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PROBABILISTIC SOLUTION OF HARD ROCK DISINTEGRATION
PROCESS

Karel Frydrysek & Pavel Marek

Abstract: This paper focuses on a numerical analysis ohtird rock (platinum ore) disintegration procedse T
bit moves into the ore (i.e. mechanical contachviiction) and subsequently disintegrates it. Tientegration
(i.e. stress-strain relationship, reaction forced fracture of the ore etc.) is solved via the FlEBMombination
with SBRA (Simulation-Based Reliability Assessmentgthod (i.e. Monte Carlo simulations). The ore is
disintegrated by deactivating the finite elementsclv satisfy the fracture condition. Material oktbre (i.e.
yield stress, fracture limit, etc.), is given byupoed histograms (i.e. stochastic inputs). Thelteave compared
with experiments. Application of the SBRA methodhiis area is a new and innovative trend. Howelt¢éakes

a long time to solve this problem (due to mateaiadl structural nonlinearities, the large numbeelements,
many Monte Carlo simulations, etc.). Hence, paraitenputers were used to handle the large compuiati
needs. Finally, the probabilistic reliability ass@ent is proposed.

1. Introduction
5B
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Scientific and technical developments (in
all areas of world-wide industry) are affected by
the growing demand for basic raw materials and
energy. The provision of sufficient quantities of
raw materials and energy for the processing
industry is the main limiting factor of further
development. It is therefore very important to
understand the ore disintegration process,
including an analysis of the bit (i.e. excavation
tool) used in mining operations. The main focus
is on modelling of the mechanical contact

ENA " D _. ' between the bit and the platinum ore and its
Figure 1: Typical Example of evaluation (i.e. practical application in the mugpin
Mechanical Interaction between Bits andechnology), see Figure 1. However, material
Hard Rock (Ore Disintegration Process).properties of the ore (as known from nature) have

a large stochastic variability. Hence, the
stochastic approach (i.e. Simulation-Based ReltgbfA\ssessment Method) in combination
with FEM is applied.

2. Finite Element M odel of the Ore Disintegration Process

FEM (i.e. MSC.Marc/Mentat software, see referendds[2] and [3]) was used in
modelling the ore disintegration process.
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Figure 2 shows the basic scheme (quasi-static ngadplain strain formulation,
mechanical contact with friction between the bid gfatinum ore, boundary conditions, etc.).
The bit moves into the ore with the prescribed tidependent function and subsequently
disintegrates it. When the bit moves into the aee & mechanical contact occurs between the

bit and the ore) the stresses,,, (i.e. the equivalent von Mises stresses) in tledmerease.
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Figure 2: Finite Element Model and its Figure 3: Disintegration of a Part of the
Dimensions. Ore.

When the situationo,,,, 2R, occurs (i.e. the equivalent stress is greater than
tensile strength) in some elements of the ore, these elements break off (i.e. these elements
are dead). Hence, a part of the ore disintegrineBlSC.Marc/Mentat software, this is done
by deactivating the elements that satisfy the demuy,,,, =2R,,. This deactivation of the

elements was performed in evef§&ep of the solution, see Figure 3.
For further information see references [1], [2] §B[d

3. Probabilistic Inputs and SBRA (Simulation-Based Reliability
Assessment) Method

A deterministic approach (i.e. all types of loadidgnensions and material parameters
etc. are constant) provides an older but simple twamulate mechanical systems. However,
a deterministic approach cannot truly include thaeability of all inputs (i.e. variability of
material properties of the ore), because naturdlandorld are stochastic. Solution of the ore
disintegration process via deterministic approaiok. (asic simple solution) is shown in
reference [3]. However, this problem is solved prababilistic approaches which are based
on statistics.

Let us consider the "Simulation-Based ReliabilitgsAssment” (SBRA) Method, a
probabilistic direct Monte Carlo approach, in whielli inputs are given by bounded
(truncated) histograms. Bounded histograms incltite real variability of the inputs.
Application of the SBRA method (based on Monte €aimulations) is a modern and
innovative trend in mechanics, for example seeeafses [4].

The material properties (i.e. isotropic and homegers materials) of the whole
system are described in Figure 4, whefeis Young's modulus of elasticity angt is
Poisson's ratio.

The bit is made of sintered carbide (sharp edgd)saeel. Stochastic influences of
material parameters of the bit can be neglected.



Sintered Carbide (£= 600000 MPa, x = 0.22) - constant value

||Steel (£=210000 MPa, 1 = 0.31) - constant values
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Figure 4: Material Properties (Whole Model). Figure5: Stochastic Material Properties
of the Ore (Stresg vs. Plastic Strairg,)).
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The ore material is elasto-plastic with isotropardening rule. The plastic properties
are described by yield stre&, = 9.9467;7; MPa and fracture stresR,, =126615:: MPa,

which are given by bounded histograms, see Figure 5
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Figure 6: Stochastic Inputs for the Material of the Ore (ldgtams of Young's Modulus and

Poisson's Ratio).

Anthill [5tochastic mputs (histogram The elastic properties of the
" n 1 definition, generation of random . \ .
A = Version26 Pro | values of variables, writing ore are described by Hooke's law in
/ \ www.anthill-sbra.com "% log" file). the histograms
FE generation, reading of random ( E = 185138i§2$2§ MPa and
ﬁwarc[Mentat 2008[‘1 variables, creating of "*.dat" files,
< solution, calculation and writin: _ +0.021 :
m;t:u:z:‘f e oo g 4 =0.199_;,75), see Figures 6.
— Cycle: 500 simulations The results (acquired by
SBRA method in combination with
mathcadl Reading of the results, statistic evaluation. FEM) were SUbsequently StatiStica”y
v mathcad.com evaluated, as shown in Figure 7.
Figure 7: Computational Procedure - Application of Anthill, ~ MSC.Marc/Mentat  and
the SBRA Method and FEM (Solution of the Ore  Mathcad software were used.
Disintegration Process. Because of the material non-

linearities, the mechanical contacts
with friction, the large number of elements, matgyation steps, and the choice of 500 Monte
Carlo simulations, four parallel computers (with 2&U) were used to handle the large
computational requirements for this problem. Th& FBomain Decomposition Method (i.e.
application of parallel computers) was used, skgences [1], [2] and [3].



The whole solution time for the non-linear soluti@®. 1.04 s) was divided into 370
steps of variable length. The Full Newton-Raphsathod was used for solving this non-
linear problem. Solution of 500 Monte Carlo simidas (calculated simultaneously on four
different parallel computers with 26 CPU) takesA7@ours.

4. Resaultsand Stochastic Evaluation

Figures 8 to 9 show the equivalent stress @g,,, distributions) at some selected
time t of the solution calculated for one of the chos8f ®Monte Carlo simulations (i.e. for
one situation when the material of the ore is deedr by values R, =12MPa,

R,, =135MPa, E =20000MPa and u=02). The movement of the bit and also the
subsequent disintegration of the ore caused bgutieng are shown.
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Figure9: FEM Results (t—083355 t—085lls t— 1@;36
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Flgure 10: Reaction Forces in the Bit - SBRA-FEM Results (Restione Monte Carlo
Simulations and Results of 500 Monte Carlo simaoie).

From the FEM results, the reaction forc&, R, and the total reaction force
R, =+/R% +RZ can be calculated. These forces act in the litFsgure 10a. Figure 10a is



Minimum (P=0): 4.0839 kN  St. deviation: 0.3079 kKN calculated for one simulation (i.e. situation
Median (P-0.5): S0679kN  P-0.05;  45976kN  \when the material of the ore is described by

Maximum (P=1): 6.1656 kN  P=0.95: 5.6040 kN

Mean: 5.0750 kN values R, =12MPa, R, =135MPa,
= = 3 2 = E=20000MPa and x4 = 02). A distribution
Ay A ﬂ-1 a9

of the total reaction forces acquired from 500
Monte Carlo simulations (i.e. stochastic result)
is shown in Figure 10b.

The maximum total reaction force

Probabhility Density Function
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Ry MaXgppa prns KV " (acquired from 500 Monte Carlo simulation) is
Figure 11: Maximum Total Reaction Forcesgiven by the histogram
in the Bit (SBRA-FEM Results of 500 Monter =5068 550 N, see
Carlo Simulations) and their Evaluation. SBRA,FEM
Figure 11.

5. Comparison between Stochastic Simulations and Experimental
M easur ements and Proposition of Fully Probabilistic Assessment

T T ~ The calculated maximum forces (i.e. SBRA-FEM
solved part in Fig.10b and 11 solutions, see Figure 10b and 11) can be compaitd w
1 the experimental measurements (i.e. compared with a

8 :
Rysiis. o 6L part of Figure 12), see also references [1] and [4]
Exf_ The evaluation of one force measurement
§ (Figure 12) shows that the maximum force is
2 o Ruax oy = 9280N. Hence, the relative error calculated
& j . for the acquired median value
P i s Rvax SBRAFEM-MED — 5068N, see Figure 12, is:
P
- RMAX - Rv MAX _
| Time1.04 s A, = SERAPENTMED = 402%.
Figure 12: Experimental MAX 001X Ryux o

Measurement.’ compared with the The error of 4.02% is acceptable. However, the
SBRA-FEM Simulations. experimental results also have large variabilitg tuthe
anisotropic and stochastic properties of the matemd due to the large variability of the
reaction forces.

Reliability function RF, see references [1] and [4], can be defined by:

RF=R -R where R is the allowable reaction
V MAX ALLOWABLE V MAX sBRAFEM V MAX ALLOWABLE

force in the cutting bit, which can be acquirednirthe real capacity of the whole cutter-
loader system in the mine. If situations whef <0 occur, then the cutter-loader system is
overloaded. Else iRF >0, then safe situations of loading occurs. Henclly farobabilistic
assessment can be calculated by comparing of pititiesb P(RF < 0)< P, | quase - Where

Puiowasie 1S the acceptable probability of overloading oé ttutting-loader system. This
overloading sometimes really occurs in the mindu¥af P, , o, Can be given by chosen
performance requirements of the client (i.e. inwBst

6. Conclusions

This paper combines the SBRA (Simulation BasedaRaeily Assessment) Method
and FEM as a suitable tool for simulating the haak (ore) disintegration process. All basic



factors have been explained (i.e. 2D boundary ¢mmdi, material nonlinearities, mechanical

contacts and friction between the cutting bit ameldre, the methodology for deactivating the
finite elements during the ore disintegration pss;eapplication of parallel computers). The

use of finite element deactivation during the asendegration process (as a way of expanding
the crack) is a modern and innovative way of s@vnoblems of this type. The error of the

SBRA-FEM results (i.e. in comparison with the expents) is acceptable. Hence, SBRA and
FEM can be a useful tool for simulating the orerdegration process.

Because the real material of the ore (i.e. yiaidgtli fracture limit, Young's modulus,
Poisson's ratio etc.) is extremely variable, stetibatheory and probability theory were
applied (i.e. application of the SBRA Method). TBBRA Method, which is based on Monte
Carlo simulations, can include all stochastic (reaputs and then all results are also of
stochastic quantities. However, for better appicaof the SBRA method (for simulating this
large problem of mechanics), it is necessary tougeerfast parallel computers. Instead of
500 Monte Carlo simulations (wall time cca 70.4 tsowas presented in this article), it is

necessary to calculatel0* simulations (wall time cca 58 days or more). Ogpattment will
be able to make these calculations when new anelr fparallel computers become available.

L 5. 4+ Hence, the fully probabilistic
Qf “ assessment was proposed according to
A PN the acceptable probability  of
LY D Q%’ % overloading of the whole cutting-loader
/ 2\ L& ] system.
" o e\ ] All the results presented here
AN T NS |1 were applied for optimizing and

2% redesigning of the cutting bit
, y f (excavation tool), see Figure 13 and
g I T % T reference [5].

// In the future, 3D FE models
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i Sy /:::;(‘ @.’E {\( A\ (mstead of 2D plane strain formulation)
vV N —— B will be applied for greater accuracy.
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Figure 13: Final Shape of Excavation Tool for  153/07/0557 "Probabilistic Engineering

Platinum Ore Disintegration Process. Reliability Assessment of Structures”.
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