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PREDICTING THE RESISTANCE FORCE OF HOMOGENEOUS GROUND TO CUTTING

Abstract: a model for predicting the ground resistance to cutting is developed based on the theory of
ultimate equilibrium of the bulk medium, which takes into account the configuration of the ground failure
plane. The three-dimensional nature of soil destruction is estimated by the spatiality coefficient. The model
uses the results of automatic identification of soil strength parameters and data from field and laboratory tests
of soils. In all models, the resistance force is functionally dependent on the volume of the soil that is in the
maximum stress state. Analytical expressions of the soil volume of the central wedge and lateral sickle are
obtained, which allow us to analytically calculate the specific energy intensity of the soil cutting process. The
correctness of the developed model is evaluated in comparison with the models obtained on the basis of the
limit equilibrium, the fundamental equation of earthmoving operations and with experimental data. The
dependences of the resistance force are established on the cutting modes of soils.

Key words: prediction of the resistance force, the fundamental equation of earthmoving works, the limit
equilibrium of a loose medium, the dependence of the resistance of the volume of soil, the coefficient of
spatiality, three-dimensional nature of fracture, side of the hammer, a Central wedge, the volume of soil in
limit equilibrium.

Introduction. Present time, there is a dimensional and three-dimensional models for
tendency to automate the management of soil predicting the ground resistance to cutting have
digging by earthmoving machines, in particular been developed [2-6]. For calculations, soil data can
hydraulic excavators. For these purposes, the be used for laboratory tests, for cutting soil in the
parameters of soil strength properties are identified field, and for automatic identification of soil
automatically, and analytical models are developed strength parameters [7-10].
for predicting soil resistance to cutting. Planning the A characteristic feature for two-dimensional,
trajectory of the excavator's working equipment three-dimensional models developed on the basis of
depends on the accuracy of analytical models. the fundamental equation of earthmoving works is
Based on the results of trial digging, a map of the that the shape of the zone of soil destruction is
area is formed with soil data in digital format. Soil unknown in advance, and its unfavorable position is
conditions are formed from homogeneous soils, and determined from the principle of the minimum
from soils containing solid clastic-stone inclusions values of the coefficients N in the fundamental
that violate the uniformity, stress state of the soil. equation of A. Rees (1965) [13-22].

Analytical are known two-dimensional and The aim of the study is to develop an
three-dimensional models for predicting the analytical model for predicting the strength of
strength of soil resistance of cutting, developed on ground resistance of cutting, which has sufficient
the basis of the theory of limit equilibrium of a loose accuracy for practice. The model uses the results of
medium and on the basis of the fundamental automatic identification of soil strength parameters,
equation of earthmoving operations. data from field and laboratory tests of soils.

V.V. Sokolovsky (1954) the value of the Methodology. When developing the model,
components of the passive soil pressure on the the following methodological assumptions are used:
surface of the cutting element is determined taking - the maximum value of the ground resistance of
into account the shape of the sliding lines of the soil cutting functionally depends on the volume of the
volume in the limit equilibrium. Based on it, two- soil in the maximum stress state;
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- the cutting path of the soil is horizontal; the
cutting thickness is constant with the formation of
element chips.

Development of the model. We have
developed a three-dimensional model of the
interaction of the cutting element with the ground
based on the method [1], subject to the conditions of
geometric similarity, due to the difficulty of taking
into account all the many factors that affect the
process of cutting the soil, the analytical
determination of the resistance force of the soil of

dP
" I-1

cutting is made approximately. In the developed
model, the influence of the cutting speed of the soil
is not taken into account, due to the fact that the
ranges of changes in the cutting speed observed in
production conditions do not cause the appearance
of viscosity in the soil. Most earthmoving machines
develop the soil on the principle of cutting a certain
thickness of chips from the soil mass (Fig. 1) [2].

Figure 1 - Calculation scheme for cutting homogeneous soil: 1 - soil, 2 — cutting element, o — cutting angle,
— angle of inclination of the cutting element surface, h — cutting depth, P — ground cutting force, dP, —
elementary forces of ground resistance to cutting, dl — elementary length of the cutting element, dN - normal
component, dT — tangent component, dP1g - tangent to the cutting path (horizontal), dP1y - normal to the
cutting path (vertical), o — the angle of deviation of the resultant from the normal component dN

The cutting force of the ground, at the time of the
onset of the limit equilibrium state, is balanced by
the force of the ground's resistance to cutting — Py,
(Fig. 1):

P =P, . (1)

The elementary force of ground resistance to
cutting is the projection of the resultant force dP; on
the tangent to the ground cutting path (per unit of
cutting width):

dP, =dP, cos¢, E=a2-(a+ @), p=a2-a.
(2)

The normal component of the force to the
surface of the cutting element is:

dN =(c, +H)dI. (3)

Tangent component of the force on the
surface of the cutting element:

dT =z dl, “4)
dl = dz/sino. . 5)

Normal, tangential limit stress on the surface
of the retaining wall and dependencies for as are
defined in [1]:

o, =(h+p+ H)a,b’i -H> 7, :(O'n +H)tan¢)0 .
(6)
To determine the normal force component
along the entire length of the cutting element, we

integrate the expression (3) taking into account the
cutting depth (5):

a, (0,50 + ph+ Hh)— Hh
sin o

1
sina

N:

h
IG,7dZ =
0

(7
To determine the tangent component of the
force along the entire length of the cutting element,
it is necessary to integrate the expression (4) taking
into account (5) for the cutting depth h:

T+ 1 }T 4y — |a, (0,5/h? + ph + Hh)Jtan ¢,

S sina sina

: ®)

The resultant force of ground resistance to

cutting, taking into account the cutting width — b, is
determined by the dependence:

P,=N?+T7 b= (A= Hh/sina) +(Atang, f -b.
9
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a,(0,5/h% + ph+ Hh) 2
here A= 2 ) Hh 2
where A sina P, = [A_sina +(Atangoo) sin(a +,)-b
The tangent force of resistance to the cutting 5
path (horizontal component) is equal to: (12)
: 2
P, =Psin(a+g,). (10) where A= 24 (0'57h +ph+ Hh) .

sina

The analysis of formula (12) shows that the
resistance force of a homogeneous soil depends on:
adhesion, volume weight, internal friction angle,
P, =P, cos(a + @,). (11) ground frictio.n angle on the surface of the cutt%ng
! element, cutting geometry: angle, depth, cutting
width and loading on the ground surface.
The maximum value of the total cutting

The normal resistance force to the cutting
path (vertical component) is:

Thus, the strength of resistance of a
homogeneous ground to cutting with a sharp cutting force depends in a straight line on the volume of the

tool, ina steady-state mpde, with a two-dimensional soil in the limit equilibrium state (Fig. 2). It is based
measurement is determined by the formula: on the scheme [18], [19].

a Yhh

) I

Figure 2 - Diagram of the ground cut during blocked cutting: | - Central wedge,
Il - side sickle, R - radius of the central wedge, lsh - side distance

The resistance force of the Central wedge to cutting with the free cutting, ns = 1, when polubarinova

is determined by the formula (12), and the lateral cutting, ns = 2, at locked cuts.

resistance forces are expressed in terms of the The total maximum cutting force is
volumes of sickle soils in extreme equilibrium by determined by the expression:

means of the spatiality coefficient #,,:

Ph =175chh . (14)
1, two - dimensional difference,

Analytical expressions for determining the
volumes of soil that are in marginal equilibrium
further allow the calculation of the specific energy
intensity and the cost of a unit of soil development
analytically. The volume of the soil of the central
wedge is determined by the dependence:

= n.\v . . .
My =14 DsVan ,three- dimensional difference
ch

(13)

where V¢, 1s the amount of soil of the Central
wedge, Vsh — volume of soil lateral sickle, ns= 0,
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Ver = Ven, + Ven, = 0.5hRg; (b cos we +
0.5R¢; 2wy, — sin 2 a)ch)) ,
(15)
Re = \/(h(COt(a) +Cot(Wyy, ))2 + (b/2)2 5
oy, =asin(b/2)/Ry, .

(16)

In [1], the value of the angle yO0 is defined
as: wo = /4 — ¢/2. The volume of the soil of the
lateral sickle is determined by the dependence (Fig.
2):

V,, = hRy, cos wyly, /6 (17)

The total volume of destroyed

homogeneous soil is determined by the expression:

Vh = OShth (b COS W¢y, + OSRﬂ,(Za)C;, -

sin2 a)ch)) + ng hRsj cos wey L, /6 (18)

According to the results of the central
composite rotatable experiment, a regression model
of the lateral distance of the sickle (h = 0.15 m) (@°,
Co, hit, b, m) [23-26]:

lg, = 0.2354 — 0.0078a + 0.0015C, — 0.1896b
+0.0001a? + 0.00022C5

+ 0.1607h% —
0.00003aCy + 0.0049ab — 0.0035Cyb (19)

Experimental work on cutting loam, semi-
blocked cutting [27] (table 1) was carried out.

Table 1 - Parameters of loam and its cutting

pN/m* | C,N/m? | 9° |¢@o° |b,m |hym |z % [ Va,m/c | won® |[Pr, |PnN
N
20010 | 26000 31 |23 |02 0.15 | 1.202 |45 | 0.1 29.5 | 2974 | 2794.2
It was taken results. The relative good convergence between the models Yu. Vetrov,

discrepancy between the experimental (Pre) and
theoretical resistance forces (Pn) is 6.05%.

We perform a computational analysis of the
resistance forces predicted by two-dimensional
models [2,3,4,5,18,19], based on the data in table 1,
with a loading g = 5000 N/m*. The analysis shows

2.733
2.375

0 1131

Authors K.Artemyev

2.716

Yu.Vetrov

K. Artemyev and the authors (0.6...13.1%), and
satisfactory convergence between the McKyes, E.
and O. S. Ali model (yo = 37°, which provides a
minimum value of coefficients) (25.8%), and the B.
Balovnev model gives an overestimated value of
ground resistance to cutting (60.2%).

4.378

3.437

.0061

V.Bak-/

-0.602

=
Mb/55s

B Ph, kN M Relative error

Figure 3 - Comparative computational analysis of ground resistance forces
to cutting using two-dimensional models

The results of a comparative analysis between the three-dimensional models of the authors and McKyes
(1985), J. V. Perumpral (1983) without loading according to table 1 are shown in Fig.4.
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mPh, KN m Relative error, % w,degree

70 64.7  64.0
60
50
< 40
< zg 22'6818,4 18.89
10 2.7980° 3.65 4.9 3.67 2974
o |l 0 - | - —
Authors McKyes McKyes Perumpral experiment

Figure 4 - Comparative analysis between three-dimensional models

In [17] it is indicated that the value of the value of the angle of deviation of the lateral sickle
angle ® in the McKays model (1985) is o according to the mckies model (1985) is
overestimated. If we assume ® = 18.40, then based overestimated in comparison with experimental
on the result of the multiple regression model (19), data (Table 1-Table 4). The relative error between
the relative error between the models of the authors the models of the authors and J. V. Perumpral, R.
and McKays (1985) is reduced to 22.68%. The D. Grisso, C. S. Desai. (1983) - 18.89% (Table 4).

Table 2 - Volume parameters of the soil
Ish, m Ns R, m weh, © | Ven, M? Vsn, M Vi, m? Nsp Peh, N Pn, N
0.124 1.0 0.42699 | 13.55 | 0.006346 | 0.001287 | 0.007633 | 1.202 | 2324.6 | 2794.2

Table 3 — Results of calculation by the model of Mackiesa - Ali

W,N |QN P,N Py, N Po, N Ny Nc Nq Na F,N ,’
50349 | 0 2970.8 | 1929.6 | 4900.4 | 1.5605 | 2.041 3.121 0.8434 | 2970.8 | 64.02
50349 | 0 2970.8 | 677.6 | 3648.4 | 1.5605 | 2.041 3.121 0.8434 | 2970.8 | 184

Table 4 - Calculation Results based on the model of J. V. Perumpral, R. D. Grisso, C. S. Desai
ADF,N | CF;,N | CF2, N | SF2, N | Ag N/m? | R, N Ko Zm |Am? W,N | P,N

0.02121 | 1584 | 809.49 | 9.077 | 1.0 15.1065 | 0.48496 | 0.05 | 0.0311 | 124.6 | 3666.6

Further, a computational analysis of the dependence of the predicted cutting resistance force without
overload on the cutting angle, the angle of ground friction on the surface of the cutting element, and the depth
and width of the cutting (Fig.5 a,b,c,d).

= Authors - Experiment L0p I 3722.9
4000 7 o 090 I 3396.7
2000 2794.2 ]
= 2047 1935922304 9@ 0.8¢ 3015.9
£ 2000 € 07¢ I 2635.9
1000
0.60 I 2270.5
0
15 25 35 45 55 0 1000 2000 3000 4000
a, degree Ph, N
a) b)
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10000
9489.6
8000
6900.3
= 6000
'rf 4827.6
4000
2794.2
2000
1324.4
0
4 9 14 19 24
Co, hit
c)

7000 6334.5

6000 5160.6

5000 3978.6

000
£
83000

2794.2

1615.
2000 e

1000

0.1 0.2 0.3 0.4 0.5
b, m

d)

Figure 5 - Dependences of the cutting resistance force: a) — on the cutting angle, b) - on the angle of
ground friction on the surface of the cutting element, C) - on the number of strokes, d) - on the cutting width.

Conclusions and prospects of applying the
methodology. The analysis of the dependencies
shows that the optimal cutting angle should be 25° ...
30°, which provides a minimum cutting resistance
force, an increase in the angle of external friction is
accompanied by an increase in the ground resistance
force to cutting. The relationship between the
resistance force and the cutting depth is non-linear,
and the relationship between the resistance force
and the cutting width is a linear.

account the shape of the fracture plane and the use
of the results of field and laboratory tests of soils
and automatic identification of parameters of
strength properties of soils in the model increases
the practical applicability of the research results.

It is noted that the above methodology for
calculating the resistance force of homogeneous soil
is used to determine the strength of resistance to
destruction of soil containing stony fractions in
subsequent studies of the authors.

The accuracy of predicting the cutting
resistance force is positively affected by taking into
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BIPTEKTI TOIIBIPAKTBIH KECYT'E TO3IMJAUIIK KYIIIH BOJIZKAY

AHHOTAIMSA: TOTBIPAKTHIH OY3BUTY KA3bIKTHIFBIHBIH KOH(QUTYPAIUSACHIH €CKEPE OTHIPHII, OOPITBUIIAK
OpTaHbBIH IIEKTi TeHe-TeHAIK TEOPHICHl HETi3iHIe TONBIPAKTHIH Kecyre Kapchl Typy Kymin 6omkay mMoxeni
)acalipl. TONBIPAKTBIH JKOWBUTYBIHBIH VI ©JIIEMIl CHIAThl KEHICTIK KO3(hQUIIMEHTIMEH OaraiaHabl.
Monenbie TonbIpak OEpiKTITiHIH TapaMeTpiiepiH aBTOMATTHI TYPAE aHBIKTAY HOTHKENIEPl )KOHE TOTBIPAKTHIH
JIANABIK, JKOHE 3epPTXaHAJbIK 3EPTTEYJICPIHIH JepeKTepl KOJIaHbUIAIbl. Bapiblk Mojesblep/e KapChUIbIK
Kyl (YyHKIMOHAIIBI TYpJEe MakCUMal/Ibl KepHey KYHiHJEr! TOIBIPAKTHIH KejieMiHe OaiaHbICThI 0Onajbl.
OpraiblK ChIHA MEH OYHip OpaKThIH TOIBIPAK KOJIEMiHIH aHATMTUKAIIBIK ODHEKTEP1 abIHABL, 0y TOmbIpaKkThI
KeCy TPOIIECiHIH HAKThI SHEPTHsI CHIMBIMIBUIBIFBIH aHAJMTHKAIBIK €CerTeyre MYMKIH/IIK Oepei. O3ipiaeHreH
MOJIETIBIIH IYPBICTBIFBI IIEKTI Tele-TeHIK, JKep XYMBICTapBIHBIH iprelli TeHIeyl >KOHE JKCIEPHMEHTTIK
MOJIIMETTEp HEri3iHAe anblHFaH MOJENbJCPMEH cajlbICThIpFaHaa OaramaHanel. Kapcpulacy KyIuiHiH
TormbIpakTsl Kecy peXXKUMEPiHE TOYENIUTITT aHBIKTAIJIBL.

TyiiiH ce3aep: KapChUIBIK KYIIiHIH O0IDKaMBI, XKep Ka3y KYMBICTApBIHBIH ipreii TeHAeYi, OOpIbuIIaK
OpTaHbIH MIEKTI TeMe-TeHJIr, KapChUIBIKTBIH TOMBIPAK KOJIEMiHE TOYCJILIIr, KeHICTIKTIK KO3 (QHUIUCHT,
OY3BUTYIBIH YIII OJIIIEM/]Ti CUIIAThI, OaJIFaHbIH JKaFbl, OPTAJIBIK ChIHA, EKTI TEIe-TeHIIKTET1 TOMBIPAK KeJeMi.
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MNPOI'HO3UPOBAHUE CHWJIbI COITPOTUBJEHUA OJHOPOJHOI'O I'PYHTA PE3AHUIO

AHHOTAIUSA: pa3paboTaHa MOJIeNTb TPOTHO3UPOBAHHKS CHIIBI COMPOTURIICHHUS TPYHTA PE3aHUI0 Ha 0ase
TEOPHUH MPEIEIBHOTO PABHOBECHS CHITy4el CpPeabl, YUUTHIBAIONIAs KOHPHUTYPAIUIO MIIOCKOCTH Pa3pyIIeHUs
rpyHTta. TpexMmepHbIi XapakTep pa3pylieHus TpyHTa OIICHMBAETCS TIOCPEICTBOM KOX(QUIMEeHTa
MPOCTPAHCTBEHHOCTU. MOJIeNb HCTONB3YeT Pe3ylbTaThl aBTOMATHUYECKOW WACHTH(PHKAIUK MPOYHOCTHBIX
rapaMeTpoB TpyHTa W JaHHbBIE TOJNEBBIX W JaOOpaTOPHBIX HCIBITAHWN TPYHTOB. Bo Bcex momensax cuia
COIMIPOTHUBJICHUSA (I)YHKHI/IOH&HI)HO 3aBUCUT OT O6T)€Ma TpPyHTa, HAXOAAIIETOCA B IMMPEACIbHOM HAIIPAKCHHOM
cocrostaud. [1oiydeHbl aHATUTHYECKUE BBIPAXKECHUSI 00beMa IPYHTOB IIEHTPaIbHOTO KIIMHA U OOKOBOTO CEpIIa,
KOTOpbIC TO3BOJISIIOT AHAJIMTHYECKH PACCUUTATH YIENBbHYI0 SHEPrOEMKOCTh TPOIECCa pe3aHHs TPYyHTa.
OrneHeHa KOPPEKTHOCTh Pa3pa0OTaHHOW MOJEIM B CPAaBHEHHHM C MOJEISMH, IMOJYYCHHBIMA HA OCHOBE
MIPENIETbHOTO paBHOBECHS, (DYHIAMEHTAILHOTO YPAaBHEHUS 3eMIIEPOHHBIX pabOT U C 3KCIIEPUMEHTAIHHBIMU
JTAHHBIMU. Y CTAHOBIICHBI 3aBUCUMOCTH CHIIBI COPOTUBJICHUS OT PEKUMOB PE3aHUsI TPYHTOB.

KiaioueBble cjioBa: TPOTHO3MPOBAHWE CHIIBI COINPOTHBIICHUSA, (PYyHIAMEHTAIHHOE YpaBHEHHUE
3eMJICPOMHBIX PaldO0T, NPEACILHOEC PABHOBECHE CHIMYyYel CpEJbl, 3aBUCHMOCTbh CHJIBI COMPOTHBIICHUS OT
o0beMa rpyHTa, KOd(O(HUIIMEHT IPOCTPAHCTBEHHOCTH, TPEXMEPHBIM XapaKTep pa3pylIeHus, OOKOBOH ceprr,
HeHTpaHLHLIfI KJINH, 00BeEM TPYHTaA, HaXO0aAIECrocCs B IMPEACIbHOM PaBHOBECUU.
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