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Abstract

One of the most prospective developments of hackl meechanical
excavation methods is the possibility of the dsalg usage in new
constructions of mining machinery. For many yeargh research
on the excavation using both symmetrical and asytmicaé disc

tools has been conducted in the Department of MinDressing
and Transporting Machines in the AGH Universitydracow. The
primary effect of these tests is an innovative sofuof a mining

head with complex motion trajectory asymmetricacdiools. The
concept of the disc head assumes the mining of sicke by
chipping as a result of a complex trajectory ofcdisols. To

develop such innovative construction of roadheaderad,

determination of work principles and guidelinesdzhen laboratory
tests was necessary. The article presents the dwdtyy, course,
and results of the disc tools mining tests. Thdseliss included
quasi-static and dynamic experiments of excavatismg disc

etools. In this paper constructions of speciallypared laboratory
Sstands for the examination of disc tools of complejectory were
presented. Each trial has been performed for differphysical

properties of rock samples and different excavatié@hnology. The
conducted research significantly broadens the soégarowledge

in the field of mining with asymmetrical disc toolBhe results of
tests described in the paper could be used in ¢mstaction of

innovative machines and devices for mechanical hacll mining,

in opposition to classical mining methods involvirexplosive

materials.
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Introduction

Rock excavation using disc tools is one of the mosinising directions for the development of medtain
hard rock mining. The use of disc tools for thiggmse allows, compared to the standard milling webth
reducing the energy consumption of the mining pgeand leads to the reduction of dust generatisocéged
with mining. The fragmentation of rock output is@reduced. Due to the significant reduction aftioin forces
in the rock mining process, the durability of tleels also increases. Two basic techniques of mécdiamck
mining can be distinguished by means of disc tamdsnely excavation with static pressure and by toudtng.
The above advantages of using disc tools, espgaiaihe case of mining hard rocks, resulted thatinterest in
the industrial application of the rear undercuttieghnique has recently increased. Attempts areertmapply
disc tools not only on conceptual (prototype) maekibut also in industrial ones that have usedstimedard
mining tools (picks, teeth) (Acaroglu et al., 20B&bury et al., 1998; Manfred, 2005Gospodarczyk et al.,
2015a; Kotwica et al., 2003). However, this typeacfions requires the use of proven calculatiorcgdares to
verify the reliability of such new solutions for mimg systems.

The essence of destroying the cohesion of rocldidgytool in a simplified way can be illustratedngsthe
example of penetration of the wedge profile intokrdalf-space. A characteristic feature of thisgess is the
relatively small size of the so-called compressione, and therefore the foremost part of the exedvaaterial
during the disc mining is the volume of side fragmse The course of penetration of the wedge prafile a
half-space is characterized by dynamic variabilithich directly affects the value of theg Bressing force
during mining. The consequence of this fact isdifiéiculty of formulating a full mathematical deggtion of the
process of disc's blade penetration into the roottyb In connection with the above, models specgyihe
mining resistance forces assume simplificationsallwv only for an approximate estimation of foreeting on
the tool during rock excavation. It should be engiihed that the computational models of differerthars are
most often the result of their experimental redeaend so they are valid in the area of restristitdrat were
considered during the experiment. Also, the anzdytformulas for describing the resistance forcésliec
mining assume simple kinematics of the mining sysfmost often rectilinear). The use of analytigainfiulas
for calculation of disc tool loads is often insuoféint, and it is possible to generate errors whefinthg
boundary conditions for new and innovative typemafing machinery (Stopka, 2011).

The dominant group of disc mining models is the describing the load of symmetric disc tools. A
standard feature of these models is the assumpfigmoportionality of forces generated on the diddade
during operation to the size of the surface arethefimprint. An example of such a model is thecdpsion
proposed by Roxborough and Philips (Roxborough5).9&ccording to this model (Fig.1), the pressiogce
P4 is described by the formula:

P, =4M07° R, HgBR/D h° -h* )

Where:

R. — uniaxial compression rock strength (UCS),
h — cutting depth of the disc,

D, p — geometric parameters of the disc.
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Fig.1. Diagram of forces affecting disc tool (Rortugh, 1975)

The assumption described above which charactetimesymmetrical disc mining models is a reasonable
approximation of the symmetrical discs mining psx@ the case of simple mining kinematics (minivith
static pressure). A different situation occurshia tase of the undercutting technique, where thembves on a
complex track, and the asymmetric disc during patien into the rock body and at the time of cortwle
dehiscence of the rock fragment generates strowgtiable lateral forces. In the case of the undénmu
technique, a significant problem is the lack of @adel basis allowing to predict loads of asymmetriisc tools,

95



Grzegorz STOPKA et al. / Acta Montanistica Slova¢alume 25 (2020), Number 1, 94-104

which in effect makes the correct selection of twesion parameters of mining machines difficulthel
estimation of loads of specific disc tools is moften performed empirically, assuming simplifiednimig
kinematics (Kotwica et al., 2010; Kotwica, 2011The inadequacy of analytical methods is the reasion
simulation methods have been used to analyze stalbflens (Gajewski et al., 2008; Gospodarczyk et al.
2015b; Jonak et al., 2012; Labra et al., 2017; R&607; Xiaohuo et al., 201Xja et al., 2017).

Currently, many research and development centtempt to use asymmetrical disc tools in the working
bodies of mobile mining machines. The issues of efiod) and research of prototype mining machinery
solutions are one of the primary research direstionplemented at the Department of Mining, Dressing
Transport Machines at AGH in Krakow, Poland (Bo#2@13) (Botoz et al., 2018) (Gospodarczyk et d153).

An example of this type of work is an attempt teelep and implement a new generation of disc heaticdted
for use in the construction of roadheaders (Gogspaglk et al., 2013; Gospodarczyk et al., 2016; Mdmad

2016). The concept of the disc head assumes thmgnai rock stone by chipping as a result of a clexp
trajectory of disc tools, presented in Figs. 2 &dThe elaborated mining unit consists of indepetige
propelled body and mounted in it propelled discehwisymmetrical disc tools. The unit body 1 is gitgdl by

an external drive shaft 2. In the body, in seathi@ shafts 6 are mounted with plates 4, on wlirichearing

seats 10 disc tools 5 are installed. The most fiaalide number of tools should be 6 to 8 pieces. drhe shafts
6 are propelled by an internal drive shaft 7 inaeleamt from the external drive shaft 2 and a sdteokl gears 8
and 9 or alternative ones.
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Fig.3. 3D model of the new head solution

Due to the lack of theoretical and experimentalstat would allow defining boundary conditions the
construction of a new disc head, it was decidechtoy out laboratory research on asymmetrical ttists. The
primary goal of this research was to identify thgpact of geometric parameters of discs and selautaihg
process parameters on the value of resistancesfdiréng mining using a single disc tool and dikste
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Testing methodology

Research on the mining process with asymmetrical @tiols has been divided into two phases. Asgfart
the first issue, research was conducted on theatgfageometric parameters of disc tools on theesbf loads
generated by pushing a tool into a rock sample. Sewond research problem was the assessment iofiphet
of selected mining process parameters, i.e., thetpation depth and cut spacing on loads of a sidigc in the
similar to real working conditions.

Static tests consisted of pushing the disc intock rat a given distance from the sample edge timil
material was detached entirely (Fig. 4). The follogvgeometric and process parameters were adoged a
independent variables for the tests:

- the diameter and a tip angle of the disc t@gld),

- cut spacingt,

- physical and mechanical properties of the rockda R;) (Bialy, 2013; Bialy, 2014).

Based on the literature analysis of the subjectvab as previous author experiences in the field of
industrial application of disc tools, it has beetedmined that the tests will be carried out facdbols withD =
150, 160 and 170 mm diameter and blade angles35 °, 40 °, and 45 °. Fig. 5 shows disc tooledufor
pressing (rock penetration) tests. During the cotetliresearch, thiéy pressure force and displacement of the
disc tool were measured and recorded.

Fig.4. Measured parameters during mining test$wingle disc tool

@150/40° || @170/40° || @160/35° || @160/40° || B160/45°

Fig.5. Tested disc tools

As part of the second phase of the research, mit@sty using a plate armed with six-disc tools were
performed (Fig. 6). Those tests were conductedfar type of disc geometry. Individual excavatiorempts
consisted of a series of cuts in the vertical phaite a given cutting depth and spacing. To redheenumber of
independent variables, the measurements were nidlde eonstant values of the plate rotational vigfeend its
feed rate \{(p), established during the pilot tests. The indialdcomponents of the cutting resistance forégs (
P.) were indirectly identified on the basis of pregsualues in the feed cylinder of the stand anddike plate
hydraulic drive. The physical model of the disctplbbad and the method of carrying out the testssapwn in
the figure below.
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P4

2

Fig.6. Diagram of vertical mining of the samplethg plate with disc tools

t

Research on the disc mining process was performedcdncrete samples with different mechanical
properties. The research with a single disc tod weried out on concrete samples with uniaxial pp@ssive
strength of 25 MPa and sandstone samples withiahieompressive strength of 79 MPa. However, giste
mining tests were performed on a concrete samplle g@mpressive strengtR. = 25 MPa. Laboratory tests
were carried out on a dedicated laboratory starighwconsists of two primary components (modul@$ese
modules are shown in Figs. 7 and 8. Each operatiiorihe stand is carried out using hydraulic actsato
(cylinders or motors). Fig. 5 shows a measuringesydor testing the static process of pressing wists into a
rock sample. Presented stand allows to attachisitetdol in the holder; the construction of thiddey permits
to change the position of the disc relative to $henple, and thus gives the opportunity to set itet rcut
spacing. The system is equipped with a strain géorge sensor that allows measuring the pressuce fa the
range of 0 + 200 kN and a transformer displacermensor with a measuring range of 0 + 300 mm. Tse tdiol
is pressed through the feed system of the statitona rock sample in the form of a 400 x 400 x #98 block.
The sample is fastened to the construction of thios using a special metal frame. The second teaduhe
disc plate arm, mounted on a movable table (FigTBg design of this module is described in detageveral
publications (Kotwica et al., 2010). The displaestnof the disc plate in the horizontal and vetjdane is due
to two hydraulic cylinders. An additional movemeésitthe table feed, along with the arm and discepldahe
angular displacement of the arm allows the plataitee an artificial rock specimen measuring 1650 mi200
mm x 1000 mm (~ 2 M. The tests used a disc with a pitch diamBter 444 mm. The drive unit of the disc is
the OMTS 250 hydraulic motor by Sauer Danfoss &edRR5 / OMC planetary gear. The used disc plate dr
allows obtaining the nominal torque of 3650 Nm.

Fig.7. Lab stand for testing mining process ofjrdisc tools  Fig.8. Lab stand for testing mining process ofjplee with disc tools
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Laboratory tests

The first stage of the research was a series ¢ tfsdisc tools static insertion into samples mafle
concrete with different uniaxial compression stténgeach of the mining tests consisted of settimgy a
appropriate cut spacing by the appropriate aligraind locking of the handle together with the disal.tin the
next step, the disc insertion was made close teetlye of the rectangular rock sample until the raltevas
entirely de-bonded. The tests were carried outtioze cut spacing values, namely for the paranigteig. 4)
equal to 15, 25 and 35 mm. After each of the télsesextent of the destruction zone was measuredioffing
another attempt required moving the holder tow#ndsopposite, intact edge of the sample and ratdtia disc
tool so that the cutting was obtained by the cdnmaface of the disc. Each of the trials for aegiv
configuration of the geometric disc parameters thieddetermined scale pitch was repeated at legst thmes.
Based on the observations made during the tesiee thas a negligible share of the compression morlee
process of destroying the consistency of the sanipte vast majority of tests were completed by chip
separation, whose dimensions (height, depth) weddpte times higher of the assumed cut spacing.

Exemplary results of static insertion of disc toal® presented in the following figures. Fig. 9 who
exemplary forms of destruction of samples minedhwisc tools 150 mm in diameter. In contrast, Eigshows
a form of spoil being the result of mining discshwiliameters @ 160 and 170 mm for different graiduat

o

8 $170/40°/t=25 mm|

—

= = 3 5 - ’ »
$170/40°/t=15 mm $160/40°/t=15 mm

3

Fig.9. A view of the sandstone block after the mining test ~ Fig.10. Graining of the output obtained during tinéning tests with
(Rc = 79 MPa) - disc @ 150/40°, t = 15 mm single disc tool (R25 MPa)

The second part or research included mining testsdisc plate. The test was, in a sense, analoggptise
static pressing one and consisted of the task ttihgean appropriate cutting depth and spacingist glate
mining and then performing the vertical cuttinge8ification of the above parameters of the minimacpss was
carried out by appropriate positioning of the amd gable of the station using hydraulic cylindeks.in the case
of static tests, the detachment of the sample mahtiedlowed the conical surface of the disc. Asesult of
preliminary pilot tests, kinematic parameters @& thisc plate during the mining process were detethilt has
been assumed that the tests will be carried ouhfodisc plate rotational speed of 60 rpm. It tesminimum
value of this parameter which allowed to carry th& mining process in a smooth way. On the basisilof
tests, it was assumed that individual mining attewquld be carried out for a depth of cutgpf 15, 20 and 25
mm and a cut spacirtge 20, 30, 40 and 60 mm. As a result of the testgas observed that in the case oftthe
60 mm scale the sample material was not completelyhed. For the remaining mining scales, a fyll@ration
of the sample material was obtained for the fulige of cutting depth. The form of output obtainednidividual
samples was characterized by a large number aflptagrains. This form of output testifies to tiedatively low
energy consumption of the mining process. Exemplasults of disc plate excavation research are shiowhe
figures below. Fig. 11 shows the moment of makimg ¢ut by plate disc, while in Fig. 12 the concreleck
surface after a few series of mining tests wasenites!.
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Fig.11. A view of the cut after one of the mirtiest Fig.12. A view of the concrete block surface aftamnpleting the
mining test

Test results

The laboratory tests allowed to identify the impattgeometrical parameters of disc tools, as well a
cutting process parameters on the resistance fafcksth a single disc tool and plate disc. Dughi® limited
number of tests carried out in this publicationlyogxemplary research results are provided. Sattempts to
push the disc tool made it possible to quantitatieempare the influence of a number of geometaameters
of the discs on the value of the pressure forcg. BB shows selected force waveforms for various
configurations of process parameters and physiagauties of rock samples for disc 150 mm. The mded
waveforms are characterized by the variability ¢gpifor the processes of rock centre destructioraligol
similar in profile to the wedge. Relevant inforneatiis not only the value of the maximum destrucfivee but
also the limit value of the disc's depth. Dependinghe configuration of the geometric parametessed, and
the properties of the sample, the disc penetratzmsing the sample to be destroyed was 2 to 10 mm.

25

20

——sandstone
t=15mm

-
@

——sandstone
t=25mm

concrete
t=15mm

Force, kN

=
1S5)

=—goncrete
t=25mm

0

0 1 2 3 4 5
Displacement, mm

Fig.13. Exemplary courses of press force as atfonof displacement for disc g 150 mm
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Fig. 14+17 are examples of graphs of the impactetdcted geometric parameters of disc tools artthgut
spacing on the value of press force. Mean valuemad{imum press forces were calculated on the lmdsid
least three measurements. Based on the resulte oésearch, it can be concluded that the incrieatte value
of individual independent variables caused an emeein the generated downforce. On the other htued,
dynamics of the changes of the press forces valaesed depending on the variable adopted as thatinp
parameter for the tests. The most significant imees in the pressing force were observed in ralatothe
cutting spacing. The change of such parameterdseadiameter of the disc or the angle of the dislelde caused
a smaller increase of the pressure force as indbke of the cutting spacing. As part of the resedhe influence
of the strength of the sample on the value of tiesging force of the disc tool was also checkedth@rbasis of

the tests carried out, it can be concluded thatirtbeease in the strength of the sample causeaopional
increase in the registered press force.

35 25
30 T
20
25
Z 15
Z 20 Z
I @
5 | 5
o1 L 10 -
10 -
5 u
5 -
0 - o -
15 25 35 150 160 170
t, mm d, mm
Fig.14. Mean values of maksimum press forces Fig.15. Mean values of maksimum press forces
(D =160 mm, R= 25 MPa) (t =25 mm, = 40°, R =25 MPa)
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25 25 || mconcrete
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—

5 —— B 5 .
0 o -
35° 40° 45° 15 25
a - tool angle t, mm
Fig.16. Mean values of maximum press forces Fig.17. Mean values of maximum press forces
(D =160 mm t =25 mm, &= 25 MPa) (D = 150 mm, R= 25 and 79 MPa)

In the second phase of research, disc plate mieistg were carried out, equipped with discs ofaandter
of 160 mm and a 40 ° blade angle. Fig. 18 showsxample measurement of a dynamic torque on the shaf
disc drive motor for one of the mining tests. Basadhe momentary force waveforms in the feed dgis and
the torque on the drive shaft of the disc plateajrihe average values of the individual componentthe
cutting resistance force were calculated for eddhetests. The exemplary test results are showig. 19 and
20. The charts show both data in a discrete foverége value) and approximations of the test residing
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curves. The conducted disc mining excavation reseahows that the dominant component of the resista
force for the disc plate is the pressing force. Theducted research allowed to identify the infeeenf depth
and cutting spacing on the value of press forceautting disc plate. In the case of cutting fortangential to
the disc), it should be stated that the value isffitrce is determined primarily by the cutting thep
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Fig.18. Graph of torque during sample vertical m@by the plate with disc tools (g =25 mm, t&@m, y = 0,05 m/s)
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Fig.19. Mining forces as a result of the miningtsewith the plate  Fig.20. Mining forces as a result of the miningtsewith the plate
with disc tools (t =20 mm) with disc tools (t =40 mm)

Selected aspects of the test results usefulness

The conducted research significantly broadens ttmpes of knowledge in the field of mining with
asymmetrical disc tools. The practical (utilitadi@spect of described laboratory research out u@gothe use of
test results for the selection of kinematic andadyit parameters of a new type of roadheader diad.hHEhe
construction of such a head is shown in Fig. 2% f@sults of the research conducted on the prataligc head
confirmed the validity of the methodology used tiesting with a single disc plate. In turn, the dtiga goal of
the completed research was achieved by identifgiagcorrelation between a number of geometricapaters
of disc and process tools and the values of mingsistance forces. Quantitative and qualitativesssent of
the impact of selected independent variables orfdireation of resistance to mining using asymmatritisc
tools is key information for the validation of aytdal and simulation models of the mining proceés.
example simulation of pushing a disc tool into ekreample is shown in Fig. 2D (= 160 mmt = 25 mm,R; =
25 MPa).Taking into account the cost of manufaomeand researching prototype solutions of mininghrzes,
it should be stated that the development of eleamgnhodels of rock cutting using asymmetrical digdls be
an important factor determining the developmerthisf type of construction.
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LS-DYNA user input
Time = 530

Fig.21. The new generation mining head with disds during field Fig.22. Simulation of rock cutting in LS-Dyna
tests (Discrete Element Method)

Conclusions

The use of asymmetrical disc tools for the minifidnard and very hard rocks is a promising direcfior
the development of mechanical mining methods. Sdwedustrial research has confirmed the possislibf a
significant reduction in the energy consumptiortttd mining process, and thus minimization of thee sind
weight of the mining machine (Biaty, 2017). Alsesearch on the disc mining process that has begadaut
so far confirmed the prospective character of teeetbpment of unconventional mining techniques tase
disc tools.

One of the fundamental problems of applicationsymametrical disc tools in mining machine headdés t
issues of forecasting their loads. Currently, tteezno model foundations that would allow evah@t load of
disc tools, especially in the conditions of compiheixing kinematics. The development of computeruation
tools gives hope for the development of efficienhimg models due to the required accuracy and dabkp
time-consumption of each test.

The results of laboratory tests presented in theriized study constitute unique information regagdie
impact of geometric parameters of disc tools andimgi process parameters on the reaction force gtater
during mining. From a practical point of view, theesented test results can be input data for dgmigmoses
and can be used to select the necessary paranoétdggriamic mining heads (Stopka, 2019). The refstio
between the individual geometric parameters of diees and the mining process and the reaction orce
identified as a result of the conducted researgh,be used to validate analytical and simulatiommgi models.
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