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Abstract. Among the existing methods of mak-
ing horizontally directed wells for trenchless laying
of utilities, the method of static soil puncture is the
most popular. The main disadvantage of this
method is poor accuracy of the piercing head move-
ment in the soil. This drawback requires constant
adjustment of the trajectory of this movement. The
movement of the head is controlled by using a head
with an asymmetric tip and the action of transla-
tional and translational-rotational motion on it. The
transmission of these movements from the power
plant is accomplished by means of a set of fixed
pushing rods. If you know how the process of off
and on deviation of the head happens, you can make
it possible to automatically control the puncture of
the soil by timely changing the direction of the head
tip shift.

To achieve this goal, the following issues have
been resolved. It is determined that for automated
control of the soil puncture process by static method
it is necessary to use a puncture head with an asym-
metric tip. Changing its position in the soil space
can be controlled by rotating the tip and orienting it
according to the direction of deviation.

The obtained mathematical model of correcting
the trajectory of the head with a truncated cylindri-
cal tip makes it possible to predict the process of soil
puncture in time depending on different soil condi-
tions and to get a solution to the problem of devia-
tion from the specified design trajectory of the tip
head which has a recognized angle of the frontal
plane cut to the horizon with successive build-up of
rods.
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Changing the orientation in the space of the cut front
surface of the cylindrical tip, taking into
account the obtained mathematical model of cor-
recting the trajectory of the head in the soil, allows
to increase the span length to 100 m due to the pro-
posed automated principle of correcting its move-
ment.
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INTRODUCTION

Among the present methods of forming hor-
izontally directed wells for trenchless laying of
utilities, the method of static soil puncture is the
most popular. The main disadvantage of this
method is the lack of accuracy of the piercing
head movement in the soil. This flaw requires
constant adjustment of the trajectory of its
movement. The movement of the head is con-
trolled by using a head with an asymmetric tip
and the action of translational and translational-
rotational motion on it. The transmission of
these movements from the power plant is ac-
complished by means of a set of fixed pushing
rods. If you know how the process of periodical
deviation of the head happens, you can make it
possible to automatically control the puncture
of the soil by timely changing the direction of
the tip head shift.

ANALYSIS OF PUBLICATIONS

Today the requirements for building engi-
neering networks in large cities impose certain
restrictions on their construction [1]. These lim-
itations are particularly relevant to trenching
technologies, which involve digging trenches,
entailing significant financial costs and addi-
tional problems, such as the complexity of
freight and passenger transportation. An alter-
native to them are trenchless methods of laying
underground communications. For example,
laying large diameter pipelines can be per-
formed by micro-tunneling [2]. One of the ways
to increase the efficiency of laying distribution
networks of small diameter up to 350 mm is to
use the control system of the trajectory of the
working body in the ground, which allows by-
passing obstacles in the form of cables and
pipelines [3]. Effective laying of underground
communications by trenchless methods is pro-
vided by correctly selected technologies for
building horizontally oriented wells, which are
considered in [4]. The main disadvantage of
these technologies is their cost, which is caused
by the high cost of drilling equipment and work.
Of the various methods to obtain technological
cavities in the soil available on the market, the
simplest and cheapest is static soil puncture [5].
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But this statement can be true only for small
sections of the route up to 25 ... 30 m, which
often does not meet the real requirements. Over
long distances, pipelines can be laid by using
the method of controlled puncture in making a
leading well, which is proposed in [6]. But the
nature of the tip and the way how its parameters
influence the control process are not considered
by the authors.

General patterns of soil puncture processes
and formation of horizontally directed wells are
described in [7]. The process of interaction of
the soil-piercing working body with the soil is
considered in [8]. However, the research con-
ducted by the author of this work is aimed only
at improving the efficiency of the process of
penetrating the soil by the working body with a
symmetrical conical tip, and does not provide
an answer to the problem of increasing the ac-
curacy of penetration or changing the trajectory
of the working body in the soil.

The review of the technical literature
showed that the issues of soil puncture are con-
sidered in many studies [9 — 14] and practical
recommendations are given in works [15 — 17,
21, 22]. In these works, it is stated that the tip
of the soil piercing head for controlled soil
puncture should have an asymmetrical shape,
for example in the form of a beveled cylinder or
a cone with an offset top. However, the calcu-
lated dependences presented in the works are
empirical in nature and have significant as-
sumptions, which causes meaningful differ-
ences with the real values that arise in specific
soil conditions.

In [18], an analytical model is given for de-
termining the resistance forces of the soil to the
puncture by the head with an asymmetric tip,
including the deflecting force acting on it. The
studies in [19] propose a process control model.
However, the use of these calculated models of
the movement of the working body with an
asymmetric tip in the soil is not considered for
automatic control of the puncture. Therefore,
solving the problem of automatic control of soil
puncture with a soil-piercing head with an
asymmetric tip can be regarded an urgent task.
These issues may also be interesting for the im-
provement of underwater technologies of lay-
ing communication networks [20].
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GOAL AND PROBLEM STATEMENT

The aim of the research is to establish the
possibility of automated control of the process
of soil puncture with an asymmetrically tipped
head, for which it is necessary to address the
following issues:

- to substantiate the approaches to automated
control of soil puncture process;

- to develop a mathematical model of cor-
recting the trajectory of the head with a trun-
cated cylindrical tip.

PRINCIPLE OF AUTOMATED CONTROL
OF SOIL PUNCTURE PROCESS

It is proposed to automate the process of soil
puncture in order to prevent significant devia-
tions of the head from the specified direction.
Since the process of soil puncture is discrete-
continuous due to the suspension of the process
for building new rods, in order to automate the
puncture, it is necessary to measure the coordi-
nates of the head in three-dimensional space af-
ter each section of the puncture starting from
the first rod.

If any significant deviation from the speci-
fied direction is detected, the beveled surface of
the tip must be rotated so that there is a force in
the opposite direction from the deviation rela-
tive to the axis of movement. This process must
be carried out at each site of the puncture where
deviations from the specified direction of the
puncture are detected.

We introduce the Cartesian coordinate sys-
tem with the origin at the point of the head entry
into the soil with the OX axis in the direction of
the puncture (Fig. 1).

The movement of the head under the action
of force P will be created in the plane passing
through the points of O (0; 0; 0), 4 (x1; y1; Z1),
B(x1; 0; 0).

The equation of such a plane has the fol-
lowing form

21y -%12=0 (1)

It should be noted that the segment of line
MN, which is the diameter of the cylindrical
surface of the head also lies in this plane. The
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presence of this fact enables to automate the
control of soil puncture. To do this it is neces-
sary to calibrate the base of the piercing head,
which is shown on the computer display.
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Fig.1. Diagram of the location of the head
and forces in space

The equation of the plane where the deflect-
ing force acts will have the following form:

4
o=arctg—

P-P,=0. Y1 . (2)

when y=0, we obtain:

T
o=zarctgoo==+ E

The deflecting force acts along the Y axis up
or down depending on the sign of Z3
(Fig.2, @). When Z;1=0, we obtain
o=arctg0=0

The deflecting force acts along the Y axis to
the right or left depending on the sign of Y:
(Fig.2, b).

Figure 2, ¢ shows the case when Y1 and Z;
are equal to each other and have the same signs,
the deviation force will act normally to the MN
segment. In Fig. 2d, Y1 and Z; are the same size,
but have different signs. The deflecting force
will act normally to the MN segment.

The other location of the MN segment is de-
termined by the ratio

Z
o=arctg—

Y1 3)
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Fig.2. Diagram of controlling the direction of
the deflecting force of the soil puncture

The magnitude of the deviation force can be
adjusted by selecting the angle of the bevel of
the front surface of the head tip. Theoretical as-
pects of the process of piercing by the head with
an asymmetric tip on the example of its shape
in the form of a truncated cylinder are discussed
below.

MATHEMATICAL MODEL OF COR-
RECTING THE MOVEMENT TRAJEC-
TORY OF THE HEAD WITH TRUNCATED
CYLINDRICAL TIP

The process of soil puncture by piercing de-
vices is discretely continuous. It is stipulated by
the need to suspend the puncture process in or-
der to build-up additional rods for further
movement of the tip head. At each of the con-
tinuous sections of the path the movement of
the tip head occurs in two mutually perpendic-
ular directions due to the axial force. One is in
the direction of the axis of the puncture, and the
other —in the direction perpendicular to the axis
due to the asymmetric force on the head of the
truncated cylindrical tip.

In [11] the force dependences of soil re-
sistance on its physical and mechanical proper-
ties and the geometry of the tip head are estab-
lished. These forces are determined both in the
direction of the puncture and in the direction
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perpendicular to the axis. We apply Newton's
second law to the workflow. In addition, we
take into account the fact that the active force
of the tip movement and the force of resistance
to this movement are proportional through the
coefficient of proportionality. Then Newton's
second law can be written in the form of a dif-
ferential equation at each section of the dis-
placement
2
mi%:P—Q
dt , @)
where m is the weight of the tip together with
the rod;

x is the current value of the coordinate of
movement in the direction perpendicular to the
axis of the puncture;

t is the time of movement of the piercing
head (tip);

P is an active force of movement of the tip
in the direction perpendicular to the axis;

P. is resistance to the movement of the tip in
the same direction.

Moving will be possible if £ ~%c>0
Given this condition, equation (5) will be re-
written as

2
md—;‘ —P(1-1)
dt , ()
where A is the coefficient of proportionality.
As a result of integrating equation (2.132)
under initial conditions

o
o =0 § 4t 7" we obtain
P(1-\
xz—( )tz.
2m (6)

When moving the nozzle head in the direc-
tion perpendicular to the value of S for time ty,
taking into account the relationship between the
values of horizontal L and vertical displacement
of S relative to dependence (7) and specific de-
pendencies given in Table. 1, we can write

S _1- ftgp L
, (7)
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where f is the coefficient of external friction of
the soil;

B is the angle of inclination of the cylinder
truncated plane to the horizon (see Fig. 1);

N is numerical coefficients that depend on
the physical and mechanical properties of the
soil and the geometric parameters of the nozzle
(see Table 2.4 for sand N = 21.3; for loam N =
33.16; for clay N = 46.88). Equating (6) and (7),
we determine the coefficient of proportionality

L 2mL(1-f -tgB)

PNt? (8)
After substituting (8) in (5) we obtain:

d’x  2L(1-f-tgp)

dt? Nt? 9)
Whence

x:(l— f 'th)L-zz

2
Ntl , (10)

where t; is the time of movement of one rod of
the piercing device.

Formula (10) allows us to calculate the value
of the deviation of the puncture trajectory as a
function of time. For a piercing installation with
rods 0.5 m long and a travel speed of 0.033 m/s,
the following deviations of 0.5 m are obtained,
which are given in Table 1.

Table 1. The maximum deviation of the head
of arod on the length of 0,5 m

Deviation of the head (cm)
at the inclination angles
of cutting sites (deQ)
25° 40° 55°
Solid sand 1.62 1.10 0.18

Type of soil

semi-hard |y 16 | 0g7 |41
loam
Refractory |y g5 | 072 | 047
clay
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Fig. 3 shows the results of calculations of the
deviation of y from the axis of the puncture de-
pending on the angle of inclination of the trun-
cated plane of the cylindrical tip to the horizon
for different types of soils. Given that the max-
imum deviations (at a cutting angle of 25 < are
insignificant, which, depending on the type of
soil are within 20...40 cm in the area of 10 m,
correcting the process in these conditions will
require an area of more than 15-20 m. Thus, we
can assume that in the area of puncture up to
100 m long about 3-4 of such areas of correc-
tion can occur.

In the process of puncture there is a change
in the orientation of the frontal cut plane of the
tip relative to the axis of the puncture as a result
of the deviation of the tip head from the design
axis. Fig. 4 shows that in the process of devia-
tion of the tip head from the design trajectory of
the puncture the axial and normal components
of the puncture resistance change, and therefore
so does the deviation force.

1.7
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Fig. 3. Dependence of the deviation of the
head on the length of the rod moving
step on the angle of inclination of the
cut site: 1 — solid sand; 2 — semi-hard
loam, 3 — refractory clay

In the mathematical model (10) considered
above, this factor is not taken into account on
the assumption of its insignificance. To deter-
mine the influence of this factor, the mathemat-
ical model (10) needs to be specified through
the angle of deviation of rod o relative to the
design axis (see Fig. 4).
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The specified mathematical model has the
following form:

2
md—fz P(1-X)cosa.
dt (11)
In our case
2
sino = X cosol = 1—(£j .
L, L (12)
P,
1
< A \ [N ‘
\'\ /B
a ‘\A\ PC >\
N A
\_\.
.\‘ e

Fig. 4. Diagram for calculating the effect
of deviation of the tip head from the
design axis

Then equation (11) will be rewritten as

mdx_ P(1-1) 1—(fj2.

dt? L (13)

Equation (13) is a nonlinear differential
equation; its approximate solution showed a
very slight change in the calculation results
compared to model (10). The error was not
more than 1.5% downwards. This confirms the
sufficient reliability of the use of a linear math-
ematical model (11).

Mathematical model (11) enables to predict
the process of soil puncture in time depending
on different soil conditions. Thus, we have to
get an answer to the question of what will be the
deviation from the specified design trajectory
of the tip head having an angle  of the frontal
plane cut to the horizon with successive exten-
sion of the rods. To do this, it is necessary to
consistently consider the solution of such prob-
lems. At the first stage for one rod
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1-f-tgp
X = 4-ro1o) L
NG (14)
where L. is the length of the first rod.
After that, to determine the deviation of the
two rods, we consider the equation

. d%x 2L, (1-f -tgB,)

2 2

under initial conditions:

dx

x‘tZO:O H Etzo:o

(16)

where L1+ is the length of the first plus the sec-
ond rod; t2 is the time of passage of the second
rod.

The solution of task (15) under condition
(16) gives the following result

_ Lo (1-f-tgB,)

X

’ N . (17)

The total deviation in the i-th section of the
rod will be determined by the expression

_(-ftgpy)
1 N +l’ (18)

where B1, B2, B: are the angles of inclination of
the frontal plane of the tip to the horizon in each
section.

The calculations according to formula (18)
allow us to adjust the deviation of the tip head
in any radial direction (relative to the design
axis of the puncture) in order to reduce or in-
crease it. This is achieved both by changing an-
gle Bi and by rotating the head of the asymmet-
ric tip around its axis.

Thus, changing orientation in the space of
the cut frontal surface of the cylindrical tip
makes possible to increase the length of the
span with an established accuracy of 100 m by
correcting the movement of its head.

UNDERWATER TECHNOLOGIES:
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CONCLUSION

1. It is determined that for automated control
of the soil puncture process by static method it
IS necessary to use a puncture head with an
asymmetric tip. Changing its position in the soil
space can be controlled by rotating the tip and
orienting it according to the direction of devia-
tion.

2. The obtained mathematical model of cor-
recting the trajectory of the head with a trun-
cated cylindrical tip makes it possible to predict
the process of soil puncture in time depending
on different soil conditions and to get a solution
to the problem of deviation from the specified
design trajectory of the head which has a recog-
nized angle of the frontal plane cut to the hori-
zon with successive build-up of rods.

3. Changing the orientation in the space of
the cut frontal surface of the cylindrical tip, tak-
ing into account the obtained mathematical
model of correcting the trajectory of the head in
the soil, allows increasing the span length to
100 m due to the proposed automated principle
of correcting its movement.
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ABTOMATHYECKOE YIIPaBJIeHHE
MPOKOJIOM TPyHTA

Kpasey Cesmocnas, Cynones Braoumup,
Pacynun Bumanuii

AnHotamus. Cpeau CyIIECTBYIOIIUX METOI0B
(opMUpOBaHUS TOPH3OHTAILHO HAIMPABICHHBIX
CKBRXXWH Il OecTpaHIISHHON MPOKIAAKU WHKE-
HEPHBIX KOMMYHHKaHI/II)’I Hauboiee TIOITYJIAPHBIM
SIBIIIETCS. METOJ CTaTHYECKOTO IIPOKOJIA TOYBHI.
['maBHBIM HENOCTATKOM TaKOTO METOJ/a SBJISIETCS
HEAOCTATOYHAA TOYHOCTb ABUKCHUA ITPOKAJIbIBAIO-
e TOJIOBKM B MAacCHBE TPpyHTa. DTO TpeOyeT mo-
CTOSSHHOW  KOPPEKTUPOBKH  TPAaCKTOPHH €€
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JBIDKEHUSA. YTIpaBJiCHHUE ABIKCHUEM T'OJIOBKH OCY-
IIECTBISETCS IMyTEM HCIIOJIb30BAHUSI T[OJIOBKH C
ACUMMETPUYHBIM HAKOHEYHUKOM U JEUCTBHS Ha
Hee MOCTYNaTeNbHOTO U MOCTYMAaTelbHO-BpaIla-
TEIBHOro ABWXKeHHUs. [lepenada 3TuX IBUKEHUN OT
CUJIOBOM YCTAHOBKM IPOUCXOJUT C IOMOIIBIO
HaOOPHBIX (PUKCHPOBAHHBIX MEXKAY COOOH TOIKAIO-
UX MTaHr. Ecau 3HaTh, Kak IPOUCXOIUT MPOIECC
OTKJIOHEHHS TOJIOBKU OT BPEMEHH, TO IIyTEM CBOE-
BPEMEHHOI'O M3MEHEHHUS MOJOKEHUST HAIlPaBICHUS
CMEIICHUS! HAKOHEYHUKA TOJOBKH MOXHO IIOJTY-
YUTh BO3MO>XHOCTh aBTOMAaTHYECKOTO YIIPABICHUS
MPOKOJIOM IpyHTA. 11 TOCTHKEHHSI IOCTAaBJICHHOMN
neinu B paboOTe PEIICHBI CISAYIONINE BOIPOCHL.
OmpeneneHo, dYTO I aBTOMATHU3WPOBAHHOTO
YIOPABJICHUS IPOLIECCOM IIPOKOJa FPyHTa CTaTHYe-
CKUM METOJIOM HEOOXOAMMO MCIOJh30BaTh MPOKa-
JBIBAIONIYIO TOJIOBKY C ACHMMETPUYHBIM HAKOHEU-
HUKOM. VI3MEHEeHueM ee MOJIOKEHUSI B TPYHTOBOM
MPOCTPAHCTBE MOKHO YIPABIIATH IIyTEM BpalllCHHS
HAaKOHEYHUKA U €T0 OPHEHTUPOBKU B COOTBETCTBUU
C HaIIPABJICHUEM OTKJIOHECHUS.

ITonyyenHass MaTeMaTuyeckas MOJENb KOPpPEK-
[IUU TPACKTOPHUH JBUKEHUS TOJIOBKH CO CPE3aHHBIM
MAIHHAPUICCKUM HAKOHESYHUKOM I103BOJISIET CIIPO-
THO3UPOBATH MPOLIECC MTPOKOJIA TPYHTA BO BPEMEHU
B 3aBUCUMOCTH OT Pa3IMYHBIX TPYHTOBBIX YCIOBHI
U TIOJIYYUTh OTBET Ha BOIIPOC, KAKUM OYIET OTKJIIO-
HEHHUE OT 33JJaHHOU MPOEKTHOU TPAEKTOPUU JBUKE-
HUS TOJIOBKM HAKOHEYHHKA, UMEIOIIETO MPUHSATHII
yTOoJI. cpe3a JIOOHOM MIIOCKOCTH J0 TOPU30HTA TPHU
MOCJIEeI0BAaTEIbHOM HapalllMBaHUU IITAHT. I3MeHe-
HU€ OPUEHTAIIUU B IPOCTPAHCTBE CPE3aHHOM J1000-
BOM TTOBEPXHOCTH IIIMHIPUIESCKOTO HAKOHEUHHKA
C YYE€TOM TMOJyYEeHHON MaTeMaTH4YeCKON MOJeNH
KOPPEKLUUU TPaeKTOPUU [BUKEHUSA TOJIOBKH B
MOYBE MO3BOJISIET 34 CYET MPEIJIOKEHHOTO aBTOMa-
TU3UPOBAHHOTO TPHUHITUIA KOPPEKIIMHA €€ JIBHXKE-
HUS MOBBICUTH JUIMHY MpPOJIETa C YCTAHOBIEHHOM
ToYHOCTRIO 10 100 M.

KiioueBble ¢j10Ba: TPOKOJ TPYHTA, COMTPOTHB-
JIEHUE TPYHTA, ACHMMETPUIHBIN HAKOHEUHHUK, YCTa-
HOBKH CTaTHYECKOI'0 MPOKOJIa, YIIPABICHUE TIPOKO-
JIOM, THIIBI TPYHTOB, O€CTpaHIICHHAs IMPOKIAIKA
KOMMYHUKAIIIH, CKBaKIHA.

UNDERWATER TECHNOLOGIES:
Industrial and Civil Engineering, Iss.12 (2022), 55-62


https://doi.org/10.21122/2227-1031-2021-20-3

