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Abstract

This paper is focused on a numerical analysis of the hard rock (ore) disintegration process. There is
discussed the possibility of using computational modelling for the mechanical contact problem between the hard
rock and a cutting bit. The bit (i.e. an excavation tool with a flat frontal side and a conical edge) moves and sinks
into the hard rock and subsequently disintegrates it. The whole problem of the hard rock disintegration process
(i.e. stress-strain relationship, contact forces, reaction forces and fracture of the ore) is solved via Finite Element
Method (MSC.MARC/MENTAT software). The rock disintegration process was solved via deactivation of finite
elements which satisfy conditions of fracture. Some results (i.e. reaction forces in the cutting bit) are also
compared with experimental measurements.

Abstrakt

Tento Clanek je zaméfen na numerickou analyzu rozpojovani tvrdych hornin (rud). Je rozebiran problém
moznosti pocitacového modelovani problematiky mechanického kontaktu mezi tvrdou horninou a feznym
nastrojem. NUz (tj. rozpojovaci nastroj s plochym celem a kuzelovym bfitem) se pohybuje a vnika do tvrdé
horniny a nasledné ji rozpojuje. Cela problematika rozpojovani tvrdych hornin (tj. napétové-deformacni stav,
kontaktni sily, reakéni sily a lom rudy) je feSend pomoci Metody konecnych prvkd (MSC.MARC/MENTAT
software). Proces rozpojovani hornin je feSen pomoci deaktivace elementi, které spliiuji podminky lomu.
Nékteré vysledky (tj. reakéni sily v fezném nastroji) jsou také porovnany s experimentalnimi méfenimi.
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1 INTRODUCTION

Scientific and technical development, in all
areas of the world-wide industry, is described by
growing demand for basic resources of raw materials
and energy. Provision of sufficient quantities of raw
materials and energy for the processing industry is
the main limiting factor of further development.

In this case, it is very important to understand
the analysis of the ore disintegration process, which
includes the analysis of a bit (i.e. excavation tool)
used in mining operations. The main focus is
dedicated to the modelling of the mechanical contact
between the bit and the ore, see Fig.1 and references
[1] to [6].

Fig. 1 Typical Example of Mechanical Interaction

Seo?/ciencegngineering between Bits and Hard Rock (i.e. Ore Disintegration
http://gse.vsb.cz Process, Experimental Measurements).
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Scientific and technical development provides new ways for the solution of the ore disintegration process.
There is also a possibility of Finite Element Method (FEM) applications. Hence, FEM (i.e.
MSC.MARC/MENTAT 2005r3 software, see reference [7]) was used in solution of the ore disintegration
process.

2 FINITE ELEMENT MODEL OF THE ORE DISINTEGRATION PROCESS

Figures 2 and 3 show the basic scheme of the solution via FEM. The FE mesh contains 37663 nodes and
71755 plane elements.
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Fig. 2 Basic Scheme of the Ore Disintegration Process Solved via FEM Software MSC.MARC/MENTAT
2005r3.

37663 nodes DETAIL: 210.1mn
71775 elements

SERR

239 mm
230 mm

Fig. 3 Scheme and Geometry of the 2D FE Mesh Model and its Detail.

The basic boundary conditions for plain strain formulation and loads are described in Fig.4, where u is
the prescribed X-axis displacement and V is the prescribed Y-axis displacement. From Fig.4 it is evident that the
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bit is moving into the ore by the prescribed time dependent function u = f (t), see arrows in Fig.4. There is a
prescribed zero displacement on three edges of the modelled area, see arrows in Fig.4.

There is also a mechanical contact with Coulomb's friction between the bit and platinum ore, because the
bit works through the ore and disintegrate it, see Fig.5.

u=0 DETAIL:
v=10
u=f(t)
v=10
Au =f(t) MSC>
— c .

Hu=v=190 L"

Fig. 4 Boundary Conditions Scheme of the 2D Model (Plane Strain Formulation).

Ore in Possible Contact

Bit in Possible Contact

Without Contact

Fig. 5 Boundary Conditions (Mechanical Contacts).

Material properties (i.e. isotropic and homogeneous materials) of the whole system are illustrated in
Fig.6, where E is Young's modulus of elasticity and s is Poisson's ratio. Hence, the bit is made of sintered

carbide (sharp edge) and steel. The ore material is elasto-plastic with a yield limitR , =12 MPa and fracture
limit R =13.5MPa, see Fig.7.
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When the bit is moving into the ore (i.e. a mechanical contact between the bit and the ore occurs) the

stresses (i.e. equivalent von Mises stresses, see reference [8]): o, = \/o-f +0; +0% - 0,0, — 0,0, — 050,

in the ore increases. When the situation o ,,, >R occurs (i.e. equivalent stress is greater than the fracture

limit) in some elements of the ore, then these elements break off (i.e. these elements are dead). Hence, the
disintegration of a part of the ore occurs. In the MSC.MARC/MENTAT software, it happens by deactivating the

elements which satisfy condition o,,,, > R, . This deactivation of elements was checked and done in every 5"
step of the solution.

Sintered Carbide (E= 600000 MPa, i = 0.22)
Steel (E= 210000 MPa, z = 0.31) o /MPa/ WX
Ore (E =20000 MPa, z = 0.2)' N 131-§
=9
=
i b
0.1
0 gp/l/
Fig. 6 Material Properties. Fig. 7 Relationship between Stress and

Plastic Strain for Platinum Ore.

3 NUMERICAL SOLUTIONS

Because of material non-linearities, the mechanical contacts with friction, the large number of elements
and many iteration steps, four parallel computers (Linux OS, 4xCPU AMD Opteron 848 with 4 GB RAM
memory, Domain Decomposition Method, FETI procedure), were used to solve the large computational needs of
this problem, see Fig.8.

The whole time of the non-linear solution (i.e. 1.04 s) was divided into 370 steps of variable length. The
Full Newton-Raphson Method was used for solving the non-linear problem.

Domain 1 DETAIL:
(17939 elements, 9257 nodes)

Domain 2

(17939 elements, 9257 nodes)
Domain 3

(17939 elements, 9257 nodes)
Domain 4 /
(17939 elements, 9257 nodes)

465 interdomain nodes

Fig. 8 Domain decomposition method applied for 4xcpu.

GeoScience Engineering Volume LV (2009), No.4
http://gse.vsb.cz p. 14-22, ISSN 1802-5420



18

4 RESULTS OF FEM
The following figures show equivalent stress (i.e. o, distributions) at some chosen time t of the
solution. Hence: Fig.9 - t=0s, i.e. start of the solution, Fig.10 - t=1.639x1072 s, Fig.11 - t=3.37x107 s,
Fig.12 - t=8.047x107" s, Fig.13 - t=1.928x10" s, Fig.14 - t=2.388x10" s, Fig.15 - t=3.714x107" s,
Fig.16 -t =5.796x10 " s, Fig.17 - t = 8.335x10 " s, Fig.18 - t = 8.511x10* s and Fig.19 - t = 1.026x10 " s.

In Figures 9 to 19, the moving of the bit is evident and also the subsequent disintegration of the ore
caused by the cutting bit.

8.1e+000
S.4e+000
2.7¢+000
0

8.1e+000
5.4¢+000
2.7e+000

0

Fig.9 - t =0 s (Start of the Solution). Fig. 10-t1=0.01639 s.

8.1e+000 8.1e+000
S.4e+000 S.4e+000
2.7¢+000 2.7¢+000
0 0

Fig. 11 -t=0.0337s. Fig. 12 - t = 0.08047 s.

8.1e+000 8.1e+000
5.4e+000 S.4e+000
2.7¢+000 2.7e+000

0 0

Fig. 13 - t = 0.1928 s. Fig. 14 - t = 0.2388 s.
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From the results of FEM the reaction forces R, , R, and total reaction force R = ./R% +R? acting in
the bit, can be calculated, see Figs. 20 and 21. The maximum reaction force (acquired by FEM) is

Icase16 . 3 -
Equivalent of Stre: w

Fig. 15-t=0.3714s.

Fig.17 -t=0.8335s.

Fig. 19 - t=1.026 s.

Ruaxee,, =459 N
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Fig. 20 Reaction Forces in the Bit.
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— Ry (reaction force in X direction)
- Ry (reaction force in Y direction)
-~ R (total reaction force)

5«%\1\ W % @ %/

-5 Time t/s/
Fig. 21 Reaction Forces in the Bit.

5 COMPARSION OF FEM RESULTS WITH EXPERIMENTAL MEASUREMENTS

The calculated forces (i.e. FEM solution, see Fig.21) can be compared with the experimental
measurements (i.e. compared with the part of Fig.22, i.e. the record of reaction forces).

From the evaluation of experiments it is evident that the maximum force is R, =5280 N. Hence,

the relative error is:

R -R
MAXE xp MAXEEM

=129%. (1)

Ag =100 x
MAX
MAXexp
The error of 12.9% is caused by the chosen 2D FE model (i.e. plane strain formulation) which is
sometime a pure (but simple) approximation of real 3D situation. However, the experiments also have a large
variability of inputs caused by anisotropic and stochastic properties of the material and by the large variability of
reaction forces, for example see Fig.22.

Chosen part is compared with
solved part (FEM, Fig.21)
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Fig. 22 Experimental Measurements and its
Comparison with the FE Solution.
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6 CONCLUSIONS

The error of the FEM result (i.e. comparing with experiments, see eq. (1)) is acceptable. Hence, FEM can
be useful tool for the solution of the ore disintegration process. All results were applied to an optimization and a
new design of the bit.

The whole disintegration process (i.e. the bit moves and sinks into the ore) was solved in a new and
modern way (i.e. by deactivating the elements which satisfy condition of fracture).

In the future 3D FE models (instead of 2D plane strain formulation) will be applied, which can be more
accurate.

Since the material of the ore (i.e. yield limit, fracture limit, Young's modulus, Poisson's ratio etc.) has
large variability, the stochastic theory and theory of probability can be applied. Hence, in the future, the whole
presented problem can be solved via Simulation-Based Reliability Assessment (SBRA) Method, see references
[9] to [11]. The SBRA Method, which is based on Monte Carlo simulations, can include all stochastic (real)
inputs and then all results are also of a stochastic (real) quantity.

The work has been supported by the Czech project GACR 103/07/0557 (Probabilistic Engineering
Reliability Assessment of Structures).
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RESUME

Védecko/technicky rozvoj nabizi nové cesty feSeni velmi slozité problematiky rozpojovani hornin. Proto
je, jako jedné z moznych cest, vhodné také vyuziti Metody konecnych prvki (MKP). Tento ¢lanek je zaméten na
numerickou analyzu rozpojovani tvrdych hornin (rud). Je rozebiran problém moznosti poéitaéového modelovani
problematiky mechanického kontaktu se tfenim mezi pomérné tvrdou horninou (platinova ruda) a feznym
nastrojem - nozem (slinuty karbid a ocel). NiiZ (tj. rozpojovaci nastroj s plochym ¢elem a kuzelovym bfitem) se
pohybuje a vniké do tvrdé horniny a po pfekondni meze kluzu horniny ji nasledné rozpojuje. Celd problematika
rozpojovani tvrdych hornin (tj. napétove-deformacni stavy, kontaktni sily, mechanicky kontakt se tfenim,
reakéni sily, elasto-plasticky material rudy a lom rudy) je feSend pomoci Metody koneénych prvka
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(MSC.MARC/MENTAT software). Vlastni rozpojovani rudy je feSeno novym a modernim zpisobem pomoci
deaktivace (tj. postupného vyrazovani) kone¢nych prvki jejichz napjatost prekrocila mez pevnosti materialu
rudy. Z prezentovanych vysledkii je zietelné postupné odlamovani rudy. Pfi vlastnim vypoétu bylo vyuzito
kombinace viceprocesorovych pocitacii (4x CPU), ktery pfi paralelnim feSeni vyuzil metodu FETI doménové
dekompozice. Aplikace superpocitace méla za nasledek snizeni vypoctového casu. Nékteré vysledky (reakéni
sily v nozi) jsou také porovnany s experimentalnimi méfenimi, pfi¢emz vypoctena relativni chyba je 12.9%, coz
je (vzhledem k velkému rozptylu naméfenych dat) piijatelné. Prozatim byla feSena jen iloha rovinné deformace,
budoucna vyuziti pravdépodobnostnich pfistupti ,,Simulation-Based Reliability Method“ (SBRA), ktera
umoziuje respektovat také realny vliv nahodnych parametrti hornin (modul pruznosti, Poissonovo ¢islo, mez
kluzu, mez pevnosti atp.), ale i noze (modul pruznosti, otupeni noze v prib&hu rozpojovani atp.). Metoda SBRA
je zalozena na simulacich Metody Monte Carlo a vzhledem k velké slozitosti a naro¢nosti (velky pocet element,
materialové nelinearity, mechanicky kontakt se tfenim) je jeji aplikace pii feseni této ulohy v CR otazkou blizké
budoucnosti. Pro feseni velkych nelinearnich uloh metodou SBRA je tfeba vyuzit vykonné vice-procesorové
superpocitace.
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