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Abstract

This paper focuses on a numerical analysis of a hard rock (ore) disintegration process. A bit moves into
the ore and subsequently disintegrates it. The disintegration (i.e. fracture of ore) is solved via a deterministic
approach (FEM) and a probabilistic approach (FEM in combination with the SBRA - Simulation-Based
Reliability Assessment method, i.e. Monte Carlo simulations, stochastic inputs). The ore is disintegrated by
deactivating the finite elements satisfying fracture conditions. The results are compared with experiments. The
application of the SBRA method is a new and innovative trend in this area. Finally, the probabilistic reliability
assessment is mentioned.

Abstrakt

Clanek se zaméfuje na numerickou analyzu procesu rozpojovani tvrdych hornin (rud). Nz se pohybuje
do horniny a nasledné ji rozpojuje. Rozpojovani (tj. lom rudy) je feSeno deterministickym pfistupem (MKP) a
pravdépodobnostnim piistupem (MKP v kombinaci s metodou SBRA - Simulation-Based Reliability
Assessment, tj. simulace Monte Carlo, stochastické vstupy). Ruda je rozpojovana pomoci deaktivace kone¢nych
prvku, které spliiuji podminky odlomeni. Vysledky jsou porovnany s experimenty. Aplikace metody SBRA
V této oblasti je novym a inovativnim trendem. V zavéru je uveden pravdépodobnostni posudek spolehlivosti.

Key words: rock mechanics, hard rock (ore), disintegration process, excavation tool, design, probability,
SBRA Method.

1 INTRODUCTION

The provision of sufficient quantities of raw materials
for the industry is the main limiting factor of further
development, see [1]. Excavation tools of mining machines
have undergone quite long-term development, and they are
still a subject of concern for inventors. It is therefore very
important to understand the ore disintegration process,
including an analysis of the bit (i.e. an excavation tool) used in
mining operations. The main focus is laid on the modelling of
a mechanical contact between the bit and the platinum ore and
o its evaluation (i.e. a practical application in the mining
Fig. 1 Interaction between bits and hard rock  téchnology), see Fig. 1. However, material properties of the

(i.e. disintegration, experiment) ore have ailarge stoghastlc_ variability. Hgnc_e_, the stochastic

approach (i.e. the Simulation-Based Reliability Assessment

Method) in combination with the FEM is applied. This article reports about the improvement of the first
(deterministic) solution presented in [2].

2 FINITE ELEMENT MODEL OF ORE DISINTEGRATION PROCESS

Fig. 2 shows a basic scheme (quasi-static loading, plain strain formulation, mechanical contact with
friction between the bit and platinum ore, boundary conditions, etc.).
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The FEM (i.e. MSC.Marc/Mentat software, see references [1] to [6]) was used in modelling the ore
disintegration process. The bit moves into the ore with a prescribed time-dependent function and subsequently
disintegrates it. When the bit moves into the ore (i.e. a mechanical contact occurs between the bit and the ore) the
stresses (i.e. the equivalent von Mises stresses) in the ore increase. When the equivalent stress is greater than the
tensile strength in some elements of the ore, then these elements break off (i.e. these elements are dead). Hence,
a part of the ore disintegrates. In the MSC.Marc/Mentat software, this is done by deactivating the elements; see
Fig. 2b and Fig. 3.

37663 nodes DETAIL:
71775 elements

Finite elements which satisfy
fracture condition
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of elements of elements

Fig. 2 a) Finite element model and its dimensions; b) Disintegration of a part of the ore

The FEM (i.e. MSC.Marc/Mentat software, see references [2] to [6]) was used in modelling the ore
disintegration process. The bit moves into the ore with a prescribed time-dependent function and subsequently
disintegrates it. When the bit moves into the ore (i.e. a mechanical contact occurs between the bit and the ore) the
stresses (i.e. the equivalent von Mises stresses) in the ore increase. When the equivalent stress is greater than the
tensile strength in some elements of the ore, then these elements break off (i.e. these elements are dead). Hence,
a part of the ore disintegrates. In the MSC.Marc/Mentat software, this is done by deactivating the elements; see
Fig. 2b and Fig. 3.
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Fig. 3 Disintegration of ore (equivalent von Mises stresses distributions)
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3 DETERMINISTIC APPROACH

A deterministic approach (i.e. all types of loading, dimensions and material parameters etc. are constant)
provides an older but simple way to simulate mechanical systems. However, any deterministic approach cannot
truly include the variability of all inputs (i.e. variability of material properties of the ore), because nature and the
world are of a stochastic character. The solution of ore disintegration process via a deterministic approach (i.e. a
basic simple solution) is shown in the reference [2] (i.e. the first part of this article).

4 PROBABILISTIC APPROACH (SBRA METHOD)

However, this problem is solved via probabilistic approaches which are based on statistics. Let us
consider the "Simulation-Based Reliability Assessment” (SBRA) Method, a probabilistic direct Monte Carlo
approach, in which all inputs are given by bounded (truncated) histograms. The bounded histograms include the
real variability of inputs. The application of the SBRA method is a modern and innovative trend in mechanics;
see the references [3], [4] and [7] for example. Material properties (i.e. isotropic and homogeneous materials) of
the whole system are described in Fig. 4a, where E is Young's modulus of elasticity and x is Poisson's ratio.

Sintered Carbide (£= 600000 MPa, z = 0.22) - constant values

Steel (E= 210000 MPa, z = 0.31) - constant values
|Ore (E, i, Ry, Ry are given by bounded histograms)
- stochastic values

16100 18500 20900
E IMPa/
y73i v
Fig. 4 Stochastic material properties and probabilistic inputs (histograms of Young's modulus and Poisson's
ratio)
oMPa/ - ______ MAX The bit is made of sintered carbide (sharp edge) and
Fracture HsE: steel. Stochastic influences of material parameters of the bit
can be neglected. The elastic properties of the ore are
F=r=F==r=======94====-_Mik  described by Hooke's law in the histograms, see Fig. 4b.
1 O e T gm The ore material is elasto-plastic with isotropic
ME hardening rule. The plastic properties are described by the
o5 yield stress R, and the fracture stress Ry, which are given
by bounded histograms, see Fig. 5.
The results (acquired by the SBRA method in
00 T 0.1 combination with the FEM) were subsequently statistically
p ) evaluated (Anthill, MSC.Marc/Mentat and Mathcad

software was used). Because of the material non-linearities,
mechanical contacts with friction, a large number of
elements, many iteration steps, and the choice of 500
Monte Carlo simulations, four parallel computers (with 26
CPU) were used to handle the large computational requirements for this problem. The FETI Domain
Decomposition Method (i.e. the application of parallel computers) was used; see the references [2], [3], [5] and

[6].

Fig. 5 Stochastic material properties of the ore
(stress o vs. plastic strain &)

The whole time for the non-linear solution (i.e. 1.04 s) was divided into 370 steps of a variable length.
The Full Newton-Raphson method was used for solving this non-linear problem. The solution of 500 Monte
Carlo simulations (calculated simultaneously on four different parallel computers with 26 CPU) was made.

5 RESULTS AND STOCHASTIC EVALUATION

From the FEM results, the reaction forces Ry, Ry and the total reaction force R,, =/R% +R? can be

calculated. These forces act in the bit, see Fig. 6a (calculated for one simulation - i.e. a situation when the ore
material is described by constant values Ry, Ry, E and z) and Fig. 6b (a distribution of the total reaction forces
acquired from the 500 Monte Carlo simulations — a stochastic result).
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— Ry (reaction force in X direction)
- Ry (reaction force in Y direction)
- Ry (total reaction force)
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Fig. 6 Reaction forces in the bit a) Determi

The maximum total reaction force (acquired from

+1098 .
Ry vaxggma re = 2068 “os N see Fig. 7.

Minimum (P=0): 4.0839kN  St. deviation: 0.3079 kN
Median (P=0.5): 5.0679kN P=0.05:  4.5976kN
Maximum (P=1): 6.1656kN P=0.95:  S.6040kN
Mean: 50750 kN
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Fig. 7 Maximum total reaction forces in the bit (probabilistic
approach)
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nistic approach; b) Probabilistic approach

500 Monte Carlo simulations) is given by the histogram

Chosen part is compared with
solved part in Fig. 6 and 7.
8
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Fig. 8 Experimental measurement
compared with the SBRA-FEM
simulations
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6 STOCHASTIC SIMULATIONS AND EXPERIMENTAL MEASUREMENTS

The calculated maximum forces (i.e. SBRA-FEM solutions, see Fig. 6b and Fig.7) can be compared with
the experimental measurements (i.e. compared with a part of Fig. 8), see also the references [2], [3], [5] and [6].

The evaluation of one force measurement (Fig. 8) shows that the median value of maximum force is
=5280 N. Hence, the relative error calculated for the acquired median value

=5068 N, see Fig. 8, is:

VMAXEXPp_ MED

V MAXSBRA, FEM ~MED

RVMAX - Rv MAX
A —100x EXP- MED SBRA, FEM —-MED —4.02%. (1)

R
VMAXEXP_ MED

The error of 4.02% is acceptable. However, the experimental results also have large variability due to the
anisotropic and stochastic properties of the material and due to the large variability of the reaction forces.

7 PROPOSITION OF FULLY PROBABILISTIC ASSESSMENT

The reliability function RF , see the references [3] and [7], can be
defined by the equation:

ol

W
33 RF =Ry MAX ALLOWABLE Ry MAXSBRA, FEM '
g Performance . . .
b Requirements| ~ Where R, is the allowable reaction force in the
n ALLOWABLE
b= Soluti cutting bit, which can be acquired from the real capacity of the
e 0.5 1 olution, . A ) X
el - Design whole cutter-loader system in the mine. If situations when RF <0
2 Probability of . .
£ overloading occur, then_ the _cutter—loadgr system is overloaded. Else if RF_ > 0
= then safe situations of loading occur. Hence, the fully probabilistic
& assessment can be calculated by comparing the probabilities:
Fig. 9 Definition of the acceptable P(RF < o)g Paiowasie » Where P, .o is the acceptable

probability of overloading probability of overloading of the cutting-loader system. This
overloading sometimes really occurs in the mine. The value of
PaiLowasie €an be given by chosen performance requirements of

the client (i.e. investor), see Fig. 9.

8 OTHER APPLICATIONS OF SBRA METHOD

Applications of the SBRA Method in the area of biomechanics (new design of external fixators for
treatment of patients in traumatology), machine industry (new design of massive machine for fatigue testing of
railway axles), structures on elastic foundation and other examples are reported in [3], [4] and [5].

Applications of the SBRA method as well as other probabilistic approaches are modern and innovative
trends in engineering design.

9 SHORT INFORMATION ABOUT OTHER WAYS OF NUMERICAL SOLUTION OF
HARD ROCK DISINTEGRATION PROCESS

In this article, the solution of the hard rock disintegration process is focused mainly on the evaluation of
reaction forces in the bit. However, there are also other ways how to solve this problem (mainly focused on the
evaluation of rock fracture), for example see the references [8], [9] and [10] etc.

10 CONCLUSIONS

This paper combines the SBRA (Simulation Based Reliability Assessment) Method and the FEM as a
suitable tool for simulating a hard rock (ore) disintegration process. All basic factors have been explained (i.e.
2D boundary conditions, material nonlinearities, mechanical contacts and friction between the cutting bit and the
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ore, the methodology for deactivating the finite elements during the ore disintegration process, the application of
parallel computers). The use of the finite element deactivation during the ore disintegration process (as a way of
expanding the crack) is a modern and innovative way of solving problems of this type. The error of the SBRA-
FEM results (i.e. in comparison with the experiments) is acceptable. Hence, the SBRA with the FEM can be a
useful tool for simulating an ore disintegration process.

Because the real ore material (i.e. yield limit, fracture limit, Young's modulus, Poisson's ratio etc.) is
extremely variable, the stochastic theory and the probability theory were applied (i.e. the application of the
SBRA Method). The SBRA Method, which is based on Monte Carlo simulations, can include all stochastic (real)
inputs and then all results are also stochastic quantities. However, for a better application of the SBRA method
(for simulating this large problem of mechanics), it is necessary to use superfast parallel computers. Instead of
500 Monte Carlo simulations, as presented in this article, it is necessary to calculate > 10* simulations. Our
department will be able to make these calculations if new and faster parallel computers become available. Hence,
the fully probabilistic assessment was proposed according to the acceptable probability of the overloading of the
whole cutting-loader system.

All the results presented here were applied for optimizing and redesigning the cutting bit (an excavation
tool); see the reference [3] and Fig. 10. In the future, 3D FE models (instead of 2D plane strain formulation) will
be applied for greater accuracy.
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Fig. 10 Final shape of excavation tool for hard rock disintegration process
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RESUME

Soucasny védecko-technicky rozvoj, spojeny s rozvojem vypodetni techniky, umoziiuje stile nové
moznosti pfi feSeni Gloh mechaniky. Nejinak je tomu i v hornictvi, respektive v mechanice hornin, proto je
vtomto clanku predvedeno vyuziti numerickych pfistupd pii feSeni kvazistatické tulohy problematiky
rozpojovani tvrdych hornin (rud). Motivace k feSeni této ulohy vznikla diky spolupraci s ddlni spolecnosti
Agroplatinum Cooperated Limited z Jihoafrické republiky. Pfi hlubinném dobyvani rud nebo hornin jsou obecné
nezadouci prostoje spojené s poskozenim nebo castymi opravami ¢i vyménami otupenych rozpojovacich
nastroju (nozd). Z tohoto divodu (ekonomického hlediska), je velmi zadouci fesit problematiku rozpojovani rud
(nebo obecné tvrdych) hornin (tj. soustava nuz rubanina) z hlediska budouci optimalizace feznych podminek.
Proces rozpojovani masivu je hlavni ¢innosti v technologickém procesu tézby. Provadi se pomoci rozpojovacich
organt, které patii mezi nejdulezitéjsi ¢asti dobyvaciho stroje. Prace vSech ostatnich ¢asti dobyvaciho stroje je
podfizena hlavnimu cili, kterym je zajisténi plynulého a efektivniho chodu rozpojovaciho orgénu (snaha o
maximalni vykonnost, snaha o rozpojeni rudy s minimalni energetickou naro¢nosti asco nejmenSim
rozdrobenim, moznost regulace vysky a S$itky zabéru noze, vysoka zZivotnost noze atp.).

Prvotni fesené ulohy tykajici se rozpojovani hornin a rud byly deterministické povahy, avS§ak pozdéji byly
feSeny naro¢néjsi tilohy stochastické povahy, které mnohem piesnéji vystihuji redlnou situaci, ptiCemz jako nové
a velmi vyhodné fesSeni tohoto sloZitého problému se jevi kombinace MKP (software MSC.Marc/Mentat) a
metody Simulation-Based Reliability Assessment (SBRA), tj. simulace Monte Carlo se stochastickymi vstupy a

vystupy.
Numericky model rozpojovani je zalozen na MKP. Sit' kone¢nych prvki, kterd obsahuje 37663 uzll a

71755 rovinnych elementt, byla v blizkosti mista styku noze a platinové rudy zhusténa (tj. ve zkoumaném mistg,
kde lze ocekavat nejvetsi hodnoty napéti a také rozpojovani neboli odlamovani rudy).

Nuz je povazovan za elasticky, izotropni a homogenni material vyhovujici Hookeovu zakonu s
deterministickymi vlastnostmi (tj. zadané konstantni materidlové vlastnosti).

Rubanina (lokalni oblast t€¢zby masivu rudy) je modelovana pomoci elastoplastického, isotropniho a
homogenniho materidlu se stochastickymi vlastnostmi. Material rudy v elastické oblasti vyhovuje Hookeovu
zakonu, kde modul pruznosti a Poissonovo ¢islo jsou dané histogramy (v praxi jsou to vzdy velmi proménlivé
hodnoty ndhodného charakteru souvisejici se strukturou, chemickym slozenim rudy a jinymi vlastnostmi).

Pro vlastni modelovani rozpojovani rudy je vyuzito testu na piekro¢eni meze pevnosti v elementech ¢asti
sit¢ kone¢nych prvkd. V programu MSC.Marc/Mentat je odlomeni elementu (rudy) oSetfeno tzv. deaktivaci
elementd. Tento zplisob modelovani dovoluje pomérné vystizné fesit vysledné zatézujici sily, které vznikaji
V nozi v prub&hu dolovani (rozpojovani).

Takto pojaté feSeni procesu rozpojovani platinové rudy je pomérné rozsahlou a slozitou nelinearni tlohou
(feseny Cas 1.04 s, tj. Cas ndjezdu noze do horniny, je rozd€len na 370 krokd proménlivé délky, jejichz feSeni se
ziskdva obvyklym itera¢nim postupem pomoci obecné Newton-Raphsonovy metody a to vse v cyklu pro 500
simulaci). Z tohoto divodu (tj. pomérné dlouhd doba vypoctu jedné simulace) byly pouzity pro feSeni Ctyfi rizné
paralelni pocitace, pficemz byla vyuzita FETI (Finite Elements Tearing and Integrating) metoda doménové
dekompozice pro dva a &tyfi procesory pocitace.

Hlavnim cilem tohoto vypoctu je stanoveni reakénich silovych ucinkt v rozpojovacim nastroji
Vv zavislosti na ¢ase a jejich vyhodnoceni. Stochasticky charakter vysledné reakéni sily je dobfe patrny, coz je
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vzhledem k nehomogenitam platinové rudy typické také pro realnou situaci v provozu. V zavéru je porovnana
vypoctena sila s experimentadlnimi méfenimi.

Na zéklad¢ pravdépodobnostniho posudku spolehlivosti byl navrzen novy design a optimalizace
rozpojovaciho organu.

Z uvedeného je ziejmé, ze kombinace metody SBRA s MKP je velmi vhodna pro feSeni velmi sloZité
problematiky rozpojovani rud (nelinearni ulohy mechanického kontaktu). Metoda SBRA spojend s MKP
aplikovana pfi paralelnim programovani dava uplné nové kvantitativné jiné (dfive nefeSitelné) moznosti pri
modelovani realnych situaci rozpojovani hornin. Ziskané vysledky maji stochasticky charakter, ktery dostate¢né
pfesné reprezentuje realitu. Je ziejmé, ze deterministickym vypoctem a deterministickym posudkem nelze
zodpovédné fesit tak siln€ stochastickou tlohu, jakou je predvedena problematika rozpojovani platinové rudy.
Aplikace metody SBRA v této oblasti je tedy novym a inovativnim trendem inZenyrskych vypoéti.
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