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Abstract

A mathematical model describing the formation of dynamic load components acting on the working units of
mining machines during rock cutting is an essential component of the digital twin of a mining shearer and is
used for engineering analysis, design calculations, process simulation, and machine-parameter optimization.
The application of various numerical methods to cutting-force modeling, including FEM and DEM, is con-
strained by the need to identify a large number of parameters, typically 10 to 20, many of which are difficult to
determine either analytically or experimentally. A stochastic mathematical model of the rock cutting process
has been developed by representing the process as a flow of random events, namely elementary loading events
and fracture events associated with the failure of a certain volume of rock mass, that is, chip formation events.
The interval between elementary loading events in time or space is treated as a random variable. The closest
agreement with experimental data obtained from tests of a shearer cutting a full-scale coal-cement block was
achieved with a model based on a truncated exponential distribution of the interval between successive frac-
ture events. For each elementary loading event, the maximum cutting force at which chip formation occurs is
determined analytically from the known expected value of the cutting force. For the cutting force acting on an
individual pick, the modeling error does not exceed 7% for the expected value and standard deviation and 15%
for the maximum value. Good agreement was also confirmed between the histograms of the force distribution
and the spectral density plots obtained from full-scale and computational experimental data. The proposed
model contains no more than three parameters requiring identification and can be used as a component of the
digital twin of a mining shearer. The same approach is also applicable to mathematical modeling of the cut-
ting of hard soils using the working tools of earthmoving machines and to modeling the operating processes
of crushing machines.
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AHHOTaUuA

MaTeMaTuueckast MOze/ib POPMMUPOBAHMS AMHAMUYECKMX COCTABJISIONINX HATPY30K Ha pabounie opraHbl rop-
HBIX MAIIMH IPY Pe3aHMUM TOPHBIX ITOPO]I SIBISIETCS HEOOXOMMMOI COCTaBHO YacThIO IIM(GPOBOTO IBOTHMUKA
TOpPHOTO KOMOaifHa M UCIIOb3YeTCsT IJ1s1 MHKEHEPHOTro aHa/3a, PACYeTOB, CUMY/ISILIMY paboumx MpoLecCcoB
U ONITUMM3AIUY TTapaMeTPOB MalllMHbl. [I[pMMeHeHMe 1151 MOAeIMPOBaHMS CUJIbl pe3aHMs Pa3IMUHbIX Bapy-
aHTOB MeTOo[a KOHeuHbIX a1emMeHTOB (FEM, DEM 1 [Ip.) orpaHKY€HO HeOOXOAMMOCThIO UAEHTUDUIVPOBATh
60JIBIIIOE KOIMYECTBO ITapamMeTpoB (mpumMepHO 10-20), onpemeneHne KOTOPBIX paCUeTHBIM UM SKCIIepUMEeH-
TaJbHBIM IyTEM 3aTpygHEHO. PazpaboTaHa cToxXacTMUeckasi MaTeMaTuMyeckas MOMeIb Mpollecca pe3aHus
TOPHOI1 TTOPO/Ibl, OCHOBAHHAS HA TMPEICTABIEHMUM TIPOIIeCcca B BUE MTOTOKA CYYATHBIX COOBITUIT — UHNY-
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HbIX aKTOB HarpyskeHus ¥ paspylleHus] HEKOTOPOTro 00beMa TOpPHOTO MaccyuBa (CKOJIIOB). IHTepBal MeXAy
eIVIHMYHBIMU aKTaMM Harpy>KeHusi BO BpeMeHU MM B MPOCTPAHCTBE PACCMaTPMBAETCS KaK CyvaifHas Be-
JVYMHA. YCTAaHOBJIEHO, YTO HAMTYYLIYIO CXOOUMOCTD C ZAHHBIMM SKCIIEPUMEHTAIbHBIX UCC/IENOBaHMIA OUMCT-
HOro KOoMbaiiHa Ha yIyie-1eMeHTHOM 6JIoKe 06ecrieurBaeT MOJeNlb C YCEUeHHBIM MMOKAa3aTebHbIM 3aKOHOM
pacrpesiesieHus] MHTEPBaia MEXAY eOVHUYHBIMM aKTaMy paspylieHus. B eMMHUMYHOM aKkTe HarpyKeHMUs
MaKCUMMa/IbHOE 3HaUeHMe CUJIbI pe3aHMs, IPU KOTOPOM IPOMCXOAMT CKOJ, OTPENEISIeTCS PACYETHBIM ITyTeM
MICXOJISI U3 U3BECTHOTO CPEIHET0 3HAUEHMSI CUJTbI pe3aHust. [IoTpelHoCTh MOIEVPOBAHMST CUITbI pe3aHMst Ha
OTHENIbHOM pe3lle He MPEBBIIIAeT: IT0 MaTeMaTUUeCKOMY OKMAAHMIO U CpeIHEKBaAPaTUUeCKOMY OTKJIOHE-
HUIO — 7 %, IO MaKCUMaJIbHOMY 3HaueHuIo — 15 %. [TogTBepKIeHO XOpollee COOTBETCTBYE TUCTOIPAMM pac-
npeneneHus ¥ rpadMKOB CIIEKTPATbHO TVIOTHOCTM YCUITMSI, TIOTYYeHHBIX TPY 06paboTKe JaHHBIX HATYPHOTO
Y BBIYMCIUTEIBHOTO 3KCIIEpUMEHTOB. [IpejiokeHHass MOJIEb COIEPKUT He OoJiee Tpex apaMeTpoB, Tpeoy-
IOIIMX UAEHTUOUKAIMY, U MOXKET GbITh MCIIOTh30BaHA KaK COCTABHAS YaCTh IM(PPOBOTO ABOIHNKA TOPHOTO
KoMo6ariHa. [JaHHbIi [MOAX0, 11eJIeco00pasHo MPUMEHSTh MPY MaTeMaTUUYECKOM MOJEeIMPOBaHUM Mpollecca
pesaHusl MPOYHBIX TPYHTOB PabOUMMY OpraHaMy 3eMJIEPOIHBIX MallliH, a TaKKe /IS MOeTUMpPoBaHus pabo-
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Yyero Ipoiecca JpoOuIbHbIX MaIIMH.
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Introduction

For simulation-based modeling and optimization
to be used more widely in mining-machine research
and design, a sufficiently general yet relatively sim-
ple mathematical model is needed to describe the dy-
namic load components acting on working units du-
ring the cutting of a wide range of rocks. Such a mo-
del is an essential part of the integrated mathemati-
cal model, or digital twin, of a mining shearer and can
be used for engineering analysis, design calculations,
process simulation, and machine-parameter optimi-
zation [1].

Mean load levels acting on cutting tools and the
energy demands of operating processes in mining
shearers and drilling machines have already been
studied in detail [2-4].

Considerable research attention has been devo-
ted to mathematical modeling of rock cutting with
allowance for dynamic load components. The cutting
process is cyclic in nature: rock is separated from
the rock mass in discrete portions, or chips, and this
separation is accompanied by fracture of the newly
formed core and disintegration of the detached vo-
lume [4, 5]. Studies [6, 7] analyzing cutting-force os-
cillograms showed that, over the duration of a single
chip formation event, the cutting force varies line-
arly and can therefore be represented as a triangu-
lar pulse. This conclusion is supported by numerous
experimental studies of rock cutting reported by dif-
ferent authors [8-10].

Reference [11] describes a model in which the
pressure distribution in the contact zone between the
pick and the rock is governed by elastic deformation
beneath the pick and by irreversible deformation as-
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sociated with rock crushing in this region due to the
formation of a pre-fractured surface zone. Under this
model, the occurrence of rock chipping at discrete
moments in time is one of the causes of the oscillato-
ry variation of the cutting-force components.

Numerous studies have modeled the rock cutting
process using different numerical methods [12-14].
These include the finite element method (FEM) [15],
the boundary element method (BEM) [14], the dis-
crete element method (DEM) [16-18], and combined
approaches such as FDEM [14]. These methods make
it possible to simulate rock cutting processes with
varying degrees of accuracy. At the same time, their
application to mining-machine calculations remains
problematic. Methods of this type involve a large
number of parameters, typically about 10 to 20, many
of which are difficult to determine either analyti-
cally or experimentally. Some can only be estimated
through parameter identification, that is, model cali-
bration. This is a labor-intensive procedure that re-
quires a substantial amount of experimental data. In
addition, implementation of such models usually re-
lies on expensive commercial software packages such
as ANSYS, LS-DYNA, and ABAQUS, most of which are
developed by foreign vendors.

The rock cutting process is inherently random
because the structure and mechanical properties
of rock vary randomly along the cutting path [4-6].
A mathematical model of rock cutting must therefore
be stochastic. Determining the parameters of such
models requires extensive experimental data, which
makes it essential to minimize the number of para-
meters that must be measured or identified. A rea-
sonable compromise is therefore needed between the
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number of factors included in the model, the feasi-
bility of estimating their parameters reliably, and the
accuracy required to reproduce the random dynamic
load components.

As is well established [3, 4], the load acting on
a cutting tool during coal and rock cutting is resolved
into three components: cutting force, feed force, and
side force. For modeling dynamic processes in mi-
ning shearer power systems, the dynamic components
of the cutting force are of primary importance. These
components generate dynamic loads in the machine
drive, and their spectra contain significant frequen-
cy components up to 40-50 Hz [4, 19, 20]. For most
practical purposes, therefore, there is no need to re-
produce the spectral composition of the cutting force
acting on the cutting tool with high accuracy above
40-50 Hz.

It is also important to note that, in the forma-
tion of random dynamic loads in mining shearer
power systems, the exact form of the cutting-force
distribution for an individual pick is of little practi-
cal importance. According to the central limit theo-
rem, the distribution of the load generated by seve-
ral picks, reaching several dozen in modern shearers,
approaches a normal distribution regardless of the
distribution law governing the load acting on each
individual pick.

These considerations provide a basis for develo-
ping sufficiently simple algorithmic models capable
of reproducing, with the required accuracy, the ran-
dom loads arising during coal and rock cutting.

The objective of this study is to improve the de-
sign quality and operating efficiency of mining shea-
rers by developing an easy-to-use stochastic mathe-
matical model of rock cutting as a component of the
integrated mathematical model, or digital twin, of
a mining shearer for engineering analysis, design cal-
culations, process simulation, and machine-parame-
ter optimization.

To achieve this objective, the following tasks were
undertaken:

— a stochastic mathematical model of the cutting
process was developed in the form of a flow of ran-
dom events, namely elementary loading events and
the corresponding chip formation events associated
with rock fracture, requiring identification of only two
or three parameters instead of the 10-20 parameters
typically required by models based on different va-
riants of the finite element method;

- experimental studies of the cutting process
were carried out using a shearer cutting a full-scale
coal-cement block, and realizations of cutting force
for a radial pick were obtained under different ope-
rating conditions;
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— statistical processing of the experimental data
was performed, the model parameters were identified,
and the adequacy of the model with respect to the real
process was established.

Theory. Mathematical model

In this paper, rock cutting by a mining-machine
tool is modeled as a flow of random events, namely
elementary loading events involving individual vo-
lumes of rock mass. Each event ends with an element
separating from the rock mass and subsequently
disintegrating. The interval between successive ele-
mentary loading events in time or space is treated as
a random variable.

The forces Z, generated by the interaction be-
tween the cutting tool and the rock during the i-th
elementary loading event are represented, in the
general case, by triangular pulses with random pa-
rameters:

_ Pchip,i
Z;=C,;-Ax(t) for Ax,(t)<—",
, Cps,i
P . 1
Z=0 forAxi(t)>%, M

ps,t

where Ax,(t) is the elastoplastic deformation of the
rock volume involved in the given elementary loading
event; Cy; is the linearized pseudo-stiffness' coeffi-
cient of the rock, characterizing the resistance of the
material being fractured to penetration by the cutting
tool; and P, ; is the force at which brittle fracture oc-
curs and the rock volume under consideration sepa-
rates from the rock mass.

The idealized graphical form of relationship (1) is
shown in Fig. 1.

In the general case, the parameters C,; and P, ;
depend on the properties of the rock being cut, the
geometry of the cutting tool, and the cutting condi-
tions. The parameters should, in principle, be treated
as random variables that vary from one elementary
loading event to the next. The statistical characte-
ristics of C,,; are established either during parametric
identification of the proposed mathematical models
or through dedicated cutting experiments. The pa-
rameter P, ;, however, is handled differently because
reliable and widely accepted procedures are availa-
ble for calculating the mean load acting on a pick.
Accordingly, in each elementary loading event, P,
is selected so that the simulation reproduces the pre-
scribed mean load level.

I The prefix pseudo- is used to emphasize the elastoplas-
tic nature of the resulting deformations.
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Fig. 1. Idealized dependence of force Z; on deformation Ax;
in an elementary loading event

When modeling cutting forces, the appropriate in-
dependent variable is the distance traveled by the pick
between the onset of two successive fracture events.
The intensity of the random event flow, A, is defined
as the average number of chips formed per meter of
cutting path. The literature reports A values for coal
and certain rock types [4]. As an approximation, A can
be estimated from cutting-force oscillograms by coun-
ting the average number of peaks per unit pick travel.

For modeling cutting forces in coal, the following
relationship is proposed. It was obtained by genera-
lizing our experimental results for cutting a coal-
cement block with ZR4-80 picks mounted on the
RKU-13 shearer and the data reported in [4]:

584000
292042 )

mean

where Z,,.,, is the mean cutting force, N.

To reduce the number of model parameters re-
quiring identification, event flows were considered
in which the time intervals, or equivalently the path
intervals Al, follow one-parameter distributions. For
a Poisson event flow, the interval between events is
a random variable with an exponential distribution
described by the density function

F(AD) = L exp(-1Al). 3)

Another one-parameter distribution considered
here is the Rayleigh distribution, written as

Al Al
f(Al)—G—éexp(— ZG(ZJ’ )

where ¢, is the distribution parameter determined
from the expression o, =0.798/A.

To assess whether these distributions are suita-
ble for the problem under study, cutting-force oscil-
lograms obtained in experimental tests of the RKU-13
shearer on a test rig with a coal-cement block were
analyzed [20, 21]. Fig. 2 shows, as an example, the
histogram of the interval distribution between suc-
cessive chip formation events during cutting of the
coal-cement block with a ZR4-80 pick mounted on the
RKU-13 shearer.
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Statistical analysis of the experimental data shows
that the distribution of intervals between elementa-
ry events is fairly complex and is not well described
by standard theoretical distributions. To adapt the
exponential distribution to real cutting conditions,
the possible range of the random variable Al must be
bounded from below and above in such a way that its
mean value, equal to 1/A, remains unchanged. The
lower bound of the interval range, I,,,.,, is determined
from 1., = 1/(A\K,,..), where K,,,,., is the ratio of the
mean interval to the minimum distance between suc-
cessive events. This parameter can be estimated from
the oscillogram as the minimum spacing between
cutting-force peaks, assuming the cutting speed is
approximately constant. For cutting a coal-cement
block, K., = 2.0.

The upper bound, lupper, is determined by re-
quiring the expected value of the truncated distribu-
tion to be equal to 1/A. The probability density func-
tion of a random variable bounded both below and
above is given by

f;;(l)zl f(l)

j £ dl

Liower

rexp (—Al)
eXp (_x‘llower ) - eXp (_klupper

Setting the expected value of this random varia-
ble equal to 1/ yields the following transcendental
equation for determining the upper bound,

=1

upper

upper:

exp(-Al, exp(-Al (6)

The trivial solution [, = Iy is disregarded,
and the equation is solved numerically. For exam-
ple, A = 68 m!and K,,,, = 2.0 yield [,,,,, = 7.4 mm and
Lipper = 25.9 mm. As shown in Fig. 2, these boundary
values cover virtually the entire range of variation
of the random variable Al.

lIower ower ) upper )

25

20+

15+

10+

1
24 Al, mm

Fig. 2. Histogram of intervals between successive chip
formation events based on full-scale experimental data
(n=177)
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Fig. 3. Probability density functions of the intervals
between successive chip formation events: I — exponential;
2 — truncated exponential; 3 — Rayleigh

Fig. 3 presents the probability density functions
of the random variable Al for the three cases consi-
dered above.

For the first case, the interval between successive
chip formation events in the numerical simulation is
generated as the random variable? [22]

Al =-2""In(1-v), (7

where v is a random variable uniformly distributed
over the interval [0, 1].

In the second case, only values Al, obtained from
Eq. (7) that satisfy the inequality

Lower <AL <1

lower upper? (8)
are retained.

In the third case, the interval between successive
chip formation events follows a Rayleigh distribution.
In the numerical simulation, this interval is deter-

mined from the following expression [21]

Al = SIRY Ej + ‘tvg ) )

where &, and &, are realizations of independent nor-
mally distributed random variables with zero mean
and unit variance.

For all cases, the pick position at the onset of the
i-th elementary event is determined from

L=1,_,+Al.

1

(10)
The elastoplastic deformation of the rock volume
involved in a given elementary loading event is then
AX,(t) = I(t)_li;
where [(t) is the distance traveled by the pick by time
t, that is, the pick coordinate.

?  Bakalov V.P. Digital Simulation of Random Processes:

A Textbook. Moscow: MAI Publishing House; 2001. 84 p.
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ZAL
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v

Ax !

li+1

Fig. 4. Summation of the forces generated
in the individual elementary fracture events

The maximum deformation of the elementa-
ry rock volume at the moment of brittle fracture is
AX = P,/ C,. To simplify the model, C,,; and P,,;
are assumed to be deterministic. For a prescribed
mean cutting force, these quantities are taken to be
the same for all elementary loading events and are de-
noted by C,; and P,y,;,.

The mean cutting force, which can be determined
by established methods [2-4], is used as the reference
quantity for determining the required model para-
meters.

At any instant, the cutting force acting on the
pick is defined as the sum of the forces generated in
the individual elementary fracture events

N,

Zt)=>Y Z, (11)

i=N,
where N, and N, are the sequence numbers of the first
and last elementary fracture events that have star-
ted but have not yet ended. The summation procedure
for the forces generated in the individual elementary
fracture events is illustrated in Fig. 4.

For the proposed cutting-force model, the ex-
pected value of a realization of the random process
over an arbitrary length L is determined as the ra-
tio of the area enclosed by the polygonal line shown
in Fig. 4 to the length L. This area is equal to the
sum of the areas of the elementary triangles, whose
number N is equal to the number of elementary loa-
ding events that occur over the trajectory segment
under consideration. The area of each triangle is
Sy = 0.5P,;,%/C,. Accordingly, the expected value
of the cutting force is

_S,N 05PN

chip
L C,L

cut
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Since A = N/L, the final expression for determi-
ning the parameters of an elementary fracture event
from the known mean value, that is, the expected
value, of the cutting force can be written as

2Z C
cut ps' (12)

chip — %

The generalized flowchart of the algorithm used
to simulate rock cutting force is shown in Fig. 5.

=

/ Specifies the pseudo-stiffness coefficient C /

and the coefficient K.

Calculates the mean cutting force Z,,.,,
using established methods [2, 4]

Determines the chip formation intensity A
and the maximum chipping force P,,,, Egs. (2) and (12)

Random variables v, §, and &, are generated,
and Egs. (7) and (8) or Eqg. (9) are then used to obtain
the random interval Al;, and, subsequently,
the pick coordinate I
Ii=l_+AlL

Calculates the elastoplastic deformation of the rock
element being fractured, Ax;(t)
Ax(t) = 1(t) - I;

Determine the force Z; associated
with each chip formation event that has started but
is not yet complete at the given instant, Eq. (1)

Computes the cutting force Z(t) at the time
under consideration by summing these contributions
according to Eq. (11)

G

Fig. 5. Generalized flowchart of the rock cutting force
simulation algorithm
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Results

The proposed simulation model includes two
main input parameters, A and C,, which can be de-
termined either through dedicated experiments or
through parametric identification of the mathemati-
cal models developed for specific mining machines. In
addition, the second variant of the model, which uses
a truncated exponential distribution for the intervals
between successive chip formation events, includes
one additional parameter, K,,,,,,-

Experimental studies of the cutting process were
carried out on an RKU-13 shearer equipped with
strain-gauge instrumented holders for measuring the
three components of the interaction force between
a radial pick and the rock [20]. Measurements were
taken during cutting of a full-scale coal-cement block
with a mean cutting resistance of 210 N/mm at diffe-
rent machine travel speeds.

To reproduce the experimental conditions as close-
ly as possible in the simulation, the mean cutting force
was set equal to its experimental value. During a single
cut, this mean cutting force varied from zero to a ma-
ximum and then back to zero according to a sinusoidal
law. With a total duration of 0.75 s for one cut, segments
of the realizations from the time interval 0.175-0.575 s
were analyzed. Oscillograms from five successive cuts,
both in the full-scale and in the computational experi-
ment, were joined together to form a composite realiza-
tion 2 s in duration. For spectral analysis, the composite
realizations were assembled from the original records
after trend removal. The resulting composite realiza-
tions possess the property of stationarity and are suffi-
ciently long in time to make the ergodicity assumption
more justified. These realizations were subjected to sta-
tistical analysis, which yielded estimates of the expec-
ted value, standard deviation, distribution histograms,
and spectral density of the random process.

The cutting force was simulated using the algo-
rithm described above for three variants of the pro-
posed model, corresponding to different distributions
of the random variable representing the intervals be-
tween successive chip formation events: exponential
in variant 1, truncated exponential in variant 2, and
Rayleigh in variant 3. The closest agreement with the
full-scale experimental data was obtained for variant 2.
Fig. 6 shows fragments of oscillograms from the full-
scale and computational experiments for this variant.

The table presents the statistical results for vari-
ants 2 and 3 obtained from the full-scale and compu-
tational experiments under two operating conditions
with substantially different mean cutting forces.

Fig. 7 compares cutting-force histograms obtained
in the full-scale and computational experiments for
variant 2 of the model.
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b
Fig. 6. Fragments of oscillograms from the full-scale experiment (a) and the computational experiment (b)
Table
Cutting force, kN, in computational and full-scale experiments
Model
Experiment
Expected value Standard deviation Maximum value
Experiment 1 5.67 2.99 15.5
Value 5.94 2.79 15.7
Variant 2 of the model
Error, % 4.80 -6.70 1.3
Value 6.02 3.31 17.7
Variant 3 of the model
Error, % 6.20 10.70 14.1
Experiment 2 3.25 1.76 9.17
Value 3.35 1.88 10.5
Variant 2 of the model
Error, % 3.10 6.80 14.5
Value 3.42 2.08 11.8
Variant 3 of the model
Error, % 5.20 18.00 28.6
600 600
400 - 400
200 - 200 -
—1 —
0 ' 0 .
0 4 8 12 Z,kN 0 4 8 12 Z, kN
a b

Fig. 7. Histograms of the cutting-force in the full-scale experiment (a) and the computational experiment (b)
at a mean load level of 5.67 kN
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Fig. 8 shows plots of the estimated normalized
spectral densities of composite cutting-force realiza-
tions obtained in the full-scale and computational ex-
periments.

As shown in Fig. 8, the variance of the random
cutting-force process is distributed similarly over the
0-100 Hz frequency range in the full-scale and com-
putational experiments.

Discussion and conclusions

Analysis of the table shows that the smallest er-
rors are obtained for variant 2 of the model, not ex-
ceeding 7% for the expected value and standard devia-
tion and 15% for the maximum value. Variant 3 of the
model also provides acceptable accuracy, with the cor-
responding errors reaching 18% and 29%, respectively.

Variant 2 of the developed model shows good
agreement between the simulated and experimental
cutting-force histograms, as illustrated in Fig. 7. As
shown in Fig. 8, the spectral composition of the cut-
ting force obtained in the computational experiment
is also in close agreement with the experimental data.

The model validation shows that the developed
stochastic model of cutting-force formation, speci-
fically variant 2, agrees well with the experimental
data in terms of the statistical characteristics, the
distribution histogram, and the spectral composition
at two representative mean load levels. Variant 3
yields somewhat larger errors, but it has an impor-
tant advantage in that it requires only two parame-
ters, L and C,.

The modeling error of the developed mathema-
tical model does not exceed the corresponding errors
reported for different finite-element-based approa-
ches and expensive commercial software packages,
most of which have been developed abroad. For exam-
ple, according to [16], the error of 3D DEM simulation
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for the standard deviation of sandstone cutting force
exceeds 22%.

Given the simplicity of the proposed mathemati-
cal model and its acceptable level of agreement with
real processes, the validated approach appears suita-
ble for developing a stochastic mathematical model of
cutting in hard soils by the working units of earthmo-
ving machines, as well as for modeling the operating
process of crushing machines [22].

Thus, three variants of a stochastic mathematical
model of rock cutting have been developed. They in-
volve only a small number of parameters, namely two
or three, do not require expensive commercial soft-
ware, and provide an adequate representation of the
real process.

Of the three variants, the simulation model rep-
resented by variant 2 best satisfies the adequacy re-
quirements. In this variant, the intervals between
elementary loading events follow a truncated expo-
nential distribution. The error in modeling the cut-
ting force acting on an individual pick does not exceed
7% for the expected value and standard deviation and
15% for the maximum value. Good agreement is also
observed between the distribution histograms and the
spectral density plots obtained from the processing of
full-scale and computational experimental data.

The proposed mathematical model of rock cutting
can be used as a component of the integrated mathe-
matical model, or digital twin, of a mining shearer for
engineering analysis, design calculations, process si-
mulation, and structural and parametric optimiza-
tion at the design stage. The proposed representation
of rock fracture as a flow of random events, namely
elementary fracture events, also appears suitable for
mathematical modeling of cutting in hard soils by the
working units of earthmoving machines and for mode-
ling the operating process of crushing machines.

0.020 & V/Hz
0.015 -
0.010 -
0.005 -
0 a i i i fos HZ
0 20 40 60 80 100

— Computational model

= Full-scale experiment

Fig. 8. Estimated normalized spectral densities of composite cutting-force realizations
for the computational model and the full-scale experiment
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