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Abstract
The use of asymmetrical disc tools for the mining of hard and very hard rocks is a promising direction for developing 
mechanical mining methods. A significant obstacle in developing mining methods with the use of asymmetric disc tools is 
the lack of adequate computational methods. A deep understanding of rock–tool interaction can develop industrial applica-
tions of asymmetric disc tools significantly. The fundamental problem in designing work systems with asymmetric disc 
tools is the lack of adequate analytical models to identify tool loads during the mining process. One reasonable approach is 
to use computer simulation. The purpose of the research was to develop a simulation model of rock cutting using an asym-
metrical disc tool and then evaluate the developed model. In the article, the Discrete-Element Method (DEM) in LS-Dyna 
was adopted to simulate rock cutting with asymmetrical disc tools. Numerical tests were conducted by pushing the disc into 
a rock sample at a given distance from the sample edge until the material was detached entirely. Two types of rock samples 
were used in the simulation tests: concrete and sandstone. The independent variables in the study were the disc diameter 
and the cut spacing. To validate the simulation model, analogous laboratory tests were carried out. The article presents a 
comparison of the results of simulation and laboratory tests. The given comparison showed good accordance LS-Dyna 
model with the experimental studies. The proposed test results can be input data for developing simulation models on a 
larger scale. Thus, it will be possible to consider the complex kinematics of the dynamics of the rock-mining process with 
disc tools using the DEM simulation.

Keywords Disc tools · Discrete-element method (DEM) · Simulation · LS-Dyna · Hard rock mining

1 Introduction

One of the most interesting directions in hard rock mining 
is related to the use of asymmetric disc cutters in mechani-
cal excavation systems. Two basic techniques of mechanical 
rock mining can be distinguished by means of disc tools, 
namely excavation with static pressure and undercutting 
(Fig. 1). The use of disc tools allows, compared to the stand-
ard mining method, to reduce the energy consumption of the 
mining process and leads to the reduction of dust generation 
associated with mining. Due to the significant reduction of 
friction forces in the rock-mining process, the abrasion wear 
of cutting tools is also increasing. However, the undercutting 

method provides the theoretical benefit of reducing mining 
forces compared to mining with conventional symmetrical 
disc tools. Since this cutting action generates tensile stresses 
in the rock much more directly than the conventional tech-
nique, it is far more efficient, meaning that the force required 
to break the rock is much lower (Ramezanzadeh et al. 2010). 
The above advantages of using disc tools resulted that over 
the past decades, many attempts of industrial application of 
asymmetric disc tools have been undertaken. Disc tools were 
used in the simple and complex kinematics of the work-
ing system (Weber 1995; Jeong et al. 2019). Attempts are 
made to apply disc tools not only on conceptual (prototype) 
machines but also in industrial ones that have used the stand-
ard mining tools (picks, teeth) (Asbury et al. 1998; Gosp-
odarczyk et al. 2013; Acaroglu et al. 2017).

Modelling and research in applying asymmetrical disc 
tools in mechanical excavation systems are one of the pri-
mary research directions implemented at the Department 
of Machinery Engineering and Transport at AGH UST in 
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Krakow, Poland (Bołoz 2018; Gospodarczyk et al. 2016; 
Kotwica 2018). An example of this type of work is develop-
ing and implementing a new generation of disc head dedi-
cated for use in the construction of roadheaders. The disc 
head concept assumes the mining of rock stone by chipping 
as a result of a complex trajectory of disc tools. It is pre-
sented in Fig. 2. The elaborated mining unit consists of an 
independently propelled body and mounted in it propelled 
discs with asymmetrical disc tools. Unit body 1 is propelled 
by an external drive shaft 2. In the body, in seats 3 drive 
shafts 6 are mounted with plates 4, on which in bearing seats 
10 disc tools 5 are installed. The most favourable number 
of the tools should be 6–8 pieces. The drive shafts 6 are 
propelled by an internal drive shaft 7 independent from the 
external drive shaft 2 and a set of bevel gears 8 and 9 or 
alternative ones. The mining head’s presented design with 
disc tools has been successfully verified in series of field 

tests. The field tests showed correct kinematics of the mining 
process. In the conclusions of the tests, it was emphasised 
that a roadheader using a mining head with disc tools needed 
only about 60% of the power compared to a conventional 
mining head.

However, this type of innovative application of asym-
metric disc tools requires the use of proven calculation pro-
cedures to verify the reliability of such new mining system’s 
solutions. The reason for this is the complex process of rock 
destruction during rock cutting by disc tools. The essence 
of destroying the cohesion of rocks by disc tool in a simpli-
fied way can be illustrated using the example of the wedge 
profile’s penetration into rock half-space. A characteristic 
feature of this process is the relatively small size of the so-
called compression zone. Therefore, the foremost part of 
the excavated material during the disc mining is the volume 
of side fragments. The course of penetration of the wedge 
profile into a half-space is characterised by dynamic vari-
ability, which directly affects the pressing force’s value dur-
ing mining. The consequence of this fact is the difficulty of 
formulating a full mathematical description of the process 
of disc’s blade penetration into the rock body. In connec-
tion with the above, models specifying the mining resistance 
forces assume simplifications and allow only for an approx-
imate estimation of forces acting on the tool during rock 
excavation. It should be emphasised that the computational 
models of different authors are most often the result of their 
experimental research. Therefore, they are valid in the area 
of restrictions that were considered during the experiment. 
The analytical formulas for describing the resistance forces 
of disc mining assume simple kinematics of the mining sys-
tem (most often rectilinear). The use of analytical formulas 
for calculating disc tool loads is often insufficient. It is pos-
sible to generate errors when defining boundary conditions 
for new and innovative types of mining machinery (Stopka 
2019, 2020).

The fundamental problem in the design of work systems 
with asymmetric disc tools is the lack of adequate analytical 

Fig. 1  Conventional disc cutting (left) and undercutting (right) 
(Ramezanzadeh et al. 2010)

Fig. 2  Conception of a unit 
equipped with asymmetric disc 
tools of a complex motion tra-
jectory (left) and the prototype 
(right)



6267Modelling of Rock Cutting with Asymmetrical Disc Tool Using Discrete-Element Method (DEM)  

1 3

models to identify tool loads during the mining process. 
One reasonable approach is to use computer simulation. 
However, simulation of the process of rock destruction by 
tool impact is a complex problem. Regardless of the choice 
of a numerical method, simulation of a process with such 
complex characteristics involves the need to identify many 
parameters of material and contact models. An additional 
problem is the long computation time and the associated 
model accuracy. The characteristics of simulation models are 
not universal but change with the characteristics of the min-
ing process and the geometry of a tool. Previous experience 
of the research team from the Department of Mechanical 
Engineering and Transport of the AGH University of Sci-
ence and Technology in Cracow from design works and tests 
of the new generation disc head pointed to a big problem 
in the scope of modelling mining with asymmetrical disc 
tools. This applies especially to the optimization of numeri-
cal models in terms of calculation time and accuracy.

Taking the above into consideration, the DEM model of 
asymmetric disc–rock interaction was developed as a part 
of the research being the subject of this paper. The aim of 
model tests was to demonstrate the adequacy of applied 
model with respect to laboratory tests, assuming certain 
numerical parameters of the DEM model, which signifi-
cantly affect the computation time (linear model of the par-
ticle–particle contact, maximisation of the DEM particle 
radius).

In view of the objective adopted, it was assumed that 
the tests would be carried out assuming simple mining kin-
ematics with an asymmetric disc tool. Therefore, the tests 
consisted of simulating the pressing of an asymmetrical disc 
into a rock sample. This approach allowed for the evalua-
tion of approximate loads on the disc head, and at the same 
time, ensured that the models could be validated on a labora-
tory bench with sufficiently high accuracy of tool position-
ing relative to the sample. The independent variables in the 
study were: disc diameter (D = 150 and 160 mm), mining 
pitch (t = 15–25 mm), mechanical properties of rock samples 
(concrete, sandstone). To evaluate the accuracy of developed 
DEM models, the maximum destruction force and the size 
of the destruction zone were calculated for each test, and 
the measured parameters were compared with the results of 
laboratory tests.

2  General Approach to Rock Cutting 
Modelling

Nowadays, computer technology development provides the 
capability of rock-cutting simulation using various mod-
elling techniques, such as the Discrete-Element Method 
(DEM) or Finite-Element Method (FEM). To extend 
the possibilities of modelling the rock–tool interaction, 

it is also possible to combine both numerical methods 
(FEM–DEM) (Zárate at el. 2015).

The Finite-Element Method (FEM) is one of the numer-
ical methods that can analyse complex engineering prob-
lems. Due to a large number of material models and failure 
criteria, the FEM can be used to modelling rock–tool inter-
action (Li et al. 2012a, b). The basic approach to model-
ling rock cutting in FEM is based on using the Mohr–Cou-
lomb failure criteria or similar models. The most advanced 
approach in rock-cutting modelling in FEM is related to 
the use of the Concrete Damage model, Johnson Hol-
mquist Concrete model, or the Continuous Surface Cap 
model (CSCM) implemented in LS-Dyna software (Jaime 
et al. 2015). The use of the above models in the FEM 
allows simulation of rock’s cracks and fragmentation.

The second numerical method that can be used to simu-
late rock cutting is the DEM. The discrete-element method 
(DEM) is a particle-based numerical method that can 
model a system’s mechanical behaviour composed of an 
assembly of discrete spherical particles. The method mod-
els part composed of rigid spheres that can move indepen-
dently and interact with one another. According to numer-
ous studies, the DEM provides a better understanding of 
the mechanical behaviour of rocks and rock masses. It 
has been proven as an efficient and economical method to 
give a useful insight into rock fragmentation and fracture 
formation under complex load conditions (Zhang. et al. 
2020). During the past decade, numerical simulations of 
rock cutting with the use of the DEM have been carried 
out by many researchers. The largest research group was 
research focussed on simulation rock cutting with conical 
picks (Rojek at el. 2011; Qianqian at el. 2015; Zhang at el. 
2020). The DEM has also been used to simulate rock cut-
ting by disc tool, especially for disc tools used in full-face 
tunnel boring machines (TBM). Researchers conducted 
DEM simulations of rock cutting subjected to symmetrical 
disc tools to study the rock fragmentation and its relation 
to applied cutting force (Rojek 2007; Li et al. 2012b, Li 
and Du 2016, Labra at el. 2017, Xia at el. 2017).

However, there is no comprehensive modelling and 
laboratory research in the literature on asymmetrical disc 
tools. Therefore, due to the development of the new gen-
eration of disc head, it was decided to develop simulation 
DEM models that would allow identifying loads of a sin-
gle asymmetrical disc tool. The purpose of the research 
was also to validate the model and its optimization due 
to the time of calculations. The discrete-element method 
(DEM) in LS-DYNA was employed to investigate the disc 
tool–rock interaction. The implementation of the DEM 
in the LS-Dyna program has been used many times in 
research on the dynamic behaviour of materials (Kara-
jan at el. 2012; Flores-Johnson at el. 2016; Takeda at el. 
2018).
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3  Numerical Model of Rock Cutting 
by Asymmetrical Disc Tool

3.1  Discrete‑Element Method in LS‑Dyna

The DEM implemented in LS-DYNA is based on the method 
first developed by Cundall and Strack (Cundall and Strack 
1979; Hallquist 2015). As usual for the DEM, a penalty-
based contact is used to capture the particle–particle and 
particle–surface interaction. Figure 3 shows a schematic 
contact interaction between two particles. This elastic con-
tact model is defined with normal and tangential stiffness, 
damping coefficients, static and rolling friction coefficients.

Normal contact force is calculated as the following 
equations:

 where

Parameter dint defined the interaction distance with Xi 
dentoing the coordinates of the ith particle. The normal 
spring constant Kn is defined as follows:

where ki and ri are the compression moduli and radii of the 
ith particle, respectively, and NORMK is a user-specified 
stiffness penalty parameter. The parameter ki = Ei∕3(1 − 2vi) 
is in LS–DYNA form the user-specified particle’s Young’s 
modulus E and the Poisson’s ration v (Karajan et al. 2012). 
The tangential spring constant is given by

where the default value of the stiffness parameter SHEARK 
is 2/7 (Karajan et al. 2012). The normal damping force is 
defined as follows:

(1)Fn = Kndint,

(2)dint = r1 + r2 +
||X1 − X2

||.

(3)Kn =
k1r1k1r1

k1r1 + k1r1
NORMK,

(4)Ks = KnSHEARK,

 where the damping constant Dn is given by

NDAMP is  the normal damping parameter 
( 0 ≤ NDAMP ≤ 1) . The tangential damping force is defined 
in a similar way as Eq. (4) with TDAMP and Kt being used 
instead of NDAMP andKn , respectively.

The DEM method in LS-Dyna can also be used to model 
brittle material fracture by bonding the loose DEM parti-
cles. To simulate brittle material fracture, the parallel bond 
method (PBM) for DEM particles was implemented in LS-
Dyna. The essence of the method is shown in Fig. 4

In this method, all particles are linked to their neighbour-
ing particles through bonds. The properties of the bonds rep-
resent the complete mechanical behaviour of solid mechan-
ics. Bonds can be broken under excessive load, which allows 
us to simulate the initiation and propagation of material frac-
ture. The properties of the bonds (DE BOND) are adjusted 
by assigning normal (PBN) and shear stiffness (PBS) and 
maximum normal (PBN_S) and maximum shear stress 
(PBS_S) for bond rupture. The maximum gap between two 
particles that are meant to be bonded can be prescribed via 
the parameter MAXGAP. This gap is either a multiple of the 
smallest radius of the two spheres, i.e. MAXGAP × min(r1, 
r2), or an absolute value for the gap, depending on MAX-
GAP being greater or smaller than zero, respectively. Due to 
the DEM is a fully dynamic formulation, damping is neces-
sary to dissipate kinetic energy. In LS-Dyna bond model, the 
numerical damping coefficient (ALPHA) is used to calculate 
the damping force between particles that formed the bond. 
In LS-Dyna, it can be any value between 0 and 1.

Where  r1 and  r2 are the radii of bonded spheres, ∆Fs and 
∆Fn are, respectively, shear and normal force increments 
applied within each time increment of the analysis.

(5)Fndamp = Dn
̇dint,

(6)Dn = 2NDAMP

√
m1m2

m1 + m2

Kn.

Fig. 3  Schematic representation of sphere–sphere interaction

Fig. 4  Basic parameters of bonded particles in LS-Dyna
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The normal force between two bonded discrete elements 
with radii r1 and r2 is calculated as follows:

where

The shear force is calculated as follows:

The moments are calculated as follows:

where

SFA is a radius multiplier scaling the bond circular 
cross-section area by multiplying the minimum radius 
amongst the two involved radii from two bonded spheres. 
By adjusting the bond radius multiplier, it is possible to 
bond each particle to several other particles.

Fracture in the material will be initialised by bonds 
breaking, where only a few broken bonds can be seen as 
a micro-crack and when several more bonds are breaking 
the evolution of a macro-crack (Ten at el. 2013). Strength 
PBN_S and PBS_S are the strength components of the bond, 
respectively, for normal and shear direction. Normal direc-
tion is the direction parallel to the bond cylinder axis, and 
the Shear direction is perpendicular to that in all orienta-
tions. The maximum normal and shear stress acting on the 
parallel bond are formulated as follows:

If the maximum normal stress exceed the normal strength 
( �max ≥ PBN_S ) or the maximum shear stress exceeds the 
sher strength ( �max ≥ PBS_S ), the parallel bond breaks.

(7)ΔF
n
=

PBN
(
r1 + r2

)AΔun,

(8)A = �r2
eff

(9)reff = min(r1, r2)SFA.

(10)ΔF
s
= PBS

PBN
(
r1 + r2

)AΔus.

(11)ΔMn = PBSJΔ�n

(12)ΔMs = PBNIΔ�s,

(13)J =
�

2
reff

4

(14)I =
�

4
reff

4.

(15)�max =
−Fn

A
+

||Ms
||reff
I

(16)�max =
||Fs

||
A

+
||Mn

||reff
J

.

3.2  Calibration of Material Models

The main assumption for the research was to use at least 
the modelling of two types of rock samples. Therefore, 
computer simulation of rock cutting by asymmetrical disc 
tools was carried out on concrete and sandstone samples. 
In the first step, laboratory tests for determining rock sam-
ple’s strength (UCS and BTS tests) were conducted. The 
test results are presented in Table 1. As it is widely known, 
establishing numerical and physical parameters of the DEM 
model is complex and cannot be derived from the labora-
tory experiments directly. Therefore, the material’s macro- 
and micro-parameters must be calibrated by simulating the 
rock mechanical experiments. Numerical modelling in this 
investigation was mainly conducted by the use of DEM in 
LS-Dyna software. The micro- and macro-parameters are 
calibrated by simulating both the UCS and BTS tests. There-
fore, simulation tests were carried out for individual types 
of samples. Figure 5 illustrates the cylindrical model of con-
crete sample for the simulation of the UCS and BTS tests.

The basic independent variables in calibration tests were: 
radius of particles (RDES), the maximum gap between par-
ticles (MAXGAP), bond cross-section (A), particle stiff-
ness parameters  (Kn,  Ks), and bond stiffness parameters 
(PBN, PBS, PBN_S, PBS_S). In the first stage, the uniaxial 
compression of rock samples was simulated. In the case of 
the correct representation of the sample’s elastic proper-
ties and the maximum destructive force, in the next step, 
the verification of the DEM model in the BTS tensile test 
was conducted. In the case of a negative result in the BTS 
test (inadequate parameters of the sample’s stiffness or the 
destructive force), the base parameters were modified, and 
the UCS and BTA tests were repeatedly verified. After the 
testing stage aimed at verifying the DEM model in the USC 
and BTS tests, a control test with a disc tool was carried out 
at a mining pitch of t = 15 (short calculation time). Achiev-
ing an acceptable error (±  2RDES), in this case, meaning that 
the disc tool tests could be continued for the remaining set 
of parameters (different values of disc diameter and cutting 
pitch). The procedure was repeated until obtaining a posi-
tive result in both strength tests. The calibration scheme is 
presented in Fig. 6.

Table 1  Mechanical properties of rock samples

Parameter Concrete Sandstone

Density, kg/m3 2130 2450
Uniaxial compressive strength (UCS), MPa 23.7 78.8
Brazilian tensile strength (BTS), MPa 2.3 5.7
Young’s modulus, GPa 1.6 9.2
Poisson’s ratio [-] 0.275 0.21
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Figures 7 and 8 illustrate force–displacement relation-
ship obtained in laboratory tests of the unconfined compres-
sion (UCS) and Brazilian tests (BTS) for concrete. These 
curves allowed to determine the micro–macro-properties of 
the material model with the discrete-element method. An 
important assumption was to determine the size of the par-
ticles that on the one hand, will guarantee the accuracy of 
calculations, and on the other hand, will not generate long 
simulation time for full-scale tests with disc tools. In the 
following figures plotted, green curve are the results of simu-
lation tests for calibrated models. The same calibration pro-
cedure was conducted for sandstone. The calibration results 
for both materials are summarised in Table 2.

3.3  Testing Methodology

Simulations of rock cutting by asymmetrical disc tools have 
been performed using the model shown in Fig. 9. Numerical 
tests were conducted by pushing the disc into a rock sample 
at a given distance from the sample edge until the material 
was detached entirely. Based on the literature analysis of the 
subject as well as the previous author experiences in the field 
of industrial application of disc tools, it has been determined 
that the tests will be carried out changing geometric and 
process parameters, such as:

– diameter of the disc tool D = 150 and 160 mm.
– cut spacing t = 15, 20 and 25 mm.
– mechanical properties of the rock sample (concrete, sand-

stone)

During simulation tests, the disc tools of blade angle 40° 
and tip radius R = 1 mm have been considered. Based on 
previous laboratory tests, the dimensions of the rock sam-
ple were determined. Observation of the mechanism of rock 
destruction during mining tests with asymmetrical disc tools 

allowed to establish the required dimensions of the rock 
model, that is illustrated in Fig. 9.

Simulations of the mining process with asymmetrical disc 
tools have been carried out using LS-Dyna software. The 
virtual 3D model of disc tools and rock samples has been 
discretised in the next step. The disc tool has been discre-
tised with over 188.000 triangular elements, considering a 
refinement in the disc tip to reproduce its curvature (Fig. 10). 
The disc tool was treated as a rigid body with a prescribed 
translational motion perpendicular to the rock sample. To 
define the disc tool movement, a constant velocity was 
imposed. The constant velocity was equal to 0.03 m/s for 
concrete samples and 0.01 m/s for sandstone samples. These 
parameters were established based on the basis of pilot disc 
mining tests. Characterisation of the particle assembly for 
the test with disc tools is presented in Table 3.

The results of model discretization in LS-Dyna DEM 
code are shown in Fig. 10. The DEM particles were set in 
contact with the disc with the use of the contact Node to 
Surface Contact. The static and dynamic friction coefficient 
was set to 0.3. During simulation tests, displacement of the 
backside and right side of the sample was fixed (marked in 
Fig. 11), whereas the other sides were set to free.

4  Results of Simulation

Exemplary results of simulation tests of rock cutting by 
asymmetric disc tool are shown in Figs. 12, 13, 14 and15. 
The calculations were conducted on an HP Z840 worksta-
tion (2 × Intel Xeon 2650). In the case of concrete tests for 
t = 15 mm, the calculation time was about 3–4 h. For sand-
stone and t = 20 mm, the calculation time was about 65–70 h. 
The following figures illustrate material failure induced by 
the pushing disc cutter into a rock sample. It is illustrated 
with the damage parameter defined as the ratio of the num-
ber of broken bonds to the initial number of cohesive bonds 

Fig. 5  LS-Dyna model for the 
simulation of UCS (left) and 
BTS (right) test
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for each particle. The value of the damage parameter ranges 
from 0 to 1. It is equal to 0 for the undamaged material 
and 1 for the completely damaged one. Observations of the 
process of rock destruction in simulation tests, especially 
the shape of the destruction zone, allow identifying many 
similarities to laboratory test results. All the tests were com-
pleted by chip separation, whose dimensions (height, depth) 
were multiple times higher of the assumed cut spacing. The 
volume of rock fragments after the mining process with a 
disc tool was dependent on the value of cut spacing and 

mechanical properties of samples. A higher volume of rock 
fragments was observed for sandstone samples. Depending 
on the configuration of the geometric parameters tested and 
the properties of the sample, the disc penetration causing the 
sample to be destroyed ranged from 5 to 10 mm. This param-
eter was consistent with the results of analogous laboratory 
tests (Stopka 2020).

During simulation tests normal (press) force  (Fz) and lat-
eral force  (Fx) acting on a disc tool were monitored. These 
parameters were the most critical factors that were used to 

Fig. 6  Calibration scheme of 
DEM model
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verify the adequacy of the model. Figure 16 shows selected 
force waveforms for various configurations of process 
parameters and physical properties of rock samples for disc 
tools 150 and 160 mm (t = 15 mm). The recorded waveforms 
are characterised by the variability typical for the processes 
of rock centre destruction by a tool similar in profile to the 
wedge. Based on the simulation results (for both rock sam-
ples), it can be concluded that increasing the cut spacing 
from 15 to 25 mm causes an almost twofold increase in 
the pressing force. Increasing the disc diameter from 150 

to 160 mm resulted in an increase in the pressing force by 
about 15%. The lateral force is approximately 35% of the 
normal force. Finally, the results of the simulation tests were 
used to identify the maximum destructive forces. In the next 
stage, these data were used to validate the numerical model.

4.1  Validation of Numerical Model

The purpose of experimental validation tests was to assess 
the accuracy of calculations using a numerical model. Labo-
ratory research has been conducted in an analogy way to the 

Fig. 7  Results of experimental and simulation UCS tests for concrete

Fig. 8  Results of experimental and simulation BTS tests for concrete

Table 2  The macro- and micro-properties of the DEM rock samples 
after calibration process

Parameter Concrete Sandstone

Uniaxial compressive strength (UCS), MPa 22.9 73
Brazilian tensile strength (BTS), MPa
Young’s modulus, GPa
Poisson’s ratio

2.7
1.69
0.28

6.4
9.32
0.18

Radius of particles  (RDES), mm 1–2 1
Ratio shear to normal stiffness (PBS) 0.4 0.4
Parallel-bond normal stiffness (PBN), GPa 1.3 9
Bond normal stress limit (PBN_S), MPa
Bond shear stress limit (PBS_S), MPa
Normal spring constant (Kn ), KN/mm
Tangential spring constant ( Ks ), KN/mm
MAXGAP, mm
SFA
Numerical damping coefficient (ALPHA), 0–1
Damping constant  (Dn), KN·ms/mm

14
14
0.16
0.05
− 1
1.2
0.05
0.0023

46
46
0.52
0.15
− 0.6
1.2
0.05
0.0023

Fig. 9  Geometrical parameters of the rock–tool model (unit: mm)
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numerical one. Therefore, in laboratory tests, a disc tool with 
a diameter of 150 and 160 mm was tested, as well as rock 
samples with mechanical properties presented in Table 1. 
Experimental tests were carried out on a dedicated labora-
tory stand (Fig. 16). Each operation on the stand is carried 
out using hydraulic cylinders. The presented stand allows 

attaching the disc tool to the holder. The construction of this 
holder permits to change the position of the disc relative to 
the sample, and thus gives the opportunity to set the right cut 
spacing. The system is equipped with a strain gauge force 
sensor that allows measuring the pressure force in the range 
of 0–200 kN and a transformer displacement sensor with 
a measuring range of 0–300 mm. The disc tool is pressed 
through the feed system of the station into a rock sample 
with a constant velocity. During the conducted research, the 
normal force  (Fz) and displacement of the disc tool were 
measured and recorded. Figure 17 shows exemplary forms 
of destruction of sandstone samples mined with disc tools 
150 mm in diameter. On the right side of the figure, the form 
of a sample crack is presented after the analogous test has 
been performed on the simulation model. In contrast, Fig. 18 
presents a form of spoil being the result of mining disc with 
diameters Ø 160 and the cut spacing t = 15 mm. The analysis 
of the dimensions and form of rock fragments after mining 
tests showed that the numerical model predictions were rea-
sonably accurate. Examples of normal force waveforms from 
experimental tests and simulations are shown in Figs. 19, 
20, 21 and 22.

Quantitative results of laboratory and simulation tests are 
shown in Figs. 23, 24, 25 and 26. The graphs show the maxi-
mum (destructive) values of normal force. The blue colour 
in the graphs indicates the maximum normal force as an 
average of 5 experimental tests. The bars showing the simu-
lation results are marked in red. The results of experimental 
and simulation tests for concrete samples are presented in 
Figs. 18 and 19. The results of tests for sandstone samples 
are shown in Figs. 20 and 21.

The agreement between simulation and measurement 
tests was assessed with relative errors (Table 4). The pre-
sented comparison shows that the model developed in LS-
Dyna shows good accordance with the experimental studies. 
The discrepancy between the results of simulation tests is 
slightly larger for concrete samples. This is mainly due to the 
greater dispersion of the mechanical properties of concrete. 
The correlation between simulation and experimental tests 
for sandstone samples is very good. The maximum differ-
ence does not exceed 10% at all.

4.2  Practical Use of Research Results

The results presented in this paper show a great potential of 
DEM modelling in the aspect of load analysis of asymmetric 
disc tools. The rock-chipping process using asymmetric disc 
tools can be modelled with satisfactory accuracy at relatively 
high DEM particle radiuses. The test results confirm the 
possibility of scaling the models and increasing their com-
plexity. Regardless of the above, the test results presented in 

Fig. 10  Discretization of the rock–tool model in LS-Dyna

Table 3  Characterisation of the particle assembly for simulation tests 
with disc tools

Parameter Concrete Sandstone

Radius of particles  (RDES), mm 1–2 1
Number of particles
Coordination number  (nc)

17,615
8.94

57,316
10.01

Fig. 11  Boundary conditions 
applied on the rock’s model
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the paper can be used for approximate identification of work 
system loads in rock excavation performed by real machines. 
An example of this is the disc head design, which was con-
structed at the AGH University of Science and Technology 
in Cracow. The disc tools of this head move along a complex 
trajectory. However, the method of rock destruction is simi-
lar to the model of pressing a disc into a rock sample pre-
sented in this paper. This is due to the kinematics of working 
head system. Therefore, the approach presented in the paper 
was used to calculate the structural nodes of the disc head. A 
number of laboratory and field tests showed the correctness 
of adopted design assumptions. Figure 27 presents the disc 
test on a dedicated test stand. Whilst Fig. 28 shows a view 
of the disc head during the field tests.

Fig. 12  Simulation of con-
crete cutting (D = 150 mm, 
t = 15 mm)–material damage

Fig. 13  Simulation of concrete cutting (D = 150  mm, t = 25  mm)–
material damage

Fig. 14  Simulation of sand-
stone cutting (D = 150 mm, 
t = 15 mm)–material damage
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Fig. 15  Simulation of sand-
stone cutting (D = 160 mm, 
t = 15 mm)–material damage

Fig. 16  Normal and lateral force 
histories for concrete (left) and 
for sandstone (right)

Fig. 17  The cracks in the front 
surface of the rock sample after 
mining tests (left) and the chip 
formation in numerical simula-
tion (right)
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5  Conclusion

One of the fundamental problems of the application of asym-
metrical disc tools in mining machine heads is the issues of 
identification of their loads. Currently, there are no model 
foundations that would allow evaluating a load of disc tools, 
especially in the conditions of complex mining kinematics. 
The development of computer simulation tools gives hope 
for the development of efficient mining models due to the 
required accuracy and acceptable time-consumption of each 

test. The use of advanced numerical models DEM will ena-
ble the expansion of research possibilities in this field.

The results of the model tests presented in the article 
show great possibilities in the field of rock destruction mod-
elling, especially in the aspect of cutting rock with asymmet-
rical disc tools. Taking into account the above the simulation 
results, it should be emphasised that tested models are prom-
ising in terms of a balance between the speed of calculations 
and the accuracy of the simulation. An important result of 
the research was the identification of the particle size of the 

Fig. 18  Destruction zone 
dimensions (chip dimensions) 
after experimental (left) and 
simulation tests (right)—sand-
stone, D = 160, t = 15 mm

Fig. 19  Normal force–displacement curve for concrete (D = 150 mm, 
t = 15 mm)

Fig. 20  Normal force–displacement curve for concrete (D = 160 mm, 
t = 15 mm)
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numerical model (RDES) for which a good correlation with 
the experimental results was obtained. From a practical point 
of view, the presented test results can be input data for devel-
oping simulation models on a larger scale. Thus, it will be 
possible to take into account the complex kinematics of the 
dynamics of the rock-mining process with disc tools using 
the DEM simulation. Consequently, numerical modelling 
will be used instead of more expensive and time-consuming 
experimental works.

Fig. 21  Normal force–displacement curve for sandstone 
(D = 150 mm, t = 15 mm)

Fig. 22  Normal force–displacement curve for sandstone 
(D = 160 mm, t = 15 mm)

Fig. 23  Comparison of maximum normal force obtained in experi-
ment and numerical simulation: concrete, D = 150 mm

Fig. 24  Comparison of maximum normal force obtained in experi-
ment and numerical simulation: concrete, D = 160 mm

Fig. 25  Comparison of maximum normal force obtained in experi-
ment and numerical simulation: sandstone, D = 150 mm
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Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 

permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.
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