
FACULTY OF ENGINEERING, BUILT ENVIRONMENT AND
INFORMATION TECHNOLOGY

THE DEVELOPMENT OF A LINEAR CUTTING
MACHINE USED TO CHARACTERISE FEM

MODELLING PARAMETERS FOR CUTTING UG2
REEF

UNIVERSITY OF PRETORIA

BY

ULRICH DU PREEZ

U18018832

SUPERVISED BY

PROF. PS HEYNS AND PROF. DF MALAN

May 24, 2024

SUBMITTED IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE MASTER OF

ENGINEERING (MECHANICAL ENGINEERING)



Abstract

The development of a linear cutting machine used to characterise FEM modelling parameters during
the cutting of UG2 reef

by

Ulrich du Preez

Department: Mechanical and Aeronautical Engineering
University: University of Pretoria
Degree: MEng(Mech Eng)
Supervisor: Prof. PS Heyns and Prof. DF Malan
Keywords: Conical pick, Finite element method, Linear cutting machine, Load cell,

Continuous surface cap model, Roadheader, Continuous miner, Cutting
forces, Specific energy.

Mining is still an important industry in South Africa. Traditional mining methods involving drilling
and blasting have steadily been replaced by mechanised mining systems in soft rock environments
but not in hard rock environments. Mechanised mining systems can lead to continuous mining,
which lead to improved rates of face advance and better utilization of the invested capital.

A fundamental understanding of the tool-rock interaction, for rock found in gold and platinum mines
in South Africa, and potential solutions to problems in mechanised mining methods in narrow reef
hard rock mines, are required.

South Africa has two main platinum reef deposits namely the Merensky reef and the UG2 reef.
A renewed effort is required to study the problem of mechanical mining, and develop numerical
models, that take the rock properties into account. This will allow optimisation of the mechanised
cutting in hard rock environments.

In this dissertation a linear cutting machine (LCM) was designed and manufactured to conduct
laboratory scale cutting tests on both sandstone and UG2 reef samples. Firstly sandstone was cut
to ensure that the LCM functions as expected. By conducting tests on sandstone, it ensured that all
the functions of the LCM could be optimized. The comparison between the samples showed that
there are similarities between the results from the different rock types, but some inconsistencies were
found. The key difference is that the sandstone considered here has little to no variance in strength
on a millimetre scale whereas the UG2 reef sample has large variance in strength on a millimetre
scale. This introduces uncertainty in the results due to added variance. Another problem is the
inconsistency in rock properties of the UG2 reef. The rock properties of the UG2 reef changes a lot
from reef to reef as well as different areas in the mine.

The results showed that the optimal cutting parameters are similar for sandstone and UG2, but there
are some differences. The depth of cut has a larger influence on the results of UG2 reef samples than
for the sandstone samples. Therefore if the sandstone data was used to make design decisions for
new mining equipment the decision might have been incorrect due to the assumption that sandstone
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and UG2 cut similarly.

An important difference between cutting sandstone and UG2 reef is the size of the chips formed. At 2
mm cutting depth, for both samples, the force signals were impulsive and the material produced was
fine fragmentations. At a cutting depth of 4 mm, for both samples, the force signals had a saw tooth
shape. This implies larger fragment sizes were formed. The sandstone produced large fragments
whereas the UG2 still produced fine fragmentations. This fine fragmentations is undesirable in
underground mining conditions as this causes that material can not be easily cleaned and removed
from the stopes.

A fast Fourier transform (FFT) analysis on the cutting signal showed that the sandstone had a peri-
odic cutting force signal whereas the UG2 does not have a periodic cutting force signal. Also for the
sandstone a good relationship was present between the size of the chips formed and the dominant
frequencies of the FFT.

The numerical simulations showed that there are various model parameters that influence the results
and while other have little effect. Thus, there are many choices that need to be made about model
parameters, such as element size, element type, boundary conditions, contact parameters and model
parameters. Some are based on material properties and other are obtained through trial and error.

It is possible to model rock cutting of UG2 reef samples using the Ansys LS-DYNA multi-physics
simulation software and the continuous surface cap model (CSCM). But this is only possible by
editing the model parameters through trial and error for one set of cutting parameters. When the
cutting parameters are changed, the model does not give acceptable results. Future work is required
to improve the ability of models to generalise when the cutting parameters change.
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Nomenclature

Abbreviations

AWJ Abrasive water jet
BFGS Broyden–Fletcher–Goldfarb–Shanno
CAD Computer-aided design
CSCM Continuous surface cap model
DEM Discrete-element method
FEM Finite-element method
FFT Fast Fourier transform
GDP Gross domestic product
LCM Linear cutting machine
MSE Mean squared error
NCHRP National cooperative highway research program
SLSQP Sequential least squares programming
TBM Tunnel boring machine
TOR Triaxial shear
TXC Triaxial compression
TXE Triaxial extension
ULP Ultra-low profile

English letters and symbols

a CSCM calculated parameter
a′ CSCM calculated parameter
b CSCM user parameter
d CSCM user parameter
D1 CSCM isotropic compression curve parameter
D2 CSCM isotropic compression curve parameter
Do Outer diameter
Di Inner diameter
D Damage parameter
Dmax Maximum damage parameter
E Young’s Modulus
Ff Shear surface
Fdrag Applied drag force to load cell design
FD Mean drag force
FD′ Peak drag force
FD′

Evans Peak drag force using equations from Evans
FD′

Goktan Peak drag force using equations from Goktan
Fnorm Applied normal force to load cell design
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FN Mean normal force
FN′ Peak normal force
Fside Applied side force to load cell design
G f c Fracture energy in uniaxial compression
G f t Fracture energy in uniaxial tension
G f s Fracture energy in pure shear
L Moment arm 1
recov Stiffness recovery parameter
Nc Rate effect power in uniaxial compression stress
Nt Rate effect power in uniaxial tensile stress
ovwec Maximum overstress allowed in uniaxial compression stress
ovwet Maximum overstress allowed in uniaxial tensile stress
pmod CSCM user parameter
pwrc Shear-to-compression transition parameter
pwrt Shear-to-tension transition parameter
Q1 Rubin scaling function 1
Q2 Rubin scaling function 2
repow CSCM user parameter
s/d Cutting spacing to cutting depth ratio
SG1 Strain gauge 1
SG2 Strain gauge 2
SG3 Strain gauge 3
SG4 Strain gauge 4
Srate Effective shear stress to tensile stress fluididity parameter
S Moment arm 2
W Maximum plastic volume strain
X0 Initial location of cap
xpred Predicted load value
x Actual load value

Greek Symbols

α CSCM shear surface parameter for TXC
α1 CSCM shear surface parameter for TOR
α2 CSCM shear surface parameter for TXE
β̂ Deviatoric plane angle
β CSCM shear surface parameter for TXC
β1 CSCM shear surface parameter for TOR
β2 CSCM shear surface parameter for TXE
ηc0 Rate effect parameter in uniaxial compression stress
ηct Rate effect parameter in uniaxial tensile
ε

p
V Plastic volume strain

ε Strain
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λ CSCM shear surface parameter for TXC
λ1 CSCM shear surface parameter for TOR
λ2 CSCM shear surface parameter for TXE
ν Poisson’s ratio
ρ Density
σ Stress
τc Energy-type term
τc0 Damage energy threshold
θ CSCM shear surface parameter for TXC
θ1 CSCM shear surface parameter for TOR
θ2 CSCM shear surface parameter for TXE
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