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The presence of analytical dependencies
describing the process of static soil puncture by
a working body with a conical asymmetric tip is
necessary to create installations with the ability
to control the trajectory of the soil puncture.

The paper considers the features of the pro-
cess of interaction of an asymmetric conical tip
with the ground. Analytical relationships were
obtained to determine its reactions during a stat-
ic puncture, the deviation of the head trajectory
Jfrom a straight line, to determine the size of the
soil compaction zone and the magnitude of the
destructive force that acts on adjacent commu-
nications and other underground objects. It was
Jfound that with an increase in the value of the
displacement of the top of the cone, for example,
JSrom its axis from 0.02m to 0.08 m with a bore-
hole diameter of 0.2m, the value of soil resis-
tance increases almost four times. The greatest
resistance is achieved when piercing a hard
sandy sand.

It was found that with an increase in the dis-
placement of the tip of the tip cone, the deviation
of the trajectory increases. The piercing head
achieves the greatest deviation from the straight
trajectory of movement with a sharper cone and
a greater asymmetric deviation of its top, and,
Jor example, in hard sandy loam can be up to
0.17 m with a span of 10 m.

It was found that the size of the soil destruc-
tion zone will be almost 1.8 times larger than the
tip in the form of a symmetrical cone and reaches
Jfrom 8 to 12 borehole diameters, depending on the
type of soil. The maximum pressure on adjacent
objects can reach from 0.06 MPa in hard-plastic
clay to 0.09 MPa in hard sandy loam.

The calculated dependences obtained for
determining the power and technological para-
meters depending on the geometric dimensions
of the asymmetric tip of the working body can
be used to create installations with a controlled
static puncture for use in the most common soil
conditions
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1. Introduction

Trenchless laying of engineering communications is ac-
tively spreading in all countries of the world. Among the
existing methods for the formation of wells for the implemen-
tation of this technology, the method of static ground pene-
tration is popular. The main disadvantage of the traditional
puncture method is the lack of accuracy of movement when
piercing the head in the array. To achieve the aim, it is neces-
sary to constantly adjust the trajectory of movement. Motion
control is possible through the use of a general-purpose head
with an asymmetric accumulator and the impact on it of
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postulate-postulate-rotational motion from the power plant.
This process requires a lot of effort and energy consumption.

The trenchless laying of engineering communications is
actively distributed in all countries of the world. Among the
existing methods for the formation of wells for the implemen-
tation of this technology, the method of static ground pene-
tration is popular. The main disadvantage of the traditional
puncture method is the lack of accuracy of movement when
piercing the head in the array. To achieve the goal, it is neces-
sary to constantly adjust the trajectory of movement. Motion
control is possible through the use of a general-purpose head
with an asymmetric accumulator and the impact on it of




postulate-rotational motion from the power plant. This pro-
cess requires a lot of effort and energy consumption. There-
fore, an urgent task is to improve the methods for calculating
the resistance of the soil to a puncture and to ensure the con-
trol of the trajectory of movement of the soil-pubching head
with an asymmetric cone. This is carried out by determining
the magnitude of its deviation depending on the type of soil
and its physical and mechanical authorities.

2. Literature review and problem statement

The development of urban infrastructure constantly
requires the construction of new engineering networks,
imposes certain restrictions on builders [1]. The laying of
underground communications from the digging of trenches
causes significant social problems and economic costs that
arise in connection with the stoppage of traffic, complications
of freight and passenger traffic. Therefore, the trenchless
method of laying underground utilities is becoming more
and more widely used, including when laying large-diame-
ter pipelines, which can be performed in combination with
microtuning methods [2]. The improvement of construction
technologies goes in different directions. One of the ways is
aimed at increasing the efficiency of the control system of the
trajectory of movement of the working body in the soil by in-
creasing the accuracy of determining it in the soil and creat-
ing devices for indicating obstacles in the path of movement
in the form of cables and pipelines [3]. Effective laying of
underground utilities by the trenchless method is ensured by
correctly selected technologies for creating horizontal wells,
which is considered in [4]. The main disadvantage of these
technologies is their cost, which comes from the high cost
of drilling equipment and the cost of work. Of the various
methods available on the market for obtaining technological
voids in soil, static soil puncture is simple and cheap [5]. But
this comparison can only be valid for short track sections
within 25-30 m among the methods that form straight wells.
The laying of pipelines over long distances by the formation
of a controlled leader puncture is considered by the authors
in [6]. But the nature of the tip and the influence of yogic
parameters on the process are not considered.

The general laws governing the processes of ground pe-
netration and the formation of horizontal wells are described
in [7]. The process of interaction of the soil-piercing working
body with the soil was considered in work [8]. But the stud-
ies carried out by the author of this work are aimed only at
increasing the efficiency of the process of penetration into the
soil of a working body with a symmetrical conical tip, but do
not give answers about increasing the accuracy of penetration
or changing the trajectory of the working body in the soil. For
the same reason, the research results in [9] have a narrow dis-
tribution of results only within short distances. The process
of interaction of an asymmetric tip with the ground during
a controlled puncture is not considered in [10]. The destruc-
tive effect of radial soil compaction during the creation of a
well by a static method on adjacent communications, road
foundations and foundations of structures is considered
in [11]. However, calculations of the size of the soil compac-
tion zone around the well are not given. The need to take
into account soil compaction when laying a route near under-
ground structures and utilities is also considered in [12]. But
the determination of the forces acting on nearby communica-
tions from the elastic state of the soil during its compaction

with an asymmetric tip is irreducible. It is possible to reduce
the destruction zone by using the pipe pushing method. Then,
according to [13], soil compaction outward will not occur.
However, the recommendations obtained in the work apply
only to working bodies with ring-shaped tips. Investigations
to determine the force of penetration of the soil with a conical
tip are given in [14]. The dependence of the frontal resistance
of the soil on its geometric parameters is given [15]. It should
be determined that the calculated dependences obtained
in [14, 15] are of an empirical nature and cannot be used for
the case of a soil puncture by a working body with an asym-
metric tip. In contrast to [16], in [17] the establishment of
soil reactions and the magnitude of deviation from the axial
movement of the working body with such a tip were solved
analytically, taking into account the known standard soil
properties. The influence of the pipe material on its pasture,
which determines the rational well trajectory, is considered
in [18]. But studies on the impact on the process of punctur-
ing the soil with a conical asymmetric tip are not given.

Analytical models for calculating the technological and
design parameters of equipment with an asymmetric tapered
tip were not found in the literature search.

3. The aim and objectives of research

The aim of research is to establish the regularities of the
process of ground penetration by a working body with an asym-
metric tip and, on their basis, to develop technological and con-
structive theoretical calculated dependencies for installations
for trenchless laying of underground communications.

To achieve this aim, it is necessary to solve the following
objectives:

— to determine the force of soil resistance to displacement
and lateral deflecting force, which act on the asymmetric
conical tip;

— to determine the amount of deflection of the head with
an asymmetric cone as it moves in the soil mass;

— to establish the size of the destruction zone around the
asymmetric conical tip and determine the force of soil pres-
sure on the adjacent underground communications.

4. Materials and methods for investigating the process
of soil puncture by a soil-piercing working body with
an asymmetric conical tip

The theoretical research methods carried out are based
on the theories of soil mechanics and their cutting, soil punc-
ture and traditional methods of analyzing research results.
Confirmation of the reliability of the results of the obtained
individual provisions of the theory of the process occurred by
comparing them with practical and experimental data.

5. The results of the study of the process of puncturing the
soil with a working body with an asymmetric conical tip

5. 1. Determination of the force of soil resistance to
displacement and lateral deflecting force that act on an
asymmetric tapered tip

The calculated scheme of the action of the soil resistance
forces on the asymmetric conical tip of the soil-piercing
working body is shown in Fig. 1.



Fig. 1. Design scheme for determining the action of soil
resistance forces on a tip with an asymmetric cone

To calculate the force of the axial force of resistance of
the soil to the puncture and its dependence on the value of
the displacement of the apex of the cone, which let’s repre-
sent as the distance x; from its projection onto the x-axis at
point C (Fig. 1).

According to the previously obtained method [17], it is
first necessary to determine the regularity of the change in
soil density along the height of the cone on the basis of the
law of equality of the soil masses before and after its puncture.
To do this, it is necessary to determine the areas of the lateral
surface of the asymmetric cone from the condition of limiting
its sharpening, at which the east of the soil from the walls of
the cone should be provided. To do this, through its geometric
dimensions, consider the tangents of the angles of deflection
of the apex of the cone and tgB,, which have the form:

R+x,
H
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where R — radius of the base of the cone; H — height of the
cone; x; — value of the displacement of the apex of the cone
along the x axis.

To prevent the formation of a soil core of compaction at
the apex of the cone, when the soil is guaranteed to come
off the forming surface, its sharpening should be at least
2B1<50° [5], that is:
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The lateral (half) area of an elementary truncated cone is:
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where dd, — elementary increase in the diameter of the trun-
cated cone at the height oz.
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Thus, the selected area will be equal to:
2
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Let’s determine the law of change of soil density by the
height of the cone on the basis of the law of equality of soil
masses before and after the puncture:
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Then the normal soil pressure in each cross section of the
cone will be equal to:
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formation; ® — natural soil moisture; C. — soil compression
coefficient; p; — density of the solid phase of the soil (the
density of the soil, provided that there are no pores in it);
p. — variable soil density along the height of the cone is
proportional to the change in the cross-sectional area of the

cone; p, — density of the soil in its natural state.
To determine the frontal resistance to punching P, let’s
represent it in differential form:

where E = — compression modulus of soil de-

dP,=q,AS, sinB+ fq,AS, cosp, +
+q,AS, sinf, +quASb2 cosP, =
=q,-AS, (sinB1+fcosB1)+qz-AShz (sinB,+ / cosP,). (10)



Taking into account expressions (3)—(6) after interme-
diate transformations let’s obtain:

If E,=D/2, then this deflecting force would be:

2

P B (14)

8Pp=nEs£,;(f+£)(H—z)382. (11) .
H 2H The dependences of the forces of frontal resistance of the
soil (12) on the magnitude of the sharpening of the asym-
then, after integrating expression (11), let’s obtain: metric cone in the form of the ratio of its radius of the base,
equal to half the diameter of the piercing head to the height

P =nE, E(jq_g)j(]—[_z)g Jz= for different soils are shown in Fig. 2.

2H The dependences of the lateral (deflecting) force P, of the
_TEDH frontal resistance of the soil (14) on the value of the displace-
(f 7) (12) " ment of the apex of the asymmetric cone for different soils

The transverse (deflecting) force P, was determined in
a similar way. Its differential expression is:

oP, =q,-AS, (cosp, — fsinB,)—

-q, 'ASbZ(COSBQ —/sinB,)=

nfE

Integrating (13) let’s obtain:

x,(H- 2) dz. (13)

and diameters of piercing heads are shown in Fig. 3.

The graphs shown in Fig. 2,3 were obtained for the
most common types of grants, in which a communication
cavity can be formed by piercing them with a static method.
The calculations included the following initial data [17]:
soil deformation moduli: sandy loam E;=1.36 MPa, loam
E;=0.892 MPa; clay E;=0.63 MPa. Friction forces of soils
against steel are also laid down: for sandy loam f=0.532, for
loam f=0.424, for clay f=0.325.

As can be seen from the graphs in Fig. 2, with an increase

D 3 in the sharpening of the cone within 50°, the resistance to soil
P =-nfE -—xk_[(H—z) 0z= SO o E i o
x CHOH puncture decreases by 2.2-2.5 times. And from Fig. 3 it can
be seen that when the deflection of the cone is x; from 0.02 m
_ _nfE, D D (- 2)4‘ _ n/E Dx, to 0.08 m, for example, with a borehole diameter of 0.2 m, the
4 HUH 0 4 value of the deflecting force increases almost threefold.
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Fig. 2. Dependences of the frontal resistance of the soil on the sharpening of the asymmetric cone
for different diameters of piercing heads and different soils: a — in solid sandy loam;
b — in semi-hard loam; ¢ — in tight plastic clay
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Fig. 3. Dependences of the transverse (deflecting) force P, of the frontal resistance of the soil on the value of the
displacement of the apex of the asymmetric cone at a distance x, and diameters of piercing heads for soils:
a — in solid sandy loam; b — in semi-hard loam; ¢ — in hard-plastic clay



It is also seen that the greatest resistance and deflecting
force will be when piercing solid sandy loam. This is 3.6 times
more than in hard-plastic clay and 2 times more than in semi-
hard loam.

The results obtained can be waste wood when choosing
the technical characteristics of power plants in accordance
with the technological tasks and the soil environment in
which engineering communications must be laid.

5. 2. Determination of the deflection value of the head
with an asymmetric cone during its advance in the soil mass

In the process of rotation of the conical asymmetric tip
around its axis and the action of an axial force on it, the tip
moves along a rectilinear path. After the termination of the
rotational movement, the tip, under the action of the soil reac-
tion, is deflected towards the fixed direction of displacement
of the cone. As it was established in [17], its maximum devia-
tion depends on the design parameters of the tip and pushing
the rods, their mechanical properties and physical and me-
chanical properties of the soil, is pierced. For this, the drive
rod end is regarded as a beam on a resilient base on which
the reaction of the soil acts. The equation for determining the
deflection (deflection) for such a problem has the form [19]:

P
A =—2—, 15
*TRE,IB] >
where E, — modulus of elasticity of the rod during bend-
ing (E;=2-10" N/cm?); I — the moment of inertia of the cross-
section of the tip; B, — coefficient depending on the ratio of
the stiffness of the rod and the elastic foundation (soil), [19]:

k

=hi 71'?
B” 4ET

(16)
where &, — the bed (base) coefficient (for soils of medium
density, k,=5-50 N/cm?), [20].

For an annular section of the working body and taking
into account dependencies (14) and (16), equation (15) after
re-adjustment will take the form:

Ap=1.96%-#k1, A7)
b D2 Yy4 ﬁi

where y= D/d — the ratio, respectively, of the outer diameter
of the tip to the inner diameter.

According to dependence (14), the deflecting force will
reach its maximum value if the cone is deepened to its entire
height. In this case, the tip will deviate from the trajectory
of rectilinear motion by a distance A,, (17). To evade the tip
from the rectilinear motion path for a certain distance, it
needs to travel a length without torque transmission (with-
out rotation). Their ratio depending on the displacement of
the cone can be written as:

L OS51HD’E,(vy'-1)B;
N - fEska4 ,

(18)

where L — length of movement; S — lateral deviation.

The boundaries of the condition of the east of the soil from
the generatrix of the surface of the cone can be written as:
D
20’
where A=0.1...0.5, or R/H=0.1...0.5.

H=

The results of calculating the ratio L/S depending on
the displacement of the apex of the asymmetric cone x;.and
its height in the form of a ratio R/H for common soil types
are shown graphically in Fig. 4. In the calculations, the bed
coefficient B, was taken from the condition: £,=0.3 MPa, the
modulus of elasticity of the steel rod E,=2-10°> MPa; the mo-
ment of inertia of the cross section I=0.04-D* m*.

B-J 03MPa__0055
""N4-2.10°.0.04D* D '

The following initial data were also included in the
calculations. Modules of soil deformation [20]: sandstone —
E;=1.36 MPa, loam — E;=0.892 MP4; clays — E;=0.63 MPa. Va-
lues of diameters: D=0.05; 0.10; 0.15; 0.2 m, and the ratio=1.5.
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Fig. 4. Calculations of the ratio L/S for common soil types
depending on the displacement of the top of the asymmetric
cone xy for the cases: a — R/H=0.1, b— R/H=0.3;
¢— R/H=0.5; 1— hard sandy loam; 2 — semi-hard loam;
3 — refractory clay

From the obtained graph (Fig. 4) it can be seen that with
an increase in the displacement value of the tip of the tip cone,
the deviation of the trajectory increases. The greatest devia-
tion from the straight trajectory of movement when piercing



the head is achieved with a greater deviation of the apex of the
asymmetric tip compared to the symmetrical one, that is, with
a smaller value of the displacement x. It is also possible to see
that the smaller the angle of sharpening of the tip cone, the
less will be the deflection of the working member.

Thus, depending on the physical and mechanical proper-
ties of the soil and the elasticity of the push rod, it is possible
to determine the rational value of the deflection of the tip of
the asymmetric cone of the tip by piercing the head.

5. 3. Establishment of the zone of destruction and de-
termination of the force of soil pressure on the adjacent
underground communications

The conical tip, in which the vertex is offset by x;, relative
to the center of the base, has a variable length of the cone,
which depends on the variable radius of rotation R, (Fig. 1).

The radius Ry is determined from AOMK based on the
cosine theorem:

R, =+/R*+x}+2x,Rcos¢. (19)
This radius changes with the height of the cone:

R, = %\/R2 +x; +2x,RcosQR, =

= JR*+x%+2x,Rcos g, (20)

where R=D/2 — radius of the base of the cone; H — height
of the cone.

Lets determine the size of the soil destruction zone by
an asymmetric cone on the basis of the law of equality of soil
masses before and after a puncture:

2

nD, T2 2
41 p:Z(Dp—4R¢)pA_, (21)
where p,, — natural soil density to destruction; p,, — average
soil density in the destruction zone after puncture [6]:
Ap,
= ) 22
ps 7\’2 _1 ( )

where A=4.0...6.0 is a coefficient that depends on the type of
soil and the depth of the puncture [6].

From equation (2), taking into account (3), after inter-
mediate transformations, let’s determine the size of the soil
destruction zone:

H_Z\/R2 +x; +2x,Rcos@.

D, = 2R, =2

(23)

That is, the destruction zone depends on the angle of
rotation @, which means that the density of the soil in each
longitudinal section depends on its angle of rotation and the
distance from the base of the cone.

The maximum value of the destruction zone will be
at z=0. In this case, if x;=0; D,=2AR. x,=R and @=0;
D™ =4AR =2\D.

Thus, if the top of the cone is displaced by the value
x;=R, then its destruction zone is 2 times larger than the de-
struction zone of a symmetric cone with the same base radius.

Determine the soil pressure of the asymmetric cone on
underground utilities.

In the first approximation, the regularity of the change
in density p, can be assumed to be linear depending on the
distance from the side wall of the hole along the fracture zone
to the value of D, [5] (Fig. 5):

— 5 (P —p,): 24)
D=7

where pp.x — maximum soil density in the sidewall of the well.

p.=p,+| 1=

p

max
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i Pp
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Fig. 5. The accepted pattern of changes in soil density along
the destruction zone

The dependence, reflecting the regularity of the pressure
change at a distance from the asymmetric conical tip, after
transformations takes the form:

q:(1+m)px(1_pn}:
Cip, P,

—E|1- Py (25)
p,+|1- (Pox —P,)
b, D[P0
L 2 i
Considering that:
Pus P, _ AP
= max n = " n . 26
py, = Dot = P (26)

Then the pressure of compacted soil on underground
utilities is equal to:

! Ab* —4ac.

X 2
D |\ —1
Py

(27)

1+ 1-

The maximum pressure on underground communications

will act if x=0:
2F
= 28

qma_\ }\’2 +1 ( )

For hard sandy loam — ¢, =(0.054...0.066) Ej.

For semi-hard loam — ¢.x=(0.083...0.103) E;.

For hard-plastic clay — ¢unax=(0.103...0.118) E.

If the average soil density in the destruction zone
is, according to experimental data for sandy-clayey soils,




Paw=(1.05...1.1) p,, [5], then the maximum pressure on under-
ground utilities is gmax=(0.09...0.17) E,.

6. Discussion of the results of the study
of the process of controlled soil puncture with
an asymmetric conical tip

The obtained understanding of the processes of soil punc-
ture made it possible to establish the calculated dependences
for determining the components of the soil resistance forces
from the advance of the tip in the massif - the frontal resis-
tance (12) and the lateral force (14). As the calculations of
the frontal resistance of the soil puncture have shown (Fig. 2),
the process involves the application of significant forces on
the equipment. The greatest resistance occurs when piercing
a semi-hard sandy loam, which is 3.6 times more than in
a refractory clay and in fact 2 times more than in a semi-hard
loam. It was also found that with an increase in the sharpen-
ing of the cone within 50°, the resistance to puncture of the
soil decreases by 2.2—2.5 times.

The obtained analytical dependence (14) for determining
the deflecting force made it possible to determine (Fig. 3)
that when the deflection of the cone is from 0.02 m to 0.08 m
with a borehole diameter of 0.2 m, the value of the deflecting
force increases by almost three times.

When determining the deviation of the working body
with an asymmetric conical tip (18), the rigidity of the
working body structure and the properties of the soil me-
dium in the form of the bed coefficient were taken into
account. From the above graph (Fig. 4) it is shown that the
deviation value may differ by more than 4 times depending
on the displacement of the top of the cone and the types of
soil that is pierced.

The definition of the soil compaction zone around the
asymmetric tip and the destructive effect from the stress
state of the soil on the adjacent communications or other
underground structures was established using the law of
conservation of soil masses before and after compaction.
The calculated dependence for determining the compaction
zone for various parameters of the asymmetric cone and soil
conditions is described by formula (23), and the pressure of
stressed soil on nearby communications is determined by for-
mula (27). An understanding of their significance is import-
ant for the practical use of static soil puncture when laying
engineering communications along a complex trajectory.

All the dependences obtained take into account the
parameters of the asymmetric conical tip and the norma-
tive data on the physical and mechanical properties of soils
and are analytical in nature. This is the main difference
from other studies that have been devoted to the process
of ground penetration and are of an empirical nature,
which limits their scope of use [5, 8, 15, 16]. The proposed
analytical dependences make it possible to conduct a com-
prehensive qualitative analysis of the influence of the main
factors that determine the features of the soil puncture by
an asymmetric cone.

The practice of using installations for static soil per-
foration and theoretical and experimental studies of other
authors [5, 8, 15, 16, 21-23] testify to the correspondence of
the calculated values obtained to the real data.

The results obtained regarding existing machines and
installations for trenchless laying make it possible to improve
their technological processes and working equipment. The re-

commendations are limited to the conditions of development
of thawed soils, its most common types. They do not relate to
the conditions for laying communications in frozen soils, in
soils of increased hardness, high humidity and in sands. Their
development requires additional means of intensifying work
processes, which require appropriate further research.

7. Conclusions

1. The provided theoretical substantiation and the regu-
larities of the soil puncture process were established, at the
basis of creating dependencies for determining the compo-
nents of the soil resistance force to the advancement of the
asymmetric conical tip of the working body. The obtained
analytical dependencies made it possible to determine the
influence of the determining factors on the process, such as
the design parameters of the working equipment and the
physical and mechanical properties of the soil environment.
It was found that with an increase in the sharpening of the
cone within 50°, the resistance to soil puncture decreases by
2.2-2.5 times. When the deflection of the cone is from 0.02 m
to 0.08 m with a borehole diameter of 0.2 m, the value of
the deflecting force increases almost threefold. The greatest
resistance and deflecting force will be when piercing hard
sandy loam, which is 3.6 times more than in refractory clay
and in fact 2 times more than in semi-hard loam.

2. The obtained calculated dependence for determining
the deflecting force made it possible to determine the amount
of deflection of the head with an asymmetric conical tip. At
the same time, the design features of the soil-piercing head
and the pushing rod were taken into account, the properties
of the material from which they are made and the physical
and mechanical properties of soils are pierced. It was found
that effective control of the head movement in the soil is
possible if the angle at the tip of the tip cone is less than 50°.
This is a condition for creating a core of the seal, which in
its shape approaches a symmetrical cone, on which forces in
space are balanced, and which cannot affect the deflection
process of the tip.

3. A theoretical substantiation of the process of creating a
soil destruction zone around the asymmetric tip is given and
its dimensions are determined. It was found that on the op-
posite side of the displacement of the cone, this zone is almost
2 times larger in comparison with the usual tip in the form
of a symmetrical cone. The dependence for determining the
regularity of the change in soil pressure at a distance from the
side wall of the hole along the destruction zone is based on
a linear equation. On this basis, the values of the maximum
soil pressure on adjacent communications were obtained,
which is determined by the volumetric deformation of each
type of soil, which reaches 0.06 MPa in hard-plastic clay and
0.09 MPa in solid sandy loam.
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