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Annotation. The aim of the work is modelling of stressed condition of the loose mined rock thin layer between two
parallel working plates of disintegrator, taking into consideration the dependences of the layer porosity and its side thrust
coefficient on the maximum main stress value with hereditary model of deformation accumulation. Here, as the porosity
decreases, the side thrust coefficient rises gradually up to one unit. The equations of extreme balance of mined rock
compactable thin layer are obtained for the case of its compression with partial sliding on working surfaces. Solving of
these differential equations has been provided step by step, beginning from the peripheral layer to the central axis of
symmetry of the working zone. The iterative procedure has been made with specification of the layer density for each
step, connected with the layer porosity and the level of maximum main stress, until the preset error has been reached.
After the final distribution of stresses on the working surfaces had been determined, the total compression force on the
surfaces has been calculated. It is shown, that there is no sliding of material along the working surfaces in the central
area of deformed zone, unlike the peripheral area. The stresses on working surfaces have been determined in terms of
quasi-two-dimensional model, which is created based on the set of linear finite elements, allowing to determine the
stresses distribution on all volume of the disintegrators flat working zone. It is more acceptable and precise than simple
linear model, which doesn'’t take into consideration the change of stresses in the direction being perpendicular to working
surfaces, because of accumulation of systematic error during the following integration. The iterative algorithm for
parameters calculation of the layer stressed condition for the hypothesis of symmetric parabolic distribution of the axial
normal stresses in the directions being perpendicular to the plates is developed. The distributions of the side thrust
coefficient in the layer, the effective coefficient of external friction and the stresses of disintegrators working surfaces are
grounded. The practical value of the research is the possibility to determine precisely the contact forces while crushing of
fine-grained material taking into consideration its compactibility.

Keywords: disintegrator, loose mining rock, partial sliding, layer porosity, side thrust coefficient, finite elements,
distribution of stresses.

Introduction. Determination of the disintegrators operating parts rational
parameters includes an important stage of mined rock and crushing elements
interaction forces calculation, together with stresses distribution on their surfaces.
Different models of mining rock mass substitution by an element or a set of elements,
resisting to applied loadings, are used for this purpose.

The easiest models consider the deformed mined rock as a single localized mass,
added by elements of elasticity, viscosity and plasticity. In order to describe the
destruction of a single lump of rather hard mined rock, it is enough to use the
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destruction model with force changing in terms of Hooke’s law up to the ultimate
strength. The model also deals with the ultraboundary deformation stage, which
deformation curve depends on the so called “fragility module” [1]. The elements of
viscosity and plasticity are put in the calculation model for the materials featuring
non-elastic deformations [2]. But, these models are phenomenological ones, so the
rheological coefficients for each definite case must be determined anew on a rather
complicated procedure.

Every type of technological equipment has such important factor as power
efficiency [3]. One of the rational modes during disintegration of fine-grained
materials is “crushing in layer”. In this case, the maximum lump size is up to several
times less than the gap between working surfaces [4]. This disintegration method
leads to the process energy consumption reduce because of the grains destruction by
shift forces, including the selective crushing along the minerals cleavage planes [5].
But, the main part of the grains relative movement directions in a loose material is
influenced by its stressed condition [6], unlike destruction of the monolithic rock
massif, where the directions of shift planes coincide often with the defect space
orientation directions [7].

The distribution of stresses for the disintegrator flat working zone is grounded in
the work [8], based on the Mohr-Coulomb model with incompressible material
having constant value of the side thrust coefficient. But, further experimental research
[9] has shown the sufficient ruggedization of results for such an approach, that may
be explained by ignoring of the porosity decrease and the side thrust coefficient
Increase at the pressure growth.

This conclusion is proved in the research works [10, 11], where the sufficient rise
of pressure leads to the side thrust coefficient approaching to one unit.

The last reasons have been taken into consideration in the work [12]. They have
brought to the development of the hereditary model of loose mined rock deformation
models being characterized by the following equations:

- the current porosity coefficient of the material:

ggelia]

i=0j=0

where ¢; ; are the coefficients corresponding to the Pascal triangle of u exponent, o,

IS the maximum main stress, o, IS the basic value, e, is the initial porosity

coefficient;
- the current side thrust coefficient:
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where by, b,, ... b, are the approximation coefficients, &, is the basic value of the

side thrust coefficient.

The results of the work have good coincidence with experimental data.

Today, the analysis of stressed condition for the bodies of complex shape or with
deviations from absolutely elastic model demands application of specialized
computer programs for calculations, for example [13-15]. And, for our calculation
case, when the properties of mined rock change in process of the loading growth, the
problem solution is possible just on the basis of special calculation algorithm with
finite elements and step-by-step calculation of all stressed condition parameters and
material properties.

Summing up all the above-mentioned, it is necessary to determine in this work the
parameters of stressed condition of loose mined rock between two parallel working
plates of disintegrator, taking into consideration dependences of the layer porosity
and the side thrust coefficient on the main stress value in terms of the hereditary
model of deformations accumulation, that is an actual scientific problem.

Conditions of extreme balance of the mined rock thin layer having
hereditary-dependent properties during compression between rigid plates. Let’s
consider the extreme balance of the material small element between two horizontal
plates of disintegrator (Fig. 1).
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Figure 1 — Calculation scheme for the loose mined rock deformation between two rigid plates
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Here ¢, is the normal stress along Z axis, o, is the horizontal normal stress, o5 is

the minimal main stress, H is the current height of the material layer, r is the
distance from the central axis of the deformed zone to the element’s iternal edge,
m-indexes designate the stresses component values at the working surfaces, and
a-indexes designate the average values on layer height.

The following assumptions are accepted for further calculations:

a) the current porosity coefficient of material is determined by equation (1);

b) the ratio of main stresses depends on the maximum stress value and the initial
porosity coefficient value:

23 —¢(oy,€0), @3)
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for example, in accordance with equation (2);

c) shearing stresses in the layer are symmetric with the reversed sign concerning
X axis.

According to the last assumption, the shearing stresses on X axis are equal to
zero, and the stresses on plates surfaces reach the values being maximum on the
module and equal to

T =%fg o, (4)

where f is the effective friction coefficient.

The equation of the extreme balance of small element along X axis (Fig. 1), in
accordance to [6], should be written as follows:

0Cra _ _2 fet - Om _GOra —O3a _ (5)
or H r
Here, the following expression is usable for the effective friction coefficient:
f, if tanp>f
f - { | , ©)
tanp, if tanp< f

where f is the friction coefficient of the mining rock sliding on the working surface;
¢ Is the internal-friction angle being the function of the acting maximum main stress
and the initial porosity.

In this case, we don’t consider the peculiarities of friction in conditions of large
amount of moisture in loosened material, changing sufficiently the values of
mentioned coefficients [16, 17].

The values of dimensionless normal stresses on axes of coordinates are developed
taking into consideration (3) and (4) expressions:
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The parabolic distributions of stresses o, and o,along Z axis are set with
extrema points located on X axis (Fig. 2):
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where o,, and o, are the axial normal stresses in the center of layer for height.
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Figure 2 - Previously set diagrams of normal stresses for small element

In addition, the equation of balance forces along Z axis, according to [6] without
material weight, looks as follows:

00 44 :_Grq Tq (11)
or o r’

00 14
where —— and =t
or

the shearing stress for the points located on a quarter of height from the working

q are, correspondingly, the gradient of vertical normal stress and
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surfaces (they correspond to the average values for the upper or the lower half of the
layer).

Algorithm of stresses determination in terms of quasi-two-dimensional
model. The solving of (5) and (11) differential equations will be provided step by
step, beginning from the peripheral layer to the central axis Z (Fig. 1). The formulas
of calculation algorithm by Euler’s method of the first order with a constant step are
given below as an example.

The number of calculation intervals is set equal to n. Some values of the initial
approach of the working zone radius ry,=R; and of the corresponding to it

integration step Ar; must be set for the first iterative step.
Such dependences, as £=q(cy;e,) and e=n(cy;e,) are supposed to be
previously known, together with the initial porosity values distribution

e, =y(M), (12)
where M is the current material mass value, accumulated on the interval X e[r,R,].
The average horizontal normal stress from equation (5) is
2- fef ,j-1"Y%zm,j-1  Ora,j-1 — O3a,j-1

Ora,j =Ora, j-1 T Ar - H + - , (13)

here, for the symmetric parabolic distributions of type (9) and (10), the following
expression is acceptable:

GaZEGC +§Gm. (14)

The average gradient of the vertical normal stress for a half of the layer is

15
oz Ar ria (15)

The value of the horizontal normal stress on the plates surfaces is determined as
follows:

0G,q i
kr,j—l '(3Gra,j _azquj'aj—l ) Hj

Orm,j = (16)
. Krjo1+2K; 5085
The value of the vertical normal stress on the plates surface is
k,
-1
Oz, j =Orm,j K : (17)

r,j-1
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The maximum main stress of the plates surface is calculated in such a way:

G -
G1m, | Zkr—mjl (18)
r,J—

Further, the coefficients &;, fg ;, k, ; and k, ; are calculated by the formulas

given above. Also, the missing characteristic values of stresses components on the
layer height are determined.

Besides, the accumulated value of the material mass, corresponding to the current
coordinate value, must be calculated:

2 2
cyla,J—l Gla,j )
1+e , WMy

where p is the real density of mined rock.

The total accumulated mass M., is known at the end of the first iteration. This
value may differ from the real material mass M,,. If the error exceeds the
acceptable level, the another initial approach R, of external radius must be taken.
The calculations proceed up to i-iteration with satisfactory coincidence of Mg, ; and

Mg,m Values.

The total compression force can be calculated, after the final distribution of
stresses on the surfaces of plates is determined:

(@) i1+ 0O i
P=Z“'(rj—12—rjz)' - 12 = (20)
j=1

Results and discussion. The quasi-two-dimensional model, allowing to
determine the stresses distribution on all volume of the disintegrators flat working
zone, is created based on the set of linear finite elements. Simple linear model,
consisted only from equation (5) without equation (11), is insufficient because of the
following. On the one hand, the errors of piecewise linear approximation of stresses
on the working surfaces can be compensated by decrease of the integration step. On
the other hand, the substitution of constant on height horizontal normal stress value in
the basic equation (5) leads to the accumulation of systematic error during the
following integration. So, the parabolic distributions have been applied to take into
consideration the changing of normal stresses on height, and they are very similar to
the distributions of real stresses.

One of the main factors, the taking of consideration of which makes scientific
novelty while calculating the parameters of the stressed condition of disintegrators
working zone, is the material initial porosity for a certain area. It corresponds to
usage of the hereditary model of the layer deformations accumulation, mentioned in
the work [12].
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Another factor is the dependence of the material side thrust coefficient on the
maximum main stress.
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Figure 3 — Distributions of the side thrust coefficient, the effective friction coefficient and the
vertical normal pressure on the disintegrator’s working surfaces

The third considered factor is the dependence for the ratio of shearing and normal
stresses on the disintegrator’s working surfaces on the proportion between
coefficients of the external sliding friction and the material internal thrust.

It is set, that an extensive peripheral zone of deformed material is featured by
conditionally low value of the side thrust coefficient combined with sliding of
particles on the disintegrator’s working surfaces. Also, there is rather small central
zone inside R, radius with absence of sliding and having the side thrust coefficient

more than some critical value &_., depending on the maximum main stress and the
initial porosity.

The qualitative dependences of the side thrust coefficient, the effective friction
coefficient and the surface vertical normal stress on the horizontal coordinate are
shown in Fig. 3 (see above).

As approaching to Z axis, the gradient of normal stresses increase will gain the
scale of (X ‘1) and will strive to infinity for the non-limited number of calculation
intervals n. But, the gradient of the total compression force increase will have the
scale of (Xl), so, the final value of P force, determined by equation (20), will be
limited value. Here, the main part of this force is concentrated just inside R, radius.

Conclusions. The quasi-two-dimentional model of compression by rigid plates of
the loose mined rock thin layer is offered. The layer has hereditary-dependent
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properties, influenced mostly by the maximum main stress and the initial porosity
distribution.

The algorithm for stresses components calculation in the layer, based on
symmetric parabolic distributions of axial normal stresses, is developed.

The difference in the modes of material interaction with working surfaces is
shown. Particles slide on the surface in the peripheral area of deformed zone, but
there is no sliding in the central area.

The distributions on working surfaces of the side thrust coefficient, the effective
friction coefficient and the vertical normal stress are presented.

The results of the work allow to fulfill exact calculation of the disintegrators
operating parts parameters taking into consideration the continious changing of the
fine-grained mined rock properties during compaction.
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AHoTauifi. Meta gaHoi pobotn nonsrae B MOZENIOBaHHI HaNpY)XEHOro CTaHy Lapy CUMKOI MiPHWYOI Macu Mix
[BOMa napanenbHuMu pobounMK nnuTamu fesiHTerpatopa 3 ypaxyBaHHSM 3anexHOCTi MOpPUCTOCTI wwapy Ta 1oro
koediuieHTa HOKOBOr0 po3nopy Bif BENMYMHM MaKCUManbHOMO FOSIOBHOTO HAMPYXEHHS Y Mexax CrnagkoBOi MOZen
HaKonu4yeHHs fedopmadin. TyT, o Mipi 3MEHLLEHHS NOPUCTOCTI, kKoediLieHT BOKOBOrO Po3nopy NOCTYNOBO 3pocTae 40
oouHnui. OTpUMaHi PiBHSHHS rPaHUYHOI PIBHOBAry TOHKOTO LWapy YLUiNbHIOBAHOI TiPHUYOI Macy nig vac CTUCKaHHS 3
YacTKOBMM KOB3aHHSIM MO poboyuM MOBepXHAM. PO3B’A3aHHS LMX AUMEPEHLMHUX PiBHSHb Byno BUKOHAHO KPOK 3a
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KPOKOM, MOYMHAKOUM Bif NEPUEPUYHOrO LWapy Y HaNpsIMKy 4O LieHTpanbHOi BiCi cumeTpii poboyoi 30HU. ITepaLiiHy
npoueaypy 0Oyno BWUKOHAHO 3 YTOYHEHHSAM LUIMbHOCTI Wapy AN KOXHOrO KPOKy, MOB’'S3aHOI 3 MOPUCTICTIO Wwapy Ta
PIBHEM MaKCMMaIbHOrO rOfIOBHOTO HaMPYeHHs, O TUX Mip, MOKM Ha Byno JOCArHYTO MonepeaHbO BCTaHOBMEHY
noxunbky. MokasaHo, Wo nig yac AedopMyBaHHS LiEHTPanbHOI YacTuHKU poboyoi 30HM MPOKOB3YBaHHS Matepiany no
poboYMM MOBEPXHAM BIACYTHE, Ha BiAMIHY Big nepudepnyHoi 30HM. HanpyxeHHs Ha poboumx noBepxHsx 6yno
BWU3HAYEHO Y MEXaX KBasigBYBMUMIPHOI MOAEN, Ky CTBOPEHO Ha OCHOBI MiHIHOT CyKYMHOCTI KIHLEBMX ENEMEHTIB, LU0
[03BOSISIE BU3HAYNUTW PO3MOAIN HanpyxeHb No ycbomy 06’eMy nnockoi poboyoi 30HM AesiHTerpatopis. BoHa € 6inbLu
NPUAHATHOIO Ta TOYHOK, HiX NpOCTa NiHiAHA MOAEenb, fKka He BpaxoBye 3MiHY HarpyxeHb Yy HanpsaMmKy
nepneHavKynsapHoOMy A0 pobounx MOBEPXOHb, Yepe3 HAKOMWUYEHHS CUCTEMATWUYHOI MOXMOKM Mig Yac HacTynHOro
iHTerpyBaHHs. Po3pobneHo iTepayiiHuii anroputM po3paxyHky MapameTpiB HanpyeHoro CTaHy wwapy A4S rinoTesu
CUMETPUYHMX NapaboniyHux po3nogineHb HOPManbHUX HampyXeHb Yy HanpsMKy NepneHauKkynspHoMy A0 nnuT
OTpumaHo po3nogineHHs koedilieHTy 6oKoBOro po3nopy y wapi, eekTMBHOrO KoediljieHTa 30BHILIHBOrO TepTs Ta
HanpyxeHb Ha pobounx MOBEPXHsX [ne3iHTerpatopi. [lpakTMYHE 3HAYEHHs NONsArae y MOXIMBOCTI TOYHOrO
BW3HAYEHHS1 KOHTAKTHWX 3yCWNb Ha poBoumx MOBEPXHSX AE3iHTerpaTopiB nig vac apobrneHHs apibHogucnepcHoro
Marepiasny 3 ypaxyBaHHsAM WOro YLLiNbHIOBAHOCTI.

KntouoBi cnoBa: aesiHTerparop, cunka ripHMya mMaca, nopucTicTb, koedillieHT BOKOBOro po3nopy, YLLiNbHEHHS,
KOHTaKTHi 3ycunns.

AHHoTaumA. Llenb gaHHoOM paboTbl 3aKntovaeTcs B MOAENMPOBAHUM HANPSKEHHOTO COCTOSIHWS CNOS Chinyyet
FOPHOM Macchl Mexay ABYMS napansnenbHbiMu paboummmn nnuTamu Ae3nHTerpaTopa ¢ y4eToM 3aB1MCUMOCTY MOPUCTOCTY
cnos u ero koadhduumeHta OOKOBOrO pacnopa OT BENWYMHbI  MAKCUManbHOTO [ABHOTO HAaMPsBKEHUs Mpu
HaCNeACTBEHHOM MOAEnW Hakonnewus gedopmauuin. 34ech, MO MEPe YMEHbLIEHWSt MOPUCTOCTM, KOIPQULMEHT
BOKOBOro pacrnopa NOCTENEHHO BO3pacTaeT A0 eAuHWLbI. [MonyyeHbl ypaBHEHUS NPeAernbHOr0 PaBHOBECUS TOHKOTO
CNost yNNOTHAEMON FTOPHOIA MAcChl MPU CKATUN C YACTUYHBIM CKOMbXEHUEM MO pabounM NoBepxHOCTAM. PelueHune aTux
v depeHLnanbHbIX YpaBHEHUI Bbirio BbINOMHEHO NOWWAroBO, HAYMHas C Nepugepuyeckoro cnos B HanpasfeHun K
LieHTparnbHOM 0cn cuMMeTpumn paboyeit 3oHbI. MTepaumonHas npoueaypa bbina BbINOMHEHA C YTOYHEHWEM NMOTHOCTY
CNost ANS KaAoro Lara, CBA3aHHas C NOPUCTOCTbLIO CHOS U YPOBHEM MAKCUMarbHOTO FIaBHOTO HaMpsKeHUs, OO0 TeX
nop, noka He JocTuranacb NpeaBapUTENbHO YCTaHOBMEHHas MorpeluHocTb. [lokasaHo, YTo npu AedopMUMpoBaHUM
LieHTparnbHOM YacTn paboyeit 30HbI Npockanb3biBaHe MaTepuana no paboynM NOBEPXHOCTAM OTCYTCTBYET, B OTINYME
OT nepudepuyeckoi 30Hbl. HanpspkeHus Ha pabounx NOBEPXHOCTSX ObinM onpedeneHsl B paMkax KBasuaByMEpHOM
MOZENu, KoTopas co3faHa Ha OCHOBE JIMHEMHOW COBOKYMHOCTW KOHEYHbIX 3MIEMEHTOB, MO3BONSIOLLEN ONpeaenuTb
pacnpefeneHne HanpsbkeHun no Bcemy oObemy nnockoid pabouyeit 30HbI AesuHTerpatopoB. OHa sBnsieTcs Gonee
npMEMNIEMOA M TOYHOW, YeM NpocTas NMHeWHas MOLeNb, KOTOpas He YYMTbIBAET W3MEHEHWE HanpsikeHuin B
HanpaBeneHu NepneHanKYNspHOM K paboynm MOBEPXHOCTAM, W3-3a HAKOMMEHMs CUCTEMATMYECKOW Owwmbkn npu
nocrnegyiowem WHTerpupoBaHun. Pa3spaboTaH MTepauuOHHbIN anroputM pacyeTa napamMeTpoB  HaMpsKEHHOrO
COCTOSHWS! CMOS 4151 TMNOTE3bl CUMMETPUYHBIX Napabonuuecknm pacnpeneneHnii 0CeBbIX HOPMarbHbIX HaMPSKEHWA B
HanpaBneHun neprneHauKynspHoM nnutam. MonydyeHbl pacnpegenenus koadduumeHta BokoBOro pacnopa B Croe,
3h(EKTUBHOMO KO3 ULUMEHTA BHELLHErO TPEHWUS W HanpshkeHuin Ha pabounx NOBEPXHOCTSX [Ee3UHTErpaTopos.
lMpaKkTuyeckoe 3HayYeHWe 3aKYaeTCsl B BO3MOXHOCTM TOYHOMO OMPELENieHNsl KOHTAKTHbIX YCUNMA Ha pabounx
MOBEPXHOCTAX AE3NHTErpaTopoB Npu ApobneHN MENKOAMCNIEPCHOTO MaTepuana ¢ y4eToM ero ynioTHAEMOCTH.

KntoyeBble crnoBa: [JesvHTerpaTop, Cbinyyas ropHas Macca, 4acTUYHOEe CKOMbXEHWE, MOpUCTOCTb  Cros,
koadhdbuLmeHT GOKOBOrO pacnopa, KOHEYHbIE SMEMEHTLI, pacrpeaenieHne HanpsKEHNA.
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