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Abstract. The features of the development of soils by a milling working body do not allow us to directly use the
conclusions of various theories of cutting soils. The goal is to establish theoretical coefficients that take into account
changing the cutting force during milling the soil. The article presents the first obtained dependences on changing
the cutting force of soils during their milling at the depth of the bottom hole, hydrostatic and hydrodynamic pressures
of the solution on the cut chips and the curvature of the tool path. The cutting force is affected by the hydrostatic

pressures of the clay solution and the shear resistance. The coefficients of the working conditions are obtained. The
coefficients describe the qualitative picture of soil cutting. They give the ratio of forces during rectilinear destruction
of the soil to the forces arising during its milling.
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Introduction

Soil milling is used in the construction of
underground structures using the «wall in the soil»
method [1, 2, 3]. The destruction of the soil occurs in
the environment of a clay solution that protects the
walls of the trenches from collapse. The diameters of
the cutters fluctuate significantly. Figure 1 shows the
milling machine.

The general way of defining cutting forces is
considering the equilibrium of the chip element to be
cut off. In the period of time preceding the soil spalling
in the chip element at the speed of sound, a shock
wave of elastic stresses propagates, which ultimately
leads to the formation of the spalling surface at the
angle 1 to the tangent to the trajectory of the cutter.
The front of the shock wave of deformations is
directed along the normal to the frontal edge of the
cutting tool. Elastic deformation stress only causes
volumetric deformation of the soil. At the same time
(in cohesive soils) a compacted core is formed in
front of the cutter of the working body. Its formation
occurs due to the compaction of the soil that has
experienced elastic-plastic deformation that has
turned into crushing deformation. A front of plastic
deformations that do not cause changes in the shape
of the soil mass propagates in front of the compacted
core. Thus, within this period of time, the cutting

force is a variable value and is characterized by the

ratio of the rates of elastic and plastic deformations,
as well as the masses of the soil experiencing one or
another deformation.

For practical calculations of the cutting force, it
is necessary to determine the maximum value of the
cutting force that occurs at the moment that differs
from the moment of spalling by an infinitely small
amount of time.

Description of materials and methods of
analysis. The element of the sheared shavings
abc (Figure 2) is acted upon by the force of normal
pressure N, from the side of the cutter, the weight
of the chips P, hydrostatic pressure P,., centrifugal
force P, arising as a result of movement around the
axis along the radius R, reaction from the side of the
soil at the spalling site R* and the normal to it force
R?, the resistance force at the wear site P,,, as well as
the additional force P,,, the existence of which is due
to the kinematic milling of the soil. The cutter has the
cutting angle 6, the clearance angle v, the width b, the
wear area of the width a. The back edge of the cutter
is acted upon by the force of hydrostatic pressure.
The spalling area is inclined to the tangent to the
cutting path at the angle .

Let us express each of the forces acting on the
spalling chip element depending on the geometric
parameters and soil characteristics. At the first stage
of the analysis, we will not take into account the forces



Figure 1 — Trenching plant of the Soletansh Company

P,,, and P, considering cutting with a sharp knife.
The chip element is characterized by the following
geometrical parameters (Figure 2).

d.c. = h(ctgd +ctgy); 1)
F,. = bh(ctgd + ctgy); )
V=B (et + ctey), ©)

where d.c. is the length of the spalling element;
F,. is the surface area of the chip that is in the
contact with the clay solution;
V. is the chip volume.
Taking into account expression (3), the weight of
the chip being cut off

_ bh2ng
F="

(ctgd + ctgy). (4)

The centrifugal force

0

Figure 2 — The diagram of forces acting on the chip
element when milling

2 2 2

P, = chszo = o 2p-R2V0 (ctgd + ctgy). (5)

The resultant force of hydrostatic pressure on the
element of the chip being cut off

P,. = bhq(ctgd +ctgy). (6)

The value of the distributed pressure of the
solution on the ground g depends on the values of
the head, the density of the solution and the pressure
transfer coefficient 7. According to A.A. Shatalov [4],
1 reaches the highest values in soils with the lowest
permeability (equal to unity for dense clays) and the
smallest values in sands and gravelly soils.

In our opinion, the physical picture of the effect
of the permeability degree of soils on the process
of transferring pressure deep into the massif and
on the cutter is that as the depth of filtration of the
clay solution into the soil [, increases, the pressure
difference on the cutter along the frontal and rear
edges decreases. The liquid penetration for a part of
the chip thickness limits the zone of uneven reduction
of the cutter. With complete solution filtration, the
cutter is compressed from all the sides by hydrostatic
pressure and does not experience additional loading.
In this case, changing the cutting force occurs due to
changing the rheological characteristics of the soil.

Based on these considerations, it is natural to
assume that there is a relationship between the
filtration depth [,, the thickness of the chips h and the
pressure transfer coefficient

Ly
n=1-7. ?)

In accordance with relationship (7), for dense
bonded soils [,=0, the coefficient x£=1. For loose
soils, the depth of mud filtration can approach the
values of the chip thickness, and the pressure transfer
coefficient can approach zero.

Proposed formula (7) does not take into account

the time the bottomhole is in contact with the clay
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solution. Therefore, for milling and drilling machines
that differ in speed when cutting chips, it is more
correct to determine the pressure transfer coefficient
according to the dependence:

7=1-1% (8)

where V, is the filtration rate.

In work [5], the filtration rate of the clay
solution into the soil was determined depending on
piezometric pressure, the coefficient of soil porosity,
the viscosity of the clay solution and its limiting shear
stress. Naturally, the filtration rate of the clay solution
into the soil is lower than that of water. Taking the
worst version of the calculation and assuming that
permeability of the soil to the solution is equal in the
limit of permeability during the movement of water,
we determine the maximum possible filtration rate
that is described by the Darcy law:

Ve =K,J, )

where K, is the filtration coefficient;

J is piezometriic pressure.

Focusing on the values of the filtration coefficient
established by soil scientists [7] (1-107 m/s for
clays and 1-10° m/s for gravel and coarse-grained
sandy soils), we find that for any practical possible
piezometric pressure head the filtration rate of
the clay solution is comparable to the feed rate.
V=0.5...1-10% m/s only in coarse sands and gravel
soils. In these soil conditions, the construction
of foundations by the «slurry wall» method is
unacceptable even when protecting the walls of
the trench from collapse with a clay mortar. It can
be argued that during the operation of milling and
boring machines, the pressure transfer coefficient
is practically equal to unity, and physical and
mechanical characteristics of the soil do not have time
to change. Taking into account (9), we obtain:

P.= bhzg(l - %)(ctgé +ctgy). (10)

The kinematic feature of milling is variability
of the thickness of the cut chips during the cutter
movement (Figure 3).

In this case, the cutter makes a working movement
only in the third and fourth quarters of the circle.
The average values of the cut chips thickness and
consequently the resistance forces that depend on it,
will be observed at the angle of rotation of the cutter.
The values of this angle determined by the author
from the integral dependences of the center of gravity
of a flat figure [8] are for the third quarter:

Qi = 5T° = 60°,
for the fourth quarter:
Doia = % +60°.

When considering the element of the cut off
chips at points 1 and 2, changing the direction of

forces is possible. The centrifugal force and the force

Figure 3 — The section of the chip to be cut when soil
milling

of hydrostatic pressure directed radially remain
unchanged. The gravity force of the chip element
when projected on the 7 and 6 axes has different
signs, since in the third quarter this force increases
the action of the normal pressure force, and in the
fourth quarter it decreases it.

The kinematic feature of milling is such that at
small values of the chip thickness, the soil is crushed
by the wear area and even by a sharp cutter. This is
due to the fact that small values of the chip thickness
do not provide volumetric destruction of the soil
needed for the cutting process. At the same time,
since the resistance to friction and crushing of the soil
is greater than cutting resistance, the overall loading
of the cutter increases.

In addition, during the rotational movement of
the cutters, energy is lost due to elastic deformation of
the undisturbed soil around the face. The magnitude
of these losses is proportional to the elastic limit
and the total mass of the soil undergoing elastic
deformations, and is inversely proportional to the
square of the elastic modulus.

It is impossible to calculate the additional force
Py, since it is not clear from what value of the chip
thickness the friction process is replaced by the cutting
process and what is the mass of the soil outside the
face experiencing elastic deformations.

Let us project the forces acting on the element of
the cut off chips on the axes 7 and o. In this case, we
lay the normal reaction from the side of the cutter
N, from the normal to the frontal face by the angle
of internal friction, thereby taking into account the
friction force of the chips on the cutter.

We obtain:

{Np + P —Pj. —Pi—R =0;

11
N;,xP’—P).—P’—R" =0, (1

where
N;=N,sin(6+ p+¥); N; =N,cos(6 + 1 +¥); (12)

P:=Psingsiny; P/ = P.sin@siny; (13)



P;. =P, siny; P;). =P, siny; (14)
P =P, sin lﬁ; P;, = P.,sin w (15)

A number of authors [9, 10] determined for soils
the values of shear resistivity K,. The values of soil
adhesion C and the tangent of the angle of friction
tgo in soil mechanics [11, 12, 13] are determined
experimentally. These parameters are determined
at the shear of the normal stress therefore, different
densities. Since the density of soils under the effect of
compression pressure generally increases with depth,
the rheological parameters of the soil determined
in this way are averaged. There are empirical
relationships that interconnect the soil cohesion and
the angle of internal friction with the density and
therefore, the depth of the soil. These dependences,
however, have a small area of application and cannot
be used in general theoretical analysis.

In the Building codes and regulations, when
calculating the permissible settlement of foundations,
another method was adopted for taking into account
the depth of the soil by the value of its bearing
capacity. In this case, the values of adhesion and the
angle of internal friction remain unchanged, and
normal stresses increase by the value of compression
pressure 0

1428 (1+28)7,
T3 T T 31+ e)

z=20,9&", (16)
where £ is the soil transverse deformation coefficient;
7, is specific weight of the soil grains;
€ is the porosity coefficient;
&'is a conditional coefficient of the soil transverse
deformation accepted for convenience of recording.
The K, values were determined for the upper soil
layers. By introducing compression pressure for the
upper soil layers into the shear stress, we obtain:

T=c+(0+0s)tgo = K.+ 0stgd. (17)

Dependence (17) describes averaged changing
the shear stress of the soil as the face deepens.

At the time of the breakdown of the soil, it is true
that

R* R'tgo

ETTRCD (18)
where F is the spalling area,
__bh

Ro=ghs (19)

Substituting the expressions R* and R’ determined
from system (11) into equation (18), expanding the
expressions for the forces emerging into R* and R°
and equating the obtained resistance forces to the
value of N,, we obtain:

__Kbh o,bh | bW’ 0:a:sing N
’ a, Sin¢ a, Sin¢ - 2(11 (20)
T, (1 V)T 2Ra, L

where

Paspen «Crpoutenbctso. TpaHcnopt» W
a =sin(8+pg+y) +tgocos(S+p+y),
a, = ctg (8 + ctgy) (siny + cos Ytgp).

The force arising on the frontal surface of the cutter
cannot fully characterize cutting resistance, since it
does not take into account hydrostatic pressure on
the back face of the cutter. Having projected the N,
force and the resultant of hydrostatic pressure on the
cutter on the k£ and n axes, we obtain:

P.=N,sin(6 + 1) — P,..bh;
P,=N,cos(6+ ) FP,.bh,

where P, is distributed solution pressure on the back
face of the cutter.

The plus or minus sign is placed in front of the
second term of the second equation of system (21)
depending on whether the cutter is pulled into the
ground or pushed out.

Expanding the expression for the force N in
system (21), we find:

1)

) = Hibh | ngl.ngh bho,gasing
assiny  a;siny 2,
+bhpczg[%§(1 _%> - 1] " Wgﬁigfm; 22
P.= aﬁil;lhl/l . ]Zillzfzh . bhp,,Qa'(;?inga N 22)
where a; =

a, @, = a,
sin(S+4)""" cos(6+pu)”

The obtained expressions for P, determine the
cutting force during milling.

It follows from the right-hand side of the
equations of system (22) that the cutting force during
milling depends on the soil resistance to shear, the
depth of the face, the density of the soil, the densi-
ty of the solution, the cutting speed, the feed rate of
the working body, the rate of filtration of the solution
into the soil, the geometry of the cutter, the radius of
the tool rotation.

Let us analyze the effect of various components of
the cutting force on its total value. For this purpose,
we represent the tangential force in the form:

P=B+BR+P+P+P,

where P, is the component of resistance force
depending on the soil resistance to shear;
P, is the component of the cutting force taking
into account compression pressure of the cutter;
P, is the part of the cutting force caused by the cut
off chip weight;
P, is the cutting force occurring due to the action
of hydrostatic pressure;
Ps is the component of the cutting force occurring
as a result of the action of the centrifugal inertia
force.
Equation (22) gives a qualitative picture of the
cutting force with a sharp knife interconnecting
components of resistance to milling that are different

in their physical essence. Let us express in relative
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units the effect of the components of the cutting force
on the cutting forces of the soil during the rectilinear
movement of the cutter on the daylight surface
without the action of hydrostatic pressure on the
bottomhole.

The ratio of the forces arising during soil milling
to the forces of the straight cut will be called the
rotational cutting coefficient K,,, the ratio of the forces
of hydrostatic pressure to compression pressure the
coefficients of hydrostatic pressure K, and the driving

will be

g -B+tBtR+P+DH
o P+P

=K, tK.+K,—2. (26)

The number 2 in the equation is needed since the
cutting force is taken into account thrice [13].

The most significant effect on the cutting force
is rendered by hydrostatic pressure of the mud and
the shear resistance. By adding to the cutting force P;
resistance to cutting on the wear area, the total cutting

depth K.: force can be determined. In further calculations, the
0 B+P+P - P ” Ps; and Ps forces will not be taken into account.
«=TR+p CUtEER (23)
PAP4P B Conclusions
K="p3p =l+tpip (24) 1. The components that depend on the shear
L L stress of the soil and hydrostatic pressure have the
_bBth+Ph _ b reatest weight in the structure of the cutting force.
K.=Sprpr=1+p5p, 25) & g g

2. The values of mass forces, the chip weight and
the centrifugal force do not affect significantly the
cutting force.

3. The rate of the clay solution filtration into the
soil affects the cutting force only in sandy and gravel
soils.

where P,+P; is the cutting force with the cutter
rectilinear movement without hydrostatic pressure
on the bottomhole.

The total coefficient K, taking into account
resistance to milling when operating in the solution
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AHOamna. ®pe3epsik #YMbIC Op2aHbIHbIK MOMbIPAKMbl 0amMblimy epeKwenikmepi 6i3ee monbipakmesi KecyodiH apmypsi
meopusanapbIHbIH MYXbipbIMOapbIH mikenel KondaHyFa MyMkiHOIK 6epmelidi. 3epmmeyOiH, MaKcamel -mornbsipaKmel
hpesepney KesiHOe Kecy KyWiHiH e32epyiH ecKepemiH meopusabiK KoagguyueHmmepdi opHamy 60sbin mabbiaadsi.
Makanada yHfeIMaHbIH myb6iHOe ¢hpesepney KesiHOe monbipaKkmeolH Kecy KyWwiHiH e32epyiHe, KecinzeH HOHKAHbIH
epimiHOiHiH 2udpocmMamuKanbIK HaHe 2U0POOUHAMUKASBIK KbICbIMbIHO YAHE KypanobiH MpPAaeKmopusacCbiHbIH, Ku-
CbIKMbIFbIHA 6alinaHbICMbI AAFAWKbLI AAbIHFOH Mayendinikmep KeamipineeH. Kecy KywiHe ca3 epimiHdiciHiH e2udpocma-
MUKQsbIK KbIiCbIMbl HIHE biFbicy Kedepeici acep emeoi. ymoic wardalinapbiHbiH KoagpuyueHmmepi anviHObl. Koag-
uyueHmmep MonbiPaKMolH canansl KeckiHiH cunammaldliosi. Onap MonsipaKkmoiH MiK Coi3biIKMbl 6y3biaybl Ke3iHoe
KywmepOiH, (ppe3sepney KeziHOe nalioa 60s1amelH Kywmepae KambiHacblH 6epedi.

Kinm ce30ep: kecy Kywmepi, ca3dbl epimiHOi, hpe3eprey, HOHKA 3neMeHmi, monbipaKkmarsl KabbipFa.
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AHHomayusA. OcobeHHocMu pa3pabomku 2pyHmMos pe3epHsiM paboyum op2aHOM He M0380AHM HAMPAMYIO UCTOsb-
308amb 8b1800bI PA3/AUYHbLIX Meopuli pe3aHusa 2pyHmMos. Llensbto Aenaemcsa ycmaHosneHue meopemu4eckux Kosgagu-
YueHmMo8, y4umeol8aoWUX U3MeHeHUe CUsbl Pe3aHUs Mpu hpe3eposaHuU 8 CpasHeHUU € NPAMOAUHelHbIM. B cmamee
npusedeHsbl 8riepsbie rosyvYeHHsble 3a8UCUMOCMU 10 USMEHEeHUO CUsbl pe3aHUs 2pyHmos npu ux gpeseposaHuu om
21yb6UuHbI NPoxo0Ku 30604, 2u0POCMAMUYECKO20 U 2UOPOOUHAMUYECKUx 0asaeHull pacmeopa Ha cpe3aemyro CMpPYMHKy
U KpUBU3HbI mMpaeKkmopuu 08uxceHUs pe3yad. Ha cuny pesaHusa delicmsyrom audpocmamu4eckoe 0asseHue 2uHUCMo-
20 pacmeopa u conpomusneHue cosuzy. lMonyyeHsl KoaghguyueHmeol ycaosuli pabomel. KosghguyueHmeol onucelisarom
KayecmeeHHy KapmuHy cpe3a epyHma. OHU darom coomHoweHue cus npu npamoauHeliHoM paspyweHuu 2pyHma K
CuUMaM, 803HUKAKOUWUM MPU ee (hpe3eposaHuu.

Kntouesble €108a: Cusibl pe3aHUs, 2AUHUCMbIU pacmeop, hpe3eposaHue, sAemMeHm CMpPYHKU, CmeHa 8 2pyHme.
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