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Abstract

The issueof substantiation and choice of a rational humbg
cutters on the outer cutting drums of the geoklwrdtie formatior
of grooves in medium strength rocks is considerethiis article. If
is established that the coefficient of variatiortloé torque rust be
taken into account while determining the numbercatters. It is
established that the required feed velocities a&adized with ¢
crowntype outer cutting drum at one or two cutters ia tutting
lines, and the coefficient of torque variation s not exceed 20% at
any allowable number of cutters and equal lag argte the dis-
type outer cutting drum required feed velocities ealized witt
the number of cutters in the cutting lines frono 4t The minimun
number of cutters providing a coefent of variation of the torqgt
on the diskiype outer cutting drum above the set depends e
angle of coverage and reduces with the increastheofangle o
coverageThe example of schematic designs of OCD AR and (
EP development is shown for a totype model of geokhod (3.2
diameter) using the obtained expressions to deterrttie basi
geometric, kinematic, force, and structural paramset The
possibility of decision making of the type of OCaér fgeokhod an
its creation is confirmed. The daoentation design documents
production crowrtype OCD for a prototype of geokhod w
developed based on the conducted research.
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Introduction

The study of the underground space formation aedigvelopment of the subsoil are very importantlier
life of mankind and affect the development assediatith the creation of new technologies for thaestauction
of a network of underground transportation trafffee construction of highways and railways at aswerable
depth.

The construction of the underground mines, cityhhigys, and subway tunnels is a laborious and exgens
process. The most important tasks are increasmgate of penetration, productivity, safety, anduee the cost
of work.

The traditional representation of excavation, &pitocess of cavity formation in rocks, has alwdgfned
and still determines the directions for improvihg technologies for the construction of undergrostndctures
and the creation of tunneling equipment for theeligyment of underground space. However, the wedlakm
technologies of mining, developing along the pdtmoreasing the power and metal consumption ofpegent,
have practically exhausted their possibilities mereasing productivity, ensuring the safety of vessk and
expanding the scope.

Further development of work in the field of geoteglogy and geotechnics can be performed in two
directions:

- modernization of the existing mining equipmentd dts improvement by creating systems of a new
technical level,

- search and creation of a fundamentally new, radtiere toolkit (technologies and geotechnics) tog t
development of the subsoil and the formation ofaugtbund space.

In underground conditions, external propulsions ased to move the tunneling machines: tracked,
wheeled, or wheel-rail. Propulsors which have pdotteemselves well working on the ground surfacettfat
contact of solid and air), are not adapted for moaet in the geological environment.

From this circumstance, the main problems of motkchnologies of mine workings follow:

- the impossibility of movement of the boring apgtas in any direction of the underground space;

- the impossibility of creating large pressure &sxon the executive body for the destruction ofl mack.

As a result, to create sufficient pressure, thégthess are forced to increase the weight of mimraghines,
which already reaches 80-100 tons. In additioretgagsues in the face zone continue to be acute.

In the course of work of the tunneling machine ldekl, in order to create the force of thrust angspure
force on the cutting drum, the external media ftsehot involved in any way, but only the solidface of the
excavation at the contact of the geo and air enwrents, or with the shield method of penetratistreng
permanent support.

For a number of years in Russia, the team of asthas been working on the creation of a new type of
mining technology. The idea of the work is basedt@nproposal to consider the excavation of minekings
initially as a process of movement of a solid badyhe environment of the host rocks. At the saimet the
rock is used as a supporting element, participdtinthe creation of the driving force of the turinglmachine
and the pressure force on the cutting drums, a$ ageffor performing the basic technological operai
including fixing the production of permanent sugpor

The principle of functional unification of the mamovement (submission to the face) and the prookss
cutting rocks gave the name "geowinchester" teagyfor mining.

"Geowinchester technology"” is a set of processesh® mechanized conduct of mine workings with the
formation and use of a system of the boring screwt ngitudinal grooves, where the processes fer th
development of the face, the cleaning of the rdlo,fixation of the developed space, and the mowtmkthe
entire tunneling system to the face, are carrigdroa combined mode. The involvement of the rackdhieved
by introducing an additional technological openatidhe formation of a system of outer grooves.(Elg

On the basis of the functional-structural theornthaf creation of mining systems, a prototype maded
tunneling unit was developed, the distinctive featof which is the rotational-progressive moventerthe face
according to the principle of screwing. At presdhts type of mining machines has been called #ekigod
(Fig. 2).

As noted earlier, a characteristic feature of #uhhology of excavation using geokhods is the ftionaof
grooves beyond the contours of the works. Screvwav@® are involved in the conversion of transmissoyque
to the pressure force at the bottom. To stabilieetail section, longitudinal grooves are formedtHe rocks of
medium and high strength, the formation of groaesgiires the use of active limiting executive badie
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1 — screw grooves; 2 — longitudinal grooes
Fig. 1. Longitudinal cros-section of the mine with formed behind-contouroges

The geokhodis a shield tunnel boring machine by which undeugth moves are carried out due
interaction with the geenvironment (Blashchuk et al., 2014; Chernukhialgt2015; Sadovets et al., 2015).
recent years, a team of authors isrking on creating geokhofr work in rocks of medium strength (Figure
(Aksenov et al., 2015; Aksenov et al., 20

The main cutting drums of trgeokhot for the formation of contours of heading has a nends prototype:
in traditional mining machine@ang et al., 2016). At the same time, the systamthe grooves formation out

the contours of the heading was not previously usexlich complexes. As options, two types of ouatéting
drums (OCD) were proposed: digpe and crow-type (Fig. 3).
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Fig 2. Main view of geokhod prototype moi(Aksenov et al., 2015)
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1 — geokhod'’s shield; 2 — screw blade; disk-typeoge cutter; 4 — crown-type cutter
Fig 3. Schemes of the geokhod's OCDs

A comparison and evaluation of the proposed saisti@quire the algorithm for the arrangement ofecst
on OCD. The task of the arrangement of the cuttersduced to determining their rational numbekina into
account the coefficients of variation (CV) loadse tcharacteristics of the rock, and the requiremémt the
specific energy of destruction (Balci, 2013; Hekghoand Fowell, 1991).

When choosing a scheme of the arrangement of titersutwo conditions must be fulfilled: ensuringual
chip thickness and a minimum number of cutters. filse condition will ensure the possibility of cgaring the
results obtained with respect to the specific epafgdestruction, and the second is a necessargitomm for
saving the most expensive part of the cutting dtima hard alloy of the cutters).

Methods

The number of cutters on OCD regardless of type beadefined as (Methodology. Shearers...,1984):
N.n
Ne =, Meij
i=1 _ (1)

In the type: nl.n stands for the number of cuttings.
The number of cutters in the i-cutting line (Metbtmyy. Shearers...,1984):

VEocp

el PmaxMocp @)

In the type: \{ocp Stands for the feed velocity of OCD;is the maximum cutting depthgép is OCD
rotation frequency.

According to the recommendations (Baron et al.,8)96aximum cutting depth is set equal to 16 mm for
the medium strength rocks. Larger values of theimam cutting depth will lead to increased force tbe
cutting edges. At a small cutting depth values,fthienation of the fissure collapse does not ocuainich leads
to a significant increase in the specific energydestruction and increased tool wear (Wingquist Hadson,
1987).

The feed velocity of QD in the groove, on the one hand, is determinedhayrequired feed rate of
geokhod, and on the other depends on the numbeuttsrs in the cutting line. The required feed e#loof
OCD can be represented as:

2
Veg(Dg+2hy | .
Dg t9(B) 9

VFocp = [
(3)

The explanations of the parameters and their vaaefor the study are presented in Table 1.

Table 1. The parameters of geokhod and OCD
Parameter Designation Value
Feed velocity of geokhod VFg 7 [m/hr]
The outer diameter of geokhod Dg 2,1+5,6 [m]
The height of the outer groove formed by OCD hg =014 [m]
The helix angle of the screw blade B 4 + 20 [deg]
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The OCD rotation frequency can be representedfascsion of the cutting velocity
VC

™ocp (4)

Nocp =

In the type: \ stands for the cutting velocity;dgp is the diameter of OCD by cutters.

The maximum acceptable cutting velocity can be isetaccordance with the recommendations of
the research (Chang et al., 2006; Dogruoz et @LP At the high cutting velocity (more than 2.0sjn the
intensive wear of the cutters occurs due to itgtee@ing. In addition, in a number of experimestaldies, the
preferability of cutting of rocks with low cuttingelocity was proved (Hurt and MacAndrew, 1985).
The limitation of the cutting velocity is anothesrdlition that will lead to an increase in the numdsiecutters in
the cutting lines in some schemes of the OCD.

Substituting into equation (2) equation (4) and regping the feed velocity of OCD, we obtain an
expression for determining the feed velocity of O®@th a given number of cutters in the cutting lp@ssible
feed velocity of OCD).

vV — r]c.l.ch IF}nax
FOCD ~ )

¢ ()

The number of cutting lines is determined by thstatice between the adjacent cutting lines (sodtalle
cutting step). Another feature of the geokhod's @@Dthe work in the groove, that is, in conditidysical for
the peripheral parts of the cutting drums of coaling and tunneling machines (Xuefeng et al., 208y the
accepted cutting depth and tool width (b), theigtstep .., can be determined from the expression

topt =b+ 1'3h‘nax (6)

The number of cutting lines(,) for crown-type OCD is determined by the heightref groove, and for the
disk-type OCD by the groove width:

_Moco
n

Ny
topt ) (7)

In the formula: Bcp stands for the height of OCD.

The number of cutting lines for disk-type OCD amth#i groove width is equal to one that is not adble
since the cutter will be in the locked cut modeefHfore, it is rational to take at least two cigtiimes.

Relatively low values of feed velocity of OCD alldhe use of schemes with a small number of cutfgrs.
the same time, the values of torque CV can be rhigtier than CV of the traditional cutting drumsisitaused
by a smaller number of cutters in contact with thek and a significant fluctuation of this numbeér ét al.,
2013; Ermakov, 2016).

In accordance with (Ermakov, 2016) the torque CWlafined as

(0}
, ®)
1 2
Om = n—_lZ(xj—m)
= : ©)
1 n
XM == DX
n<
= , (10)

In the formula:oy stands for the mean square deviation of torqu®©GmD; xy is the expected value of
torque on OCDn is the number of observations in the samglés the current torque valugjs the number of
the OCD considered position

The current torque value can be represented as

= Docp ;&P
) 2 _ (11)

WherePgz is the cutting force oircutter in g-position of OCD.
In accordance with (Baron, et al., 1968), the ogttforce is determined by an expression that can be
represented in a general form:
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Pz = f(Mhax: bcov: bpt: T ) _ 12)

In the typeF, are the parameters that characterize the geowiting cutter (a type of cutter, a shape of the
head of the holder, a width of the cutting edgeshape of the front face, cutting angle and eftc.s
Protodyakonov rock strength.

Results and Discussion

Taking the number of cutters in the cutting linediscrete from one to four; the maximum possibledfe
velocities were determined from the expression £8).the diameter of the OCD increases or the nurober
cutters in the cutting line decreases, the posdé®e velocity of the OCD decreases (the cuttinipoity is
assumed constant). Figure 4 shows the joint graptige possible and necessary velocities of thengsgion of
OCD.

a 04 04 /b 04 1 £
g =l E 4 cutters a
350’35 2 cutters 0’35U 9.0,35 90
z C| 2 3 cutters =
2 03 03 %2 03 0,8
=) 1 cutter MR i
20,25 0252|2025 ~o _ . 0.7 %
Z £l T 1.4 &
P 0,2 0,2 Q—“ = 0,2 T eTers /'— .._‘ gy 0,65
50,15 0,15 |-50,15 A 0,5
i s 74
0,1 L 0,1 0,1 s 04
1,60 1,70 1,80 1,90 2,00 2,10 1,60 1,70 1,80 1,90 2,00 2,10
Feed velocity of crown-type OCD, m/min Feed velocity of disk-type OCD, m/min
------- Dg=2,1m — - Dg=2,6m — - Dg=32m ——Dg=4,1m
—e—Dg=5,6 m 1 cutter — — 2 cutters =3 cutters

Fig 4. The diameter of the OCD and the heighhefgroove depending on the required and possilela ¥elocity

The curve "1 cutter" (Figure 4, a) shows the maximfeed velocity at one cutter in the cutting lineda
limits the area below which a single-cutter can kvior the cutting line at the accepted cutting véloand
cutting depth. For disk-type OCD (Figure 4, b), treas on the graph between the curves denotetieby t
number of cutters correspond to the maximum feddcity with the number of cutters in the cuttingdi
corresponding to the number of the curve boundiegtrea from above.

Based on the analysis of the graphs, it is estadighat for the crown-type OCD of any diameterd an
groove heights, the required feed velocity is agddewith one cutter in the cutting lines. Excepsicare the
diameter of the geokhod 5.6 m, and the height ®fgfoove is more than 0.31 m. In this case, twtecsin the
cutting lines are required to realize the requiesll velocity. The required feed velocity for thskdtype OCD
is realized with the number of cutters from ondatar for any diameter of the disk. In this caseyrfoutters in
the cutting lines are required only for the grotreéght of more than 0.35 m and a diameter of thekiged 5.6
m. In all other cases, one to three cutters ircthing lines are sufficient.

For some of the schemes of cutters arrangemenmithienum required CV for the OCD is not provided. |
is necessary to specify the minimum number of csitter this condition. Since CV does not dependhbsolute
values of forces and torque, it is possible to eata it at the early stages of design when chodeimgumber of
cutters. The CV was evaluated according to exmass{8) - (11) (OCD forms a groove of rectangularss-
section, the cutters are placed with the same daglethe humber of cutters from 5 to 60). Theingtforces
were determined by the simulation in the Matlabm8ink environment. It has been established thatangle
of coverage and the number of cutters on the OGIe tize greatest influence on CV.

The CV obtained for crown-type OCD is acceptabld daes not exceed 10% for any number of cutters,
but it can be reduced by increasing the numbeuttérs. The increase in the total number of cuieechieved
by increasing the number of cutters in the cutlings, and, therefore, occurs with a step equ#tteécnumber of
cutting lines. It is not always rational to prodsteh an increase.

The coverage angle of the disk OCD determines ity end exit points of the cutters from the cohtac
with the rocks, which in turn affects the shapéeheaf chips on the OCD and the nature of the torguition on
the OCD. Dependences of CV on disk-type OCD onnilmaber of cutters at angles of coverage of 60 @nd 9
degrees are presented in Figure 5.
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Fig 5. Dependence of CV on the disk-type OCD emtimber of cutters at different angles of coverage

The points on the graph are approximated by powections (R = 0.98). CV values (unlike crown-type
OCD) can significantly exceed the critical valu@¥ is indicated by a horizontal line). At a 90-dsgangle of
coverage, the CV exceeds 20% with 9 cutters, an@0ategrees with 15 cutters, which is unacceptable.
According to the graphs in Fig. 5, it is possildedetermine the minimum number of cutters, at witishdoes
not exceed 20% for angles of coverage of 60 ande@Pees. Similarly, for angles of coverage in thege of 60
to 90 degrees in 1-degree increments, the minimuttercnumbers were obtained to provide a CV oéast 10,

20, 30 and 40%. In Figure 6, the values obtainecagsented graphically.
LY T CV=10%  ——CV=20%
— -CV=30% - = CV=40%

— —
— — —
— e — — — —

60 65 70 75 80 85 90
Angle of coverage, deg

Fig 6. Dependence of the minimum number of cutterthe disk-type OCD on the angle of coverage

The curves limit from above the region in which (B¥ appears to be over the preset value. At a known
coverage angle in accordance with Figure 6, theiimuim number of cutters for a disk-type OCD can be
determined by the condition of providing a given.C\ provide a CV comparable to a crown-type OQie, t
total number of cutters on a disk-type OCD shouicked 20 pieces at a 90-degree coverage angleCapig@&s
at a coverage angle of 60 degrees.

As an example, the development of schemes andetieendination of the main parameters of the OCDafor
prototype of a geokhod 3.2 m in diameter are camsidl The initial data for the calculation are prased in
Table 2. The layout and the number of OCDs on #hekhjod correspond to the scheme in Figure 2. For th
initial ones presented in Table 2 of data, it isessary to develop schemes both the disk and ctgpes of
OCD of external propulsor (EP) and OCD of the aotation elements (AR). It will make it possible decide

on the further constructive study of the options.

Table 2. The initial data for the development &fof geokhod

Parameter Value Units
The outer diameter of geokhod 3,2 [m]
Protodyakonov rock strength 5 [pcs]
The helix angle of the screw bladg 4,55 [
Rotations per minute of geokhod 0,1 [rpm]
The lead of helix of the screw blade 0,8 [m]
AR EP
The height of the outer groove 0,25 02 [m]
The width of the outer groove 0,2 o,p [m
The area of the outer groove 0,05 004 2[m

The results of the selection and determinatiorhefrhain parameters of schemes are presented ie Babl
The cutting speed and depth of cut are adopteddbmseecommendations, as well as research results.
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Table 3. The main parameters of schemes of OCDs

Disk-type Crown-type
Parameter
OCD AR | OCD EP|OCD AR | OCD EP
The diameter of OCD, [m] 0,7 0,6 0,2
The height, [m] 0,2 0,2
The angle of coverage, [°] 74,1 71,5 180

Minimum number of cutters on OCC

to ensure the CV of at least 20%, [pcs] 12 13 1
Number of cutters in cutting lines, [pas] 1 2 1
Number of cutting lines, [pcs] 7
Total number of cutters, [pcs] 7 9 9 7
The total number of cutters taking 14

into account the minimum CV, [pcs]

Rotations per minute of OCD, [rpm] 2,51 35,48 5,01 70,86

Actual cutting speed, [m/s] 0,09 0,37 0,05 0,74

For a disk-type OCD AR, the number of cutters nsapsin terms of productivity turned out to be
insufficient under the condition of ensuring the .Qwherefore twice the number of cutters in theingttines is
taken. So the total number of cutters for disk-tgp@D AR and OCD EP is the same, despite differeadf
speeds.

The arrangement of the cutters should ensure unifprof torque. Therefore, it is made with equadjalar
intervals of the cutters and cutting steps. CrowetOCD EP and AR have different heights and paterf
arrangement of cutters. Thus, four designs of t®©are formed. The determination of the main patars
can be implemented using the obtained dependeaniésising the developed computer model. Table gepte
the results of determining the main parameters@fQCDs.

Table 4. The results of determining the main pat@ns of the OCDs

OCD AR OCD EP
Disk-type | Crown-type | Disk-type | Crown-type
Total friction path, [m/m] 207,27 164,72 157,08 m
Required torque, [N*m] 2879,54 1358,27 2303,63 1686
The specific power consumption on cutting, [kW*h&lm 3,14 2,96 3,14 2,96
Weight of OCD with a drive, [kg] 432,68 111,88 383, 89,50
Cutting power, [kW] 0,76 0,71 8,55 8,06

Crown-type OCDs provide lower values of the totattion path, required torque, the specific power
consumption on cutting, the weight of OCD with &dr protrusion of OCD with a drive into the intafrspace
of the geokhod, as well as permissible values @f#sulting forces and torques. This led to thécehof crown-
type OCD for the prototype model of geokhod atdtage of development of the design (Figure 7).

The constructive development of solutions requaedimber of changes to the design of the OCD:

a scheme with a cylindrical gearbox for OCD EP @@D AR was adopted (Figure 7), the design of the
mounting of the OCD drive at the same time providesess to the OCD for its maintenance and cutters
replacement;

the design of the crowns was changed from cylimditic conical due to change in the section of theds
to trapezoidal;

the number of cutters in the cutting lines waseéased, the arrangement of the cutters was chafgad (
lag angles between the cutters, Figure 7).
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The change in the number of cutters in the cutlings is associated with the features of the pyp®
geokhod. OCD should ensure the formation of the@gealuring the operation of the starting devicthatinitial
destruction. In an unsteady mode of operationfabd of the OCD can significantly exceed the caltad ones,
which can lead to damage of the cutting edges.nfaikito account the changes introduced into thegdexf the
OCD using a computer model, the main operatingmaters were recalculated.

b T

Fig 7. OCD EP (a) and OCD AR (b) of the prototgbeeokhod

Based on the computations and studies, design daoaation was developed for the production of OCDs
of prototype geokhod. A general view of the propetygeokhod with a diameter of 3.2 m is presented in
Figure 8.

Fig 8. A general view of the prototype of geoktaydand test bench (b)

Conclusions

“Geowinchester technology” is a promising miningheology. The use of “Geowinchester technology”
requires a significant amount of theoretical angegimental research. To conduct experimental rekear
prototype geokhod 3.2 m in diameter was developéuen developing a prototype, the problem of chapsire
OCD type was solved.

The number of cutters of OCD is determined by twotdrs: providing the required feed velocity and
providing a torque CV of not higher than the presdtie. At the crown-type OCD, the required feethoities
are realized with one or two cutters in the cuttimps, and the torque CV does not exceed 20% figr a
permissible number of cutters. On the disk-type Q@®required feed velocity is realized with thenier of
cutters in the cutting lines from one to four. Th@éimum number of cutters ensuring a torque CV alisk-
type OCD is not higher than the preset value, dépem the angle of coverage and decreases wheerétises.
Torque CV has lower values on the crown-type OCanthisk-type OCD under otherwise equal conditions.
Also, it was established that the crown-type OCDwsvigle lower values of the total friction path, vegd
torque, the specific power consumption on cuttihg, weight of OCD with a drive, protrusion of OCDthva
drive into the internal space of the geokhod, alf agepermissible values of the resulting forced tmmques.

The main directions for further research:

experimental full-scale studies of the operatiocrofvn-type OCD on a prototype geokhod model;
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the development of circuit solutions OCD combingues;

the study of the operation of the OCD of geokhddnig into account the stochastic mechanical progert
of the rocks;

evaluation of the resulting efforts from the worktbe OCD during the development through various
geological disturbances.
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