms that the co-simulat®oapable of capturing the grabbing processing
of cohesive and stress-history dependent iron argoc Further analysis on the grabbing process

can help in gaining insight into the grabbing psxcef cohesive bulk solids.

6.4. Discussion of Stress-History Dependency

In the previous section was shown that the co-sitrar can replicate a realistic grabbing process
of cohesive iron ore, including two different leself pre-consolidation. To further quantify the
influence of pre-consolidation, additional simubats are carried out as shown in Table 6-8. The
grabbing process of the cohesive iron ore, Caifasn five different levels of pre-consolidation,
is compared with the same process for free-flowego: iron ore pellets. Pre-consolidation does
not play a role in the grabbing process of iron pedlets; thus, it is a proper option for our
comparative analysis on the effeciopfe on the grabbing process. The validated co-sinanadf
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the grab with iron ore pellets is created in [15B)e grab dimensions and other inputs of the
MBD simulation are kept as constants in the simotaplan, thus, the grabbing process can be
investigated in comparable conditions. 300 kP&liscted as the highest pre-consolidation level,
which is sufficient to create a pressure statetiegjsat the cargo depth of around 11 to 14 m.
Therefore, the grabbing process of cohesive aradffosving iron ore products is compared for

an operational range of cargo depths.

Table 6-8. Variables in the investigation on the &ct of pre-consolidation on the grabbing process
Pre-consolidation levels [kPa] | [0 20 65 200 300]

Bulk materials Carajas SF (cohesive iron ore)
Pellets (free-flowing iron ore)

Figure 6-18 compares the footprint when the grablpirocess is finished, and the grab has been
lifted out of the material bed. Figure 6-18a shdkes grab’s footprint on the cohesive material
bed. The cutting trajectory of the grab’s knives b& seen clearly. In addition, the steep slope,
which is clear at both sides, represents the Ipgaetration depth of the grab in resting state. A
similar angle is observed during the grabbing psecef cohesive iron ore in the cargo hold
condition, allowing for the determination of thetial penetration of the gral\grab,initiar At the
cargo depth of around 7 m, an averages,initial Of 0.39 m, with a standard deviation of 0.05 m,

is measured for the cohesive cargo.

Figure 6-18b shows the grab’s footprint on the-fieving material bed. Due to relatively
low slope stability, particles flow once the grahshcut the bulk material. This results in a

disturbed footprint, where the cutting trajectofyttee grab’s knives is no longer visible.

Figure 6-19a displays the effect of pre-consol@atn the initial penetration of the grab
into bulk material in a resting state. Pre-consdl@h does not play a role iyrap,initial fOr free-
flowing cargo. For cohesive cargo, the initial peeatton of the grab decreases from 0.67 m to
0.37 m by increasing the pre-consolidation levehfrO to 300 kPa. A comparabigrap,initial IS

measured between the experiments and simulatiasptor 200 kPa.

Figure 6-19b displays the effect of pre-consolmatn the maximum cutting depth of the
grab measured during the closing stafyganmaxis constant for free-flowing cargo, while it

decreases considerably for cohesive cargo.

As shown in Figure 6-19c, cohesive cargo densifieger the effect of pre-consolidation,
which is the reason behind the stress-history dégr@nbehaviour captured f@grab,initial @aNd

Agrabmax AS expected, the bulk density of free-flowinggmais constant under the effect of pre-
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consolidation. Also, the bulk density of this fié@wing cargo is lower than the cohesive cargo,

thus a higher grab payload is expected for Caf@fas

The grab’s payload under the effect of pre-consdiliah is illustrated in Figure 6-20. The
payload, Mwr, at O kPa pre-consolidation is considerably lafgecohesive material compared
to the free-flowing material. Bulk density and nraxim cutting depth are the reasons behind such
a difference. The stress-history dependent behawbthe cohesive cargo results in a negative
correlation between Myt andopre, While a constant payload is captured for the-flewing

cargo.

a) Carajas SF, cohesive iron ore

l_x "FDEM"

b) Pellets, free-flowing iron ore

1_,, .EKDEM'

Figure 6-18. Footprint of the grabbing process onvito types of iron ore: a) Carajas SF, and b) Pellets
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Figure 6-19. Effect of pre-consolidation on: a) thénitial penetration depth of grab, b) the maximum
cutting depth of grab, and c) the bulk density of argo prior to the grabbing process
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Figure 6-20. Direct effect of pre-consolidation othe grab payload for cohesive and free-flowing iron

6.5. Conclusion

This chapter successfully developed a validatesicadation to accurately simulate the grabbing
process of cohesive and stress-history dependent are. Conducting full-scale grabbing

experiments in the cargo hold allowed the procesbet recorded under realistic operational

conditions.

* The predictions of the co-simulation compared viellexperimental data in all aspects,
including force in cables, torque in winches, kimgics of geometry, payload, collected

volume and average porosity of bulk solid. The usalélation procedure can be applied to

ore cargoes

simulate the grabbing process of other materialsh s coal and biomass.
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* In-situ measurements of bulk density and penetratésistance, using the developed test
method (S66), quantified an increasing densificatwer the cargo depth. The co-simulation
was validated for two different levels of cargo tiefw ensure capturing the stress dependent
behaviour of the bulk material.

* A negative correlation between pre-consolidatioreleand payload was observed. Multiple
grab-relevant factors are affected when a pre-dmf&ion situation is created for cohesive
materials; the increasing density of bulk matersults in a lower penetration/cutting depth

of grab, both at rest and closing stages.

Co-simulation setups allow for analysing the despgiformance of both free-flowing and
cohesive iron ore under the effect of consolidatidaluable information, such as the cutting
trajectory, porosity distribution, and the volunfecollected bulk solids can be extracted from the
simulation. This can support designers and engsi@egaining insight into and improving grab
performance. The co-simulation of grabbing prose#isbe used in the next chapter to optimize
a grab design including the effect of bulk variapil such as level of cohesion and pre-

consolidation.
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Grabs and bulk cargo variability"

Grabs usually handle a broad variety of iron org@as that are different in their properties, such
as moisture content, pre-consolidation and bullsiigrOn one hand, a fast and reliable unloading
process is required to maintain a minimized caspéwt operators and to deliver iron ore products
to customers on time. On the other hand, the viéitiabf bulk solid properties influences the
grabbing process considerably, and thus, the geffidency. To design a robust product, the
consistency in the grab’s efficiency needs to béentamed. The question is that how the bulk
cargo variation can be included in the design ptoce of grabs, thus achieving a maximized, and
simultaneously, consistent grab’s efficiency. Thene a multi-objective optimization framework

is developed in this chapter to consider bulk cayability in the design process of grabs.

OThis chapter is based on the following references:

A.J. van den Bergh, “Systematic design optimizataingrabs handling cohesive materials”. Delft
University of Technology, 2019.TEL.8363, 2019.

M.J. Mohajeri, A.J. van den Bergh, J. Jovanova,.Bthott, “Systematic design optimization of grabs

considering bulk cargo variability”. Accepted in vahced Powder Technology, 2021.



Grabs and bulk cargo variability

Discrete Element Method (DEM) is employed to finstestigate how a virtual grab
prototype can be tested considering the bulk ceagability, including various levels of cohesive
forces and bulk plastic compressibility. Such asgtedty analysis allows for selecting bulk
material classes that create significant deviatiothe grab performance. This follows from
optimizing a virtual prototype to reach a maximiX#ghssin handling a variety of significant bulk
material classes while the deviation of grab pentomce is minimized. Multiple surrogate models

are created to find optimal design settings, whihevaluated in a verification step.

7.1.  Multi-objective optimization framework for includin g bulk cargo variability

Figure 7-1 shows an overview of how the bulk cgygaperties contribute to the grabbing process
as an uncontrollable input variable. Mohajeri efHD8] measured grab-relevant bulk properties
of a broad range of iron ore fines. Cohesive fo(ces liquid bridge) between iron ore particles
are typically created when moisture is introduc2?i.[ Cohesive forces may influence the bulk
properties of iron ore fines, such as shear stheaugtl flowability [108]. Bulk compressibility and
moisture content are also correlated for cohesiwe ore [38,108]. Pre-consolidation stress is
another grab-relevant bulk property of cohesive iooe that varies over the cargo depth during
the unloading process [164]. Due to the increasusgburden pressure, a more consolidated cargo
is stored at greater depths.

Bulk cargo variability (uncontrollable input, X),

such as: , Compressibility Pre-consolidation
Cohesive force
level stress

C J
N4

(. 3 N\
Controllable inputs: Y Handling process:

grabs
Design parameters
(e.g. bucket dimensions)) —»
Operation parameters
(e.g. cable velocity)

¥
Key Performance
Indicators

(e.g. ratio between grab

weight and payload

Figure 7-1. Contributing parameters in the grabbingprocess: controllable and uncontrollable inputs
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Uncontrollable inputs
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Controllable inputs

Figure 7-2. Quantifying a performance indicator, [¥], for a combination of controllable, Y, and
uncontrollable, X, types of input

A multi-optimization framework is developed to imporate the bulk cargo variability into the
grab design process. Both controllable and unctable types of input are included in the
framework. A matrix, ¥], containing performance indicator values can bangfied for a
combination of uncontrollable and controllable itjpuas shown in Figure 7-2. The primary aim
is to minimize the undesirable effect of varialilaf X on Y. Thus, for an optimal design
configuration, ¥%p, a maximized performanc®mean is reached on average, while its standard
deviation,Wsp, is minimized. The optimization framework is deggdnin four sequential steps
where the output of each step is used in the neptas illustrated in Figure 7-3. This allows grab

designers to follow a straightforward procedure mvaenew concept is being developed.
7.1.1. Step I. Sensitivity of the grab performance to loaligo variability

Reference material model of the cohesive iron oOfes-

A DEM material model of a cohesive iron ore camgmmned Carajas Sinter Feed (CSF), has been
validated for the grabbing process in Chapter @hincurrent chapter, that validated material
model is used as a reference material model, to create a bulk cargo variability. To model
interaction between particles in the reference natmodel, the elasto-plastic adhesive contact
spring, EEPA [84], was used.

In the EEPA contact spring, the cohesive forcesmamadjusted by varying the constant
pull-off force (k) and surface energgy). Sensitivity studies on the dependency of bulkaweor

(e.g. angle of repose, shear strength, bulk deneitythe variation offand Ay have been
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documented in [29,140,165]. Fardnd Ay, reference values of -0.2 N and 100 Jare used

respectively.

The plasticity ratioXp) controls the contact stiffness during unloading eeloading of the
spring and, thus, this parameter controls the baoitkpressibility. The plasticity ratiap, controls
the ratio between stiffness toranch Il (k2) and stiffness irbranch | (ki), which shows the
influence of plasticity ratio at contact scale. S hieans that by increasing the plasticity ratio, a
higher level of plastic overlap occurs during cehtand, thus, a higher level of bulk

compressibility. Foip, a reference value of 0.2 is used.

The EEPA contact spring is able to capture a stiedsry-dependent behaviour
[118,164,166] and, therefore, no input parameteexdrio be adjusted in the material model for
this purpose. A pre-consolidated situation can ibrulated by applying a specific amount of
pressure on the bulk surface and then releasingtbasure, as described in [165]. The reference
material model has been validated in operationalditimns for two different levels of pre-
consolidation: 65 and 300 kPa. The grabbing prooédise cohesive iron ore for various levels
of pre-consolidation has been investigated in ttevipus chapter, which shows the negative

effect of pre-consolidation on the grab performance

Bulk cargo variability - [X]

This sensitivity analysis evaluates whether theiabdity of cohesive forces and bulk

compressibility influences the grabbing processat. The effect of a variable is considered
significant if varying its level by100%, compared to its reference level, creates d&%ation

in the mass indicator. As displayed in Table 7-buk variability, [X], based on the reference

material model is created.
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Step I. Sensitivity of the grab performance to

bulk cargo variability

A specific grab, ¥, is used.
Operational parameters are

fixed.
e Output is a set of bulk
materials that have Vg =

significant influence on the
inconsistency of the grab
performance.

Step Il. Random sampling from
design space

Y =

Performance of random
design samples is evaluated
on significant bulk material

classes, [X.

Step Ill. Multi-objective optimization using

surrogate modelling

A surrogate model is created to map
relationships between grab design
parameters and the mass indicator.
An optimal grab design is selected
that performs adequately when bulk
material variability is included.

Step 1V. Verifying the optimal design

The performance of the optimal grab
design is considered as satisfactory if
the difference between predicted
value of the surrogate model and the
simulated value is < 5% in average.

Define a grab
design

yl; AR ] YNg
Generate grab
design sample

X = X1, ...y XND
Define variation of materia
properties

[X]: bulk cargo variability

Sensitivity evaluation of
grab, Yo, to bulk cargo
variability [X]
I
[X']: significant material classes

|

Evaluate performance of
grabs,[Wmas] for [Y]in [X ]

[l‘umass,mea]w and [wmass,s&
|
|
\ 4

f(Y): map relationship
between Y, [X] andW ass

v

For 1:N
Find
mMaX®Wmassmeah
ml n(wmass,sa

I
Y’: predicted optimal grab design

Y1, -0 WNg

Is the
performance of Y
satisfactory?

Yes

v

Verified optimal grab design:
Yopt

Figure 7-3. A systematic optimization framework toinclude the bulk variability in the grab design

procedure
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The relative cohesion term, as defined in Chaptés dsed to vary the level of cohesive forces
when the EEPA contact spring is applied. The nadatiohesionCoui, distinguishes between the

expected levels of bulk cohesion in a qualitatiaywi o create a low relative cohesiaandAy

are decreased by 50% compared to the referenceiahat®del. An increase of 100% is also
applied to create a high relative cohesiGpuik is set to “non” in bulk materials 1, 2, and 3, by

setting bothdandAy to 0.

The EEPA model behaves like an elastic springafglasticity ratio is set to 0, while using
values close to 1 the model behaves like a plapting. In an elastic spring there is no residual
overlap once the force drops to zero. Any valueéaéen 0 and 1 result in a certain level of plastic
compressibility in the contact spring. The refeeentaterial has a plasticity ratio of 0.2, which
we correspond to low relative plastic compressipilisuk. Medium and high levels of relative
plastic compressibility are defined by using 0.58 8.9 forir respectively. Ifp, fo andAy are
all set to zero, then the material model behakesdinon-cohesive elastic bulk solid. The grabbing
process of non-cohesive elastic iron ore has béemady investigated in [155,164] and is,

therefore, excluded from the current sensitivitglgsis.

Table 7-1. Simulation plan to analyse the grabbingrocess for a bulk variability, [X]

Abulk Choulk
Bulk ) ) Ao . fo Ay
) Relative plastic Relative
material o [-] ) [N] | [9/m?]
compressibility cohesion
1 Low 0.2
0 0
2 Medium 0.55 Non
3 High 0.9
4 Low 0.2
5 Medium 0.55 Low -0.05 50
6 High 0.9
7 Low 0.2
8 Medium 0.55 | Medium -0.1 100
9 High 0.9
10 Low 0.2
11 Medium 0.55 High -0.2 200
12 High 0.9
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Simulation setups

Grab-relevant behavior of all 12 bulk materials ewaluated in the following simulation setups:

» Angle of repose
» Uni-axial consolidation

* Penetration test

These preliminary simulations are executed to ydtifat the created virtual bulk variability
represents various states of bulk cohesion and ssibility. Next, the grabbing process is
simulated at full-scale, thus evaluating how thdk brariability influences the process. The
particle diameter of the validated material modelrelatively large (55 mm in diameter),
compared to particle sizes used in typical laboyadoale DEM simulations. Therefore, relatively
large domains are also created to fit enough nusnbieparticles without undesirable boundary
effects.

The angle of repose is simulated by pouring pasiflom a specific height. The simulation
setup is shown in Figure 7-4. Particles are cremtedfactory 1.5 meter above the bottom plate;
due to the force of gravity, particles drop onlle&om plate to form an angle of repose over time.
2500 particles are created with a total mass afrat@B00 kg. Once the simulation is finished, a
stable angle of repose is formed, and the positigrarticles that are on the slope is analyzed. A
linear regression is then fit on the data pointdgi@rmine the angle of repose. The angle of repose

awm, is therefore the measurement objective of the Isition.

Particle factory

Figure 7-4. A simulation setup to measure the anglef repose
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The uni-axial consolidation process, including iogdand unloading, is simulated in four stages
to evaluate the bulk compressibility as well askbdensity. The simulation domain is
1x1x2 meter. A block of material is created usingpéticle factory that moves upward. This kind
of techniqgue minimizes the impact force during plagticle generation (Figure 7-5a). Next, the
particles are allowed to settle for 2 seconds, atalv kinetic energy in the bulk material (i.e.
<1le-4J)is reached (Figure 7-5b). Next, the busiteamal is consolidated by applying a uniform
pressure (i.e. 65 kPa) on its surface by meangebaetry plate for 2 seconds (Figure 7-5c). The
pressure is unloaded by moving the geometry plated with a velocity of 1 cm/s (Figure 7-5d).

The initial bulk densitypo,0 is quantified when the particles relax in the secstage. The
compressed bulk densityy cis measured at the end of loading in the thirdestdge final bulk
density, puend IS quantified when the unloading is finished angra-consolidated situation is

created.

The penetration resistance of the bulk materighésthird grab-relevant property that is
investigated here. The penetration resistanceiigflaential bulk property in the grabbing process
[108], as a lower resistance to penetration of grato the bulk solids results in a higher payload
generally. The penetration process is simulate@ fioaterial block that is pre-consolidated with
a vertical pressure of 65 kPa, as shown in Figi#a.7A cube-shaped geometry with the volume

of 8 m? is used to contain the material block.

a) b) d)

L L <

Figure 7-5. Uni-axial consolidation simulation conists of four stages: a) stage 1, particle generatipb)
stage 2, particles relaxing, c) stage 3, uni-axibdading, d) stage 4, unloading. (The arrow indicatethe

direction of geometry kinematics)

In general, ship unloader grabs have wedge-shapedswith a blunt tip to tradeoff between the
penetration resistance and amount of wear. The @vstigped penetration tool has a width of 40

mm and its tip is 20 mm wide. That makes the ceesgion of the penetration tool similar to the
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setups used in [108,118,165] that focused on thk gpplication too. This tool (1) is driven into
the pre-consolidated bulk material (Il) with a ctamg velocity of 0.1 m/s. A plane contact
2000 mm in length is created during the penetratiwhich replicates the grab dimensions

adequately. The reaction force on the penetratiohis quantified as the measurement objective.

30°

EDEM

I: penetration tool LA|

I1: pre-consolidated bulk material

Figure 7-6. a) Simulation setup of the penetratiotest, b) Cross-section of the penetration tool (1)

Once the outcome of preliminary simulations conirthat an adequate bulk variability is

achieved, the grabbing process can be simulateithéot2 bulk materials. The DEM simulation

of the grabbing process is run on a combinatio@®U and GPU. This allows for reducing the
computation time of a MBD-DEM co-simulation by anali6 times, compared to a CPU-based
co-simulation. NVIDIA Quadro GP100 is used as thepdics card in this study.

Once the co-simulation is finished, the grab penfamce is quantified for the 12 different
bulk materials. The mass indicatdoPmass.iS used to evaluate the sensitivity of the grab
performance to the bulk variability. The outcomeStép | is [X], bulk material classes with

significant influence on the grab performance.

7.1.2. Step Il. Random sampling from design space (LHD)

Once the significant bulk material classes aretetgaa parametric variation of the grab design
can be investigated. In Step Il of the optimizafiamework, design space is searched effectively
to create randomized variations of grab configorati If all the possible combinations of
variables with the design space are consideredll &attorial design is thus created. For each
parameter, a series of levels, or validsjs defined. When every possible combination sete,

the total number of samplds;, is given by Eq. (7.1).
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N = N9 (71)

N

whereNg is the number of parameters. Even with a smallbemof parameters and levels, the
number of samples can result in an extreme comipatdéime. For example, if five design
parameters are tested, each at three differenis|eaetotal number of *3samples need to be
simulated. With an average computation time off®é&rs per grab simulation, this would result

in about 35 days of computing for each bulk materia

Fractional factorial designs can offer more effeztsampling methods compared to a full
design, in terms of offering an affordable compotatime [165]. The Latin Hypercube Design
(LHD) method is selected in this chapter, as @val for searching a parameter space effectively
using a minimum number of sampling points [167]sét of sampling points is constructed in
such a way that each of the parameters is dividexdpi equal levels, wherpis the number of
samples. This is illustrated in Figure 7-7 using examples and for two parameters. In example
1, the samples are constructed with an extremady gpace filling quality, while example 2 has

a better filling quality with a fine filling of thelesign space.

(a) @ . , I ()l Ps

Figure 7-7. Examples of LHD including two parametes: a) poor filling of a design space, and b)

reasonable quality of filling a design space

The LHD is constructed according to the algoritheneloped in [152]. Thep criterion was

defined, as shown in Eq. (7.2), to measure theopadnce of a LHD-based sampling.

1
np—1 np /D

, = Z Z dP (7.2)

i=1 j=it1

wherep is a positive integew; is the inter-point distance. In the current stualy; 50 is used
following the recommendation afin et al. [168]. By minimizing the®p criterion [151], the

location of levels for each parameter is randoilpultaneously, and evenly distributed over the
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parameter space. Maintaining a maximized distart@den each two points allows for satisfying

the @p criterion.

In total, five design variables are included in tiptimization, referred here as D1, D2, D3,
D4, D5. The variables and the range of variatiomssglected based on a previous parametric
study [155] as well as in consultation with gralsidaers. For exampleéSchott et al[155]
demonstrated that the length of the grab bucket, @ddys an important role in the grab
performance. Also, the radius of a bucket, D2, sigaificant design parameter as it influences

the bucket shape, and, thus, its volume.

The construction of the LHD-based samples for Dd B2 is visualized in Figure 7-8.
Samples for three other design variables are ralydomated in a similar way, thus, minimizing
&p for five variables. A range of 1650 mm to 2000 merconsidered for D1, as it is a typical
range for such a grab prototype. For the same med¥d is also varied between 1200 mm and
2000 mm. Therefore, 25 different grab desid¥is: 25, are created, including 5 variablsg,
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Figure 7-8. Sampling randomly generated for desigmariables D1 and D2 using Latin Hypercube
Design.
7.1.3. Step Ill. Multi-objective optimization using suraig modelling

A surrogate model is a computationally affordabktmematical model that can replace the actual
simulation or experiment. Surrogate models apprakgma function based on a set of available
data points and can then predict the function at pants [13]. A surrogate model offers a faster
computation time, compared to the actual DEM-MBBsguulation, to predict performance of a

new grab configuration. Surrogate models can be ated to obtain trends and identify the
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influence of specific parameters on the grab peréorce. Three different types of regression-

based surrogate models are tested in the currapte

* Linear regression
» Linear Support Vector Machine Kernel

* Polynomial Support Vector Machine Kernel

The linear regression model is the most widely usgplession model. In general, this type of
regression model is a linear function between Wéem response of the system, and constant

coefficients [169], as shown in Eq. (7.3).

Ng
=) B, (7.3)
j=1

wheref is the regression mod@ s a constant coefficient, agds a (design) variable. A surrogate
model can be created by fitting a regression foncfi, for each bulk material. Therefore, f(Y)
maps the relationship between the grab designblagabulk materials, and the selected response

of the system, which is the mass indicahass in the current study.

Kernel models transform variables using kernel® ffansformed variables are measures
for similarity or correlation between the data psirMultiplying the transformed variables with
weights (constant coefficients), as with the lingardels, gives an estimate of the output. The

predictor function for a kernel-based regressiagiven by:

fi=) B0 —y)+b (7.4)
i=1

wheref;is the weight factor corresponding to data pgiandy’ indicates a vector of variable (at
its new location) angl is an available data poirti.is a constant to minimize the fitting errer,
One difference between a linear regression modkeh&ernel model is that the latter has a number
of coefficients3i, corresponding to data points rather than varialdids.the kernel function that
transforms data points into another space to hatidenon-linearity. Linear and polynomial

functions are used fab in the current study.

The support vector machine (SVM) regression ude=@el function to first estimate the
correlation between data points before fitting Gomfnts (Figure 7-9). The advantage of SVM is
that it allows for an error between observationd predictions [170]. The cost function is not

increased until the specified amount of ermhetween observation and prediction is reached,
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which forms are-tube around the prediction function. Outside theet the cost function increases

and forces the prediction function to a specifitge of data points.

A A loss

v

Figure 7-9. A tube with the radius ofe is fitted to data points in the SVM regression moel [171]

As discussed earlier, two objectives are considametthe current optimization: a maximized
average mass indicatoWfassmegh and a minimized standard deviation for mass giic
(Wmass,sp measured in different bulk materials. The unlagdrequency of a certain cargo is also
considered in the optimization. For example, ifrabgunloads a specific cargo 20% of time, and
another cargo 80% of time, the second cargo shbaieg a higher weighting factor in the
optimization for maintaining an adequate produttivirhe distance between origin mine and
customer, production capacity of mine, and technésamands of customer are among the
influencing factors on the frequency of receivingsgecific bulk cargo at destination. The
unloading frequency can usually be obtained byyainaj available databases of customers.

Therefore, to consider the frequency distributidnbalk variability, weighting factors with

YN, wy = 1 are definedw, is the weighting factor of materiklin the optimization.

Once different grab samples, Y, are simulated, careselect a design configuration that
may jointly satisfy the optimization objectives. Mever, a response optimizer can find better
design configurations, compared to the simulatetipées, by using the surrogate models.
Creating surrogate models allows for predictingrésponse of the system without the necessity
of running a DEM-MBD co-simulation. Once a surragatodel is created, the optimal design can
be found by selecting a combination of design \Vdeis that jointly satisfy the optimization
objectives [165]. The NSGA-II genetic algorithm P17s a proper tool to solve DEM-based
optimization problems [15,26,27,132], and is therefused in the current chapter to search for

the optimal solution within the design range.
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7.1.4. Step IV. Verifying the optimal design

The selected optimal design is verified by runnsapforming simulations. This allows for
guantifying the error of surrogate models as w&he prediction error is quantified using
Eq. (7.5).

(7.5)

N*
le|mean = Z 100
k=1

where|e|meanis the mean of absolute relative differences ferghabbing process N different

fie = Ji
fi

bulk materials.fc is the prediction for system respon¥éyassin the current studyfi’ is the
simulated response of the optimal design solut@nblilk materiak. The acceptable error of
|e|meanis considered to be 5% multiplied By In other words, on average a prediction error of
5% for each bulk material is considered to be adtquf the prediction error is not acceptable,
the number of data points in step 2 can be incdetsenprove the accuracy. Additionally, based
on the prediction error, the performance of théed#nt surrogate models can be compared. The

optimization ends with a verified optimal desigmfiguration, Yopt.

7.2. Results and Discussion

This section presents and discusses the outcofoeio§teps of the optimization in a sequential

manner.

7.2.1. Results of step 1, sensitivity to cargo variability

Step | aims to identify a bulk material variabililyat has a significant influence on the grab
performance. First, results of preliminary simulas are discussed. Second, the grab performance
in handling the 12 different material models is lgped. Third, a matrix[X*] , containing the

significant bulk material classes is created.

Angle of repose

Figure 7-10 shows the angle of repose results d@matutwo variables; relative cohesioBn (k)
and relative plastic compressibilityn(k). The angle of repose depends on the relativesiohe
significantly. Increasing cohesive force valugsind4y, results in a higher angle of repose. The
relative plastic compressibility, also influenaas. When a non-cohesive material is used, the
relative plastic compressibility has a positiveretation witham. However, when the cohesive

forces are present, the relative plastic compraigibas a negative correlation withu.
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Figure 7-10. Angle of repose results including tweariables: relative cohesion and relative plastic

compressibility

In case of non-cohesive materials, a higher compiasticity results in a larger contact area upon
unloading, thus increasing the required slidingtagise of particles relative to each other.
However, when cohesive forces are active, a highlative plastic compressibility results in a
denser pile of material. Since the particle denisigonstant, a denser packing of material results
in a heavier failure wedge in the slope, thus aeloangle of repose could be expected with
increasing the contact plasticity. The effect afte@t plasticity on the packing is discussed furthe

in the uni-axial consolidation simulation setup.

Uni-axial consolidation

Figure 7-11 displays initial, compressed, and flmalk density values that are quantified for the
12 different bulk materials under 65 kPa pre-cadsdion pressure. Results are presented in three
separate graphs, each showing the outcome fotairc@vel ofipu. All bulk density parameters

decrease when cohesive forces increase, indepeoidiret contact plasticity value.
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Figure 7-11. Bulk density values in the uni-axial @nsolidation simulation, including two variables:

relative cohesion Coui) and relative plastic compressibility gouik)

The higher the cohesive forces, the larger theicése forces between particles to fill the voids;
consequently, a lower bulk density is created.Heurhore, by increasing the contact plasticity,
the residual overlap in contact spring increase$, fhus a smaller difference betweay and
pbendMight be expected. Therefore, both variabless and Coui, have significant influence on

the bulk compressibility and the bulk density.

Penetration resistance

Wsoo, the accumulative reaction force (in Joules) am wedge-shape tool is quantified at the
penetration depth of 500 mm. That is similar toplkeetration depth that occurs in the grabbing
process of the CSF cargo under 65 kPa pre-consiolidpressure [164]. The outcome of the

penetration test simulations is shown in Figure7iicluding two variablestoux and Coulk.
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Figure 7-12. Effect of bulk variability on the pendration resistance
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There is a positive correlation between the redaflastic compressibilitylbuk, andWsoo A
higher contact plasticity results in a denser pagkithus, a higher resistance against the
penetration of the wedge-shaped tool. There idewr celationship between the relative cohesion
and the penetration resistance. Therefore, fnlyis a significant bulk variable influencing the

penetration resistance.

The influence of each variable on the grab-relevmtik properties is shown above. The
relative cohesion has a significant influence am dingle of repose and bulk density, while the
relative plastic compressibility plays a signifitaole in the angle of repose, bulk compressihility

and the penetration resistance.

Grabbing process

Figure 7-13 displays the influence &fik andCou On the grab performance. The influence of
relative plastic compressibility on the grab pemfance is significant. That could be expected,
based on the penetration simulations. The relatoteesion also plays a role in the grabbing

process, especially when a ldwik is used.

Although the effect of the pre-consolidation pressis not investigated in the current
analysis, it is known that the pre-consolidatioaygla significant role in the grabbing process of
cohesive iron ore [164]. Three different bulk metisrare selected for further optimization of the
grab design, as presented in Table 7-2. Materidl’I® a non-cohesive iron ore with no relative
plastic compressibility which its DEM material mbdeas developed within the Transport
Engineering and Logistic section of Delft Univeysibf Technology [9]. Due to lack of
compressibility of 10-1, pre-consolidation is omitted. Material 1048 a cohesive iron ore with
a low Cpuik and a hightwuik that is pre-consolidated with a relative high puee of 200 kPa. By
contrast, material 10-3has a higlCouik and a lowiui, that is pre-consolidated with a relative low
pressure of 40 kPa. Such pressure is expectedcatgea depth of around 1.5m to 2 m. By
analyzing an available database of a grab custamenyeighting factors are selected for each
bulk material. Summarizing, three different bulkteral classes with significant variability for

the grabbing process are selected as the outcosteof.
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Figure 7-13. The grab performance under variation érelative cohesion and relative plastic

compressibility

Table 7-2.[X*]: three different bulk material classes with signifcant influence on the grabbing process

Bulk Abulk Choulk 6pre [KPa] w

material | Relative plastic | Relative Pre-consolidation Weight factor of the
class compressibility | cohesion stress unloading frequency
10-1" Non Non Not applicable 0.1
10-2° Low High 40 04
10-3 High Low 200 0.5

7.2.2.

The 25 different grab design samples are simulatéttee significant bulk material classps}],

Results of Step I, performance indicators of randiesign samples

thus, 75 simulations are executed. The performahgeabs are analyzed usithge mass indicator
Pmass and the outcome is illustrated in Figure 7-14e Tbrizontal axis represents the mean value
of ¥massfor a grab handling the three significant matetiakses, thus showing the performance
of a design sample on average. The vertical ayieesents the standard deviation valué’efss

in handling[X"], thus an indication for the performance consistenc
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Figure 7-14. Performance of random grab design sanfgs in three different bulk materials,[X"]

The mean?massvalues are distributed between 2.05 and 2.54. fatran of around 24% in the
performance of different design samples is captuxext, surrogate models are fitted on the 25
data points.

7.2.3. Results of Step Ill, multi-objective optimizatising surrogate modelling

Three different surrogate models are fitted onahailable data points: linear regression, linear
SVM kernel, and polynomial SVM kernel. Next, optinsalutions using the NSGA-II genetic
algorithm are found for each surrogate model. Tuteame is illustrated in Figure 7-15, indicating
that different optimal solutions (red line) are folusing different surrogate models. The available
data points are shown in blue. The polynomial SVaink! predicts optimal solutions that are
better than the predictions of two other surrogatelels. The non-linear relationships between

optimization objectives and design variable wepwaed well using the polynomial SVM kernel.
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Figure 7-15. Optimal solutions are compared for thee different surrogate models
7.2.4. Results of Step 1V, verified optimal design

It needs to be verified whether the predicationshef surrogate models and the optimization
algorithm are sufficiently accurate. Therefore, thaee-point” in the line presenting optimal
solutions is selected, as recommended in [173]si@uHations are executed for each optimal

solution in three significant bulk material clasg&s] ; the outcome is shown in Table 7-3.

Table 7-3. Comparing simulated®massin [X*] with predictions of the optimization algorithm

Bulk Linear Linear SVM Polynomial
material regression kernel SVM kernel
10-1" 2.50 252 251
10-2" 2.65 2.70 2.76
10-3 231 2.32 2.39
Pmass,mean 2.49 251 2.56
Eean[%0] 4.7 1.6 1.1

All three surrogate models have a prediction esroaller than 5% fo¥massmean The polynomial
SVM kernel shows the highest grab performance disas¢he lowest prediction error, while the
linear regression model shows the opposite. Thegefine polynomial SVM kernel can be
recommended as a surrogate model to find desigfigocoations of an optimal grab, including
the bulk cargo variability.

7.3. Conclusion

In this chapter, a sequential multi-objective ojtation framework was established to include

multiple grab design variables as well as a vaowétyulk material properties in the design process.
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A wide range of bulk material properties was usedhie optimization, from a non-cohesive
incompressible iron ore to a cohesive compressiigo that is pre-consolidated. A maximized
grab performance¥massmean Was achieved, while a minimized value for thefganance

deviation was maintained. The established optinamadramework offers a straightforward and

reliable tool for designing grabs and other simélguipment, including the bulk cargo variability.

» A bulk variability was created to consider varidesels of cohesion and compressibility of
iron ore products. Three preliminary simulationseveerformed to verify that a realistic bulk
variability is replicated using DEM. The outcome simulations show that the relative
cohesion has a significant influence on the anfjfemose and bulk density, while the relative
plastic compressibility plays an important roléhe angle of repose, bulk compressibility, and
the penetration resistance. The simulations ofithbbing process using a range of virtual bulk
variability show that the relative plastic compibsgy has a larger influence on the product
performance, compared to the relative cohesion.

» 25 different random grab designs were created u$iad.-atin Hypercube Design sampling
method, including 5 different geometrical variables variation of 24% in the grab
performance was captured using the random desmgples, indicating the adequacy of the
sampling method. Comparing the average mass imdiozlues, ¥Ymassmean as well the
corresponding standard deviation values allowsaksessing performance of different grab
designs.

» Three different surrogate models were created usiegr regression, linear support vector
machine kernel and polynomial supper vector mackar@el models. The outcome of the
optimization was most promising and accurate wherstirrogate model is constructed using
a polynomial SVM kernel model, as it captures tha-tinear relationships between variables

and objectives.

Once a specific design concept is selected forlmanaon ore, the bulk cargo variability can be
included by following steps Il, Il and 1V of thg@tmization framework. If a design concept needs
to be optimized for a different type of cargo (ecgal), it is recommended that all steps of the

optimization framework are followed in a sequentignner.
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8.1. Conclusions

A reliable and accurate DEM-MBD co-simulation waveloped and utilised for optimizing the
grabbing process of cohesive iron ore products. graébing process simulation was validated
by full-scale grabbing experiments in the cargodhahder actual operational conditions. Both
cohesive and stress-history dependent behavioorodst fine iron ore were captured using the
validated material model. Moreover, a novel mublijextive optimization framework was
established that offers an affordable computatiore tto enhance design concepts in various

operational conditions of varying bulk cargo pradjsey.
The main findings regarding the main research quesof this dissertation are described below.

1. How can the effect of stress-history dependerfigohesive iron ore on the grabbing process

be evaluated using a laboratory experimental setup?

» A consolidation-penetration test method was sudakgsleveloped to investigate the effect
of consolidation stress on the penetration resistain this setup, a wedge-shaped tool
penetrates into a moist sample of iron ore finat thplicates the penetration process of grabs

into bulk cargoes.
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A non-linear positive relationship between the poasolidation and the penetration resistance
was found. Therefore, a strong link between thessthistory dependency of cohesive iron ore

and the grabbing process was quantified.

2. What are variability and interdependency of iooe properties and their interactions with

equipment in realistic transport and storage ca

3.

Based on a range of experiments with three ironsaraples, it was shown that three bulk
properties - type of cargo, moisture content, aredgonsolidation - are responsible for the
variations of the dependent bulk properties: bu#ngity, angle of repose, penetration
resistance, and shear strength.

The tested iron ore samples are categorized ascadngsive to cohesive based on the ring
shear test results. The angle of repose of thesplea were measured using the ledge method;
the test results are in the range of 55° to 709eeifor Carajas SF sample) (&t the highest
level of moisture content that resulted in angleegose of 8%in average . The mentioned
range is consistent with measurements of othearesers on moist iron ore samples using a
similar test method.

The dependent bulk properties of cohesive ironsaraples are highly sensitive to the history
of the applied stresspre. This phenomena was observed in both ring shehcansolidation-
penetration tests, in which high correlations bemveore-consolidation and respectively
flowability and accumulative penetration resistaamefound. Therefore, choosing appropriate
range of pre-consolidation in the design of equipinfier handling cohesive iron ore is crucial.
According to the obtained experimental resultis, @xpected that the variability of influencing
bulk properties (type of cargo, moisture contemt pre-consolidation) plays an important role

in the performance consistency of transport angg®equipment, such as grabs.

How to minimize the computation cost for a lasgale co-simulation of grabs and cohesive

bulk solids?

A hybrid particle-geometric scaling approach forMdBimulations of cohesive materials was
developed and verified that allows for isolating taffects of varying particle size and
geometric dimensions on bulk properties. Additibnaproper particle scaling rules were
developed by extending the coarse graining tecleniquncorporate two important aspects of
bulk materials, their elasto-plastic behaviour #meir cohesive forces. It was demonstrated
that the constant pull-off force, fand the surface energyy, should be scaled by the squared

of the scaling factor and the scaling factor retipely.
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* To apply the hybrid particle-geometric scaling agmh for simulating a cohesive and stress-
history dependent bulk solid for using in an ehyiifferent simulation scale, the following
steps were required to be followed subsequently:

o Step | is to conduct the laboratory tests to chareme complex behavior of cohesive and
elasto-plastic materials for various bulk responses

o Step Il is to calibrate the DEM simulation repliogtthe laboratory tests at a scale of 1:1,
which is a common calibration procedure.

o Step Il is to vary the geometry scale by maintagnconstant particle size and contact
settings. Values of bulk responses are expectbd aifected by geometric scaling.

o0 Step IV is to vary the particle scale and to coragmark responses with outcome of step lll.

Steps Il and IV can be repeated until the desirade-off between computational time and

accuracy is reached. Once a scaled up simulatioh aireduced computational time is

developed, validation should be achieved usingtinexperiments.

« The scaling rules resulted in a reduction fromi A6urs of computation time for around 8
million particles, to just under 4 hours for arol@D 000 particles. This is sufficiently a short

computation time to allow design optimisation cdlgs.

4. What is a reliable calibration procedure to diewex realistic material model of cohesive iron

ore for the grabbing process?

* To develop a realistic material model the followttgallenges in calibrating a DEM material
model for complex bulk solids, such as cohesivesiress-history dependent iron ore, should
be addressed:

o ldentifying proper contact modules that ensure niultk responses can be captured
properly: in this work, the Latin Hypercube Desiggthnique was applied successfully to
search for a non-empty solution space.

o Including both types of input variables, categdrimad continuous, in a multi-variable
multi-objective calibration procedure: a categdrigariable, rolling friction module, was
included in the feasibility step of the calibratipnocedure. Once the level of categorical
variable is set, levels of continuous variableghsas the coefficient of static friction, were
optimized using the surrogate modelling.

0 Including a high number of DEM input variables in aptimization-based calibration
procedure: by simply adjusting input parametersyenous simulations should be run with no
guarantee of finding a parameter set to fit thetinlwilk responses. The calibration procedure

demonstrates how Design of Experiment techniqueseaused in an effective way to create
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samples for multiple DEM input variables (i.e. Gtinuous variables), while the number of
required simulations is minimized.

* The calibration procedure addresses how a relipbbeedure can be applied when the
complexity of multi-bulk responses is includedwias shown that the surrogate modelling-
based optimization is applicable when a high nuntber> 5) of DEM input variables and a
number of calibration targets (i.e. >2) are invdlv&he established calibration procedure can

be applied to any type of unsaturated bulk matrelch as coal.

5. What is the accuracy of the MBD-DEM co-simulataf grabs and cohesive iron in replicating

the actual process?

* The co-simulation of cohesive and stress-dependentore was developed and validated
successfully with full-scale grabbing experimemtshe cargo hold. This allowed the process
to be recorded under realistic operational conaltiand ensured capturing the stress dependent
behaviour of the bulk material at two differentdés/of cargo depth.

» The predictions of the co-simulation compared wellexperimental data in all aspects,
including force in cables, torque in winches, kirics of geometry, payload, collected
volume and average porosity of bulk solid.

* Using the co-simulation setup, a negative cormefathetween pre-consolidation level and
payload was confirmed. When a pre-consolidatiamasibn is created for cohesive materials,
the increasing density of bulk material resulta lower penetration/cutting depth of grab, both

at rest and closing stages.

6. How can bulk cargo variation be included in design procedure of grabs?

» Toinclude a variety of bulk material propertiesasl as multiple grab geometric variables in
the design process, a sequential multi-objectivienmopation framework was established. A
wide range of bulk material properties was usedh& optimization, from a non-cohesive
incompressible iron ore to a cohesive compressidlggo that is pre-consolidated. The
optimization framework aimed successfully at a mazed grab performance (in terms of the
mass indicator), and simultaneously, a maximizedfop@ance consistency. With the aid of
this optimization framework, realistic operatiornditions can be included in the design
process of grabs.

» Three different surrogate models were created usiegr regression, linear support vector
machine kernel and polynomial supper vector mackar@el models. The outcome of the

optimization was most promising and accurate whemstrrogate model is constructed using
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a polynomial SVM kernel model, as it captures tha-tinear relationships between variables

and objectives.

8.2. Recommendations

The developed and presented simulation-based @gatiion framework in this work is beneficial

to grab manufacturers, terminal operators and citadeeholders of the grab industry:

Grab manufacturers should use the validated colation to test the virtual prototypes
of grabs as they interact with bulk solid cargoather than the traditional approach of physical
prototyping. Also, the simulation-based optimizatfeamework offers application-driven design
of grabs where the customer’s specific requestsh @s the list of cargoes being handled

frequently, leads to a custom-made grab design.

Terminal operators can use the presented validatesimulation to obtain valuable data
regarding the grab performance under realisticatpmral conditions, and using obtained data in
their logistic planning. In this dissertation, aregate model was created to include various design
samples and bulk cargo properties. A more comphersurrogate model should be created in
future work, capturing other aspects of operatiamlditions, such as bulk surface geometry.
Once such a surrogate model is made more compiigbedssign and operational scenarios can
be optimized without the necessity of running aotdations. This allows for finding an optimal
solution in near real-time. Various optimizationgets can be included, such as unloading time
of a bulk carrier, environmental impact, energy ssanption, and fatigue of grab structure,

therefore supporting the stakeholders in modergimmaterial handling systems.

Crane operators can utilize an automated monitasiysjem linked to a robust control
system that enables the possibility of the opegagirabs with a minimized unloading time. The
developed co-simulation should be used for optimgzhe control system in the grabbing process.
The optimized control system requires near-reag tdata of bulk cargo and its interaction with
equipment to be recorded in a remote way. The ourtemmon practice is using limited
quantitative data, and by relying on visual obseovs and experience of the crane operator for

controlling the grabs as well as laboratory-basedsurements of similar cargoes.

The approach presented in this work can be implésdefior other bulk solids and other
handling equipment. Defining key performance inthesithat take into consideration the impact
of each piece of equipment on the entire chain btilk handling system can bring us closer

towards revolutionizing the bulk material handlisgpply chain. The DEM material model
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Conclusions and recommendations

developed in this work was aimed for the grab appion, which was simulated accurately. For
a system approach, other applications, such asfénraohutes, that have flow regimes different
than the grabbing process, require different matstates to be considered. Therefore, a universal

material model of a bulk solid independent of tleevfregime should be established.
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Nomenclature

In this dissertation the following symbols haveeeed:

Symbol Unit Description

A m? Area

Hr - Coefficient of rolling friction

Hs - Coefficient of static friction

le] - Absolute relative difference

B - Constant term in regression model

Chbulk - Relative bulk cohesion

Cr - Coefficient of restitution

dso mm Median particle size

Ocomposite - Composite desirability, geometric mean of indual

desirability values

On m Normal contact overlap

E Pa Equivalent Young's modulus
fadn N Normal adhesive force

fn N Normal contact force

fr N Tangential contact force

fo N Constant pull-off force

G Pa Shear modulus

g m/g Gravitational constant

H m Height

Ngrab - Grab's efficiency



Symbol Unit Description

Kadn N/m Adhesive stiffness of contact spring
Kn N/m Normal stiffness of contact spring
ki N/m Tangential stiffness of contact spring
Kt,mult - Tangential stiffness multiplier in the EEPA ¢act model
Ls m Final penetration depth of the sampling tube
Me ton Grab's weight when it is empty
MC % Dry-based moisture content
Mpwr ton Weight of collected bulk solid
NowT - Porosity of collected bulk solid
Nkeppler - Theoretical limit of minimum porosity for rigisphere
r m Moment arm
R’ m Equivalent radius
Pb kg/m®  Bulk density in moist state
o kg/m*  Bulk density in dry state
Pt kg/m®  Fluid density
R2 - Coefficient of determination
Rp m Particle radius
T Pa Shear stress
TR N.m Rotational contact torque
U m Perimeter
m/s Velocity
Wik - Weighting factor
W, J Accumulated penetration resistance at penetrdépth ofz
oM Degree  Angle of repose
Ainitial, S66 m Penetration resistance quantified throughahgienetration
depth of S66 tube
Awmc % Moisture content variation
Ay J/n? Surface energy
Abulk - Relative bulk compressibility
Ap - Contact plasticity ratio
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Symbol Unit Description

o Pa Normal stress

o1 Pa Consolidation stress

oc Pa Unconfined yield strength
Opr Pa Pre-consolidation stress
Ta Pa Adhesion (shear) strength
Tc Pa Cohesion (shear) strength
Tw Pa Wall shear stress

¢ lin Degree Linear internal friction

Ox Degree  Wall friction angle

X - Tensile exponent

yp - Particle shape

® degree/s Angular velocity
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Samenvatting

Wegens de grote vraag naar ijzerertsproducten ista@industrie hebben deze per jaar het
grootste aandeel in de handel in droge bulkgoedegreter dan kolen en graan. Ongeveer 9000
capesize-vrachtschepen met een draagvermogend@0@0ton vervoeren jaarlijks ijzererts naar
havens van bestemming. Voor het lossen van ijzetatrischeepsruimen worden veelal grijpers
gebruikt. Een snel en betrouwbaar losproces isgnodi de kosten voor havenexploitanten zo
laag mogelijk te houden en om ijzerertsproductetijdpij de klanten te kunnen afleveren. In de
praktijk zijn er vele factoren, zoals vocht, madateigenschappen die variéren met de
ladingdiepte, en de dynamische eigenschappen vagrijger, die het moeilijk maken om het
losproces efficiént te laten verlopen. Een oplagsivor een beter losproces is om met behulp van
op simulatie gebaseerde methoden het ontwerp Jgeig te verbeteren. Hierdoor kan er per
grijpercyclus een grotere massa ijzererts wordeweskt, waardoor de totale lostijd van een

bulkvrachtschip tot een minimum wordt beperkt.

Het gebruik van virtuele prototypes van grijpeksrtgal prototyping is een nieuwe
simulatiemethode waarmee het ontwerp op een betaalmanier kan worden geévalueerd.
Cosimulatie van een virtueel prototype van eerpgrign de werking op het bulkmateriaal wordt
op ware grootte uitgevoerd door twee verschilleagi®ssers aan elkaar te koppelen: Discrete
Element Method (DEM) en MultiBody Dynamics (MBD).o@r de cosimulatie zijn als input
vereist een virtuele kraanmachinist, een CAD-modst een grijper die met een kraan is
verbonden, en een gekalibreerd DEM-materiaalmolfelhet afgelopen decennium zijn er
betrouwbare DEM-kalibratieprocedures ontwikkeld moet modelleren van vrij stromende vaste
bulkstoffen, zoals ijzerertspellets, zand en grial$. gevolg van het vochtgehalte vertonen de
meeste ijzerertsproducten echter gedrag dat afivangtohesie en belastingsgeschiedenis; bij de
kalibratieprocedure moet daarmee rekening wordehougen. Bovendien is, gezien de

deeltjesgrootte en -vorm van dergelijke fijne igtsproducten, de extreem lange rekentijd van



DEM-simulaties een uitdaging die moet worden opsfelerder wordt een grijper vaak gebruikt
voor een grote verscheidenheid aan ijzerertsladingeet bijvoorbeeld verschillende
vochtgehaltes, schuifsterktes en bulkdichthedenv@@biliteit van de eigenschappen van de

bulkgoederen beinvloedt het grijpproces aanzierdijkdaarmee ook de efficiéntie van de grijper.

Het hoofddoel van dit proefschrift is een nauwkgercosimulatie van grijper en cohesief
ijzererts ontwikkelen en deze gebruiken om virtupl®totypen te optimaliseren. Als de
eigenschappen van een ijzerertsproduct in interactet de apparatuur eenmaal zijn
gekarakteriseerd, moeten met behulp van een bebamewmultivariabele kalibratieprocedure de
verschillende invoerparameters van een DEM-matena@el worden vastgesteld, inclusief
continue en categorische variabelen. Zodra deej@shalingsregels op de DEM-simulatie zijn
toegepast, kan een modelsimulatie van grijper ertemaal op ware grootte worden
geconfigureerd en gevalideerd. Vervolgens moeten ofgimale instellingen van de
ontwerpvariabelen worden bepaald, zodat het efiact variatie in de bulklading op het
rendement van de grijper kan worden geminimaliseBitl is de basisstrategie van robuust
grijperontwerp. Exploitanten van bulkterminals heblgraag grijpers die geoptimaliseerd zijn

voor meerdere doelstellingen, zoals een maximaalament bij een minimale afwijking.

Een consolidation-penetratiotestmethode is ontwikkeld om te onderzoeken of het
belastingsgeschiedenisafhankelijke gedrag vaneijiebelangrijk is voor de werking van de
grijper. In deze laboratoriumtest wordt de spannyegepliceerd die wordt verwacht voor de
zetting €onsolidation in een stapel bulkgoed tijdens het grijpen. Vageas worden voor de
grijper relevante eigenschappen van een reekgijgproducten gekarakteriseerd met behulp van
laboratoriumtestmethoden, zoalensolidation-penetratignring shear wall friction en ledge
angle of reposeMet de verkregen gegevens wordt een realistisatemaalmodel gekalibreerd.
De statische wrijvingscoéfficiént, de opperviakteergie en de schuifmodulus van de deeltjes
blijken de meest significante continue variabekezifn voor de gesimuleerde processen, en de
rolweerstand blijkt een significante categorischariabele. Vervolgens wordt het DEM-
materiaalmodel van cohesief ijzererts opgesteldbabtlp van een betrouwbare multivariabele
kalibratieprocedure met meerdere doelstellingen.gBkalibreerde DEM-parameterset en de
‘definitiviteit’  (definiteness worden geverifieerd aan de hand van 20 verscidée

bulkresponswaarden.

Zodra het materiaalmodel is gekalibreerd, wordehalsogsregels voor het gekozen

contactmodel toegepast om de rekentijd van de adatia te minimaliseren. De schalingsregels
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worden geverifieerd voor diverse deeltjesgroottemmetrische afmetingen, testinrichtingen en
cohesiekrachten. De geometrische afmetingen moktenvan de deeltjesgrootte worden
geschaald om de bulkmassa en de volumehoeveellsedstant te houden. De cosimulatie van
grijper en cohesief ijzererts is geconfigureerd ipehulp van opgeschaalde deeltjies met een
gemiddelde diameter van 55 mm. De schalingsregéalsién tot een vermindering in rekentijd,
van 1G uur voor ongeveer 8 miljoen deeltjes tot iets reindan 4 uur voor ongeveer 600 000

deeltjes.

Het gesimuleerde grijpproces wordt gevalideerd doaidel van grijpexperimenten op
ware grootte in het vrachtruim. Hierdoor kon hetoges onder realistische
bedrijfsomstandigheden worden vastgelegd. De cdatieu wordt gevalideerd door de
voorspellingen te vergelijken met experimentele eyegs over diverse aspecten, zoals de
kinematische en dynamische eigenschappen vanjgergide voorspellingen van de cosimulatie
kwamen goed overeen met de experimentele gegeyeakeoaspecten: de kracht in kabels, het
koppelmoment in lieren, de kinematische eigensabiappn de geometrie, het laadvermogen, het
verwerkte volume en de gemiddelde porositeit vanblugkgoed. De gevalideerde cosimulatie
bewijst dat het belastingsafhankelijke gedrag vaimesieve lading tijdens de interactie met de

grijper met succes is gemodelleerd.

Ten slotte is er een optimaliseringskader met nezerdoelstellingen opgesteld om in de
ontwerpprocedure rekening te houden met de variatie de bulklading. In het
optimaliseringskader zijn twee doelstellingen opmean: een maximale gemiddelde prestatie
van de grijper en een minimale afwijking van de gitalde prestatie. Om de relaties tussen
geometrische ontwerpparameters en de genoemdedlogden in kaart te brengen, worden
verschillende virtuele prototypen van grijpers gedeerd voor een breed scala aan
ijzerertsladingen. Vervolgens wordt er een op gaawmodellen gebaseerde optimalisatie
toegepast en wordt er een optimaal ontwerp vamigeggemaakt. Het optimale grijperontwerp
wordt vervolgens getest met behulp van de cosimeylaiaarbij wordt nagegaan in hoeverre de
voorspellingen van het surrogaatmodel overeenkomeinde gesimuleerde respons. Het aldus
opgestelde optimaliseringskader voorziet in dirstéppen voor het ontwerpen van grijpers voor

diverse bulkladingeigenschappen.

De gehele keten van een systeem voor de afhandedingbulkladingen, vooral voor
cohesieve materialen, kan nauwkeurig op ware grootirden gesimuleerd, zodat de efficiéntie

van het gehele systeem kan worden gemaximaliseéggdoe kan de in dit werk gepresenteerde
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methode worden toegepast voor andere vaste bulkgeed en ook voor andere
bulkverwerkingsapparatuur dan grijpers. Bovendiemnren er op basis van de gevalideerde
cosimulatie van grijper en cohesief ijzererts irmmyve ontwerp- en exploitatieconcepten worden

bedacht, zodat de tijd en energie die nodig zijor Vet lossen van ijzerertsvrachtschepen verder

worden geminimaliseerd.
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