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Abstract. Problem. When laying distribution networks in densely built-up cities, significant difficulties
arise due to the need to cross roads, tram and railway tracks. In such cases, installations for
trenchless laying of engineering networks are widely used. At the same time, a well with a complex
trajectory is formed in the soil with the help of soil-piercing equipment. The efficiency of the operation
of machines and installations is ensured by the reliability of the operation of the drill rods, which
transmit the force pressure from the installation to the piercing head. Exaggerated bending of the rods
in curved sections can lead to their breakage and loss of working equipment in the soil. Goal. The
object of the study is the process of the effect of bending of drill rods on their operational reliability
when creating a communication cavity in the soil on curved sections of the route. Methodology. The
work uses mathematical calculation methods to determine the permissible radius of bending of the
pipeline whip, taking into account profile and the physical and mechanical properties of the material
from which the pipe is made. Results. The work establishes the conditions for the reliable use of drill
rods, taking into account the curvature of the puncture trajectory and the critical bending radius of
the rods. The resulting calculation dependencies account for the geometric parameters of the rods and
the mechanical properties of the material from which they are made. The permissible deviations of the
soil puncture trajectory from the axis of movement and the length of the span when correcting the
movement of the equipment and the soil are also determined. Originality. An approach to well design
based on permissible bending radii of drill rods is substantiated. Practical Value. The results of the
work are of great practical importance, which is to increase the operational reliability of drill rods
during trenchless laying of engineering communications.

Keywords: soil penetration, drill rods, earthmoving equipment, engineering communications,
trenchless technologies, motion correction, penetration trajectory, operation, reliability.

Introduction the diameter of the communication that runs
through it. The operational reliability of the
machine or installation is ensured by various
factors. Among them, the most important are
the durability and reliability of the drill rods
used in this case. Considering that this is ex-
pensive equipment, their breakdown or loss
can lead to significant economic losses, as
well as loss of working time to eliminate the
consequences. Therefore, the task of choos-
ing the conditions for reliable operation of
the drill rod is an urgent issue

When laying distribution networks with rela-
tively small diameter pipelines and cables for
various purposes in densely built-up cities,
significant difficulties arise due to the need
to cross roads, tram and railway tracks. In
such cases, installations for trenchless laying
of engineering networks are widely used. In
this case, a horizontal well is formed in the
soil by static puncture, through which a pro-
tective casing in the form of a pipeline is
pulled, the diameter of which is larger than
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Analysis of publications

For laying linearly extended objects, namely ca-
bles, drainage systems and pipelines of various
purposes, when creating trenches, highly efficient
chain multi-scraper excavators of continuous ac-
tion are used [1, 2]. But more effective are knife
machines for deep cutting of soil [3, 4]. The im-
provement of their working equipment is de-
scribed in studies [5].

The technology of guided trenchless laying of
underground communications has been widely
implemented since the beginning of the 2000s and
belongs to modern construction technologies [6].
Their development is associated with the active
development of large cities, which required com-
prehensive provision of the population with energy
carriers, water supply, waste disposal, etc. [7-9].
The use of trenchless machines and installations in
the difficult, cramped conditions of cities required
constant development of navigation devices and
search devices [10-13]. The improvement of
ground-penetrating equipment followed the path of
increasing the intensification of the process of cre-
ating communication wells in the soil [14-16]. The
issues of reliability of construction equipment and
diagnostics of working equipment are considered
in the works [17-19].

The static processes that occur during soil pen-
etration, as the main stage of well formation with a
curvilinear trajectory, were investigated in [20].
Based on the obtained understanding of the pro-
cesses, a mathematical modeling of the interaction
of working equipment with the soil was obtained,
which is presented in such works as [4-6]. The
asymmetric designs of soil penetration tips pro-
posed in [6-9] provide control of the trajectory of
movement. Also, works [1-3] consider the influ-
ence of the angle of inclination of the beveled
asymmetric cylindrical tip of the soil penetration
head on the magnitude of the deviation of the
working body from the trajectory of soil penetra-
tion. However, the analysis of the technological
process and operating conditions of the rods that
occur during controlled soil penetration was not
carried out in these works.

Deviation trajectory

Plot of deviation
from the trajectory

Purpose and Tasks

The purpose of the study is to develop scientifi-
cally based recommendations for determining
the permissible value of rod bending during con-
trolled soil penetration.

To achieve the goal, it is necessary to solve
the following problems. First: determine the
permissible value of the force that the bar can
withstand depending on its design parameters
and the mechanical properties of its material.
Second: establish the minimum bending radius
and the minimum length of the trajectory correc-
tion section

Formation of a well in the ground with a
complex trajectory

It has been established that if the tip shape and
head rotation are changed quickly, it will be
possible to control the trajectory of its move-
ment in the soil (Fig. 1). Since the task of
small-sized installations for static soil penetra-
tion is to form a well with the greatest approx-
imation of its trajectory to a straight line, then
by correcting the guidance of the soil penetra-
tion head, the problem of increasing the dura-
tion of underground puncture sections several
times is overcome, namely from 15-20 m with
a certain accuracy to 50-100 m. From this dis-
tance, the effective use of more complex and
expensive horizontal directional drilling ma-
chines begins. Thus, the issue of increasing
the distance of soil penetration by static action
installations by correcting the movement of
the soil penetration installation in the soil is
relevant, both from a scientific and practical
point of view.

Factors influencing this process are shown
in the diagram in Fig. 1. First of all, it is nec-
essary to establish a critical deviation of the
working body from the initial trajectory, at
which further movement becomes impossible
due to the critical bending of the pipe or push
rod, when its deformation can take a critical
state from the strength condition.

Correction area

Further movement

Fig. 1. Principle of correction of the trajectory of the piercing head
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Secondly, it is known that the transverse
force that deflects the movement of the head in
the soil depends on the angle of inclination of
the cut plane of the tip. This determines the
total deviation of the movement from the initial
axis and the length of the puncture correction
section. Thirdly, the deviation of the movement
is influenced by the physical and mechanical
properties of the soil. Fourthly, when determin-
ing the trajectory of movement, it is necessary
to take into account the stiffness of the rod, the
elasticity of which is determined by the proper-
ties of the rod material and the shape of its
cross section.

To solve the first issue, there are modern
navigation technologies that allow you to de-
termine the coordinates of the head's location
in the soil with a sufficiently high accuracy.
When controlling the drilling of a well by GSB
machines, electromagnetic, laser and cable lo-
cation methods from such well-known manu-
facturers as Digi Trax, Spot-d-Nek, Pipe Hawk
GPR and others are used [3, 4]. But these are
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guite complex and expensive devices. To cor-
rect the movement of the piercing head at rela-
tively shallow depths, you can use the domestic
search device SPRUT - 5 of the Dnipro compa-
ny "KROM", which has a sufficiently high ac-
curacy of determining its location, which is up
to 2 cm at a depth of up to 3 m. The transverse
deviation at the first stage is determined by the
requirements for the accuracy of the puncture.
A deviation from the design exit point of the
piercing head in the receiving pit is allowed
horizontally within +40 cm, and vertically
within £20 cm. If the deviation occurred during
the piercing process, and the distance to the
receiving pit is still sufficient, then it is possi-
ble to correct the piercing.

To establish the conditions for effective con-
trol of the trajectory of the piercing head, let us
consider the technological scheme of its ad-
vancement in the soil (Fig. 2), from which it can
be seen that the process of correcting the move-
ment of the piercing head does not occur simul-
taneously, but in stages.

/

a
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Fig. 2. Scheme for calculating the trajectory of soil puncture

At the first stage, when an unexpected devia-
tion occurs in the AB section, the tip has the
shape of a symmetrical cone. For the correction
process, it is necessary to change it to an asym-
metrical, for example, beveled frontal surface.
Its position should be oriented towards the axis
of the trajectory of movement. With further ad-
vancement of the head, due to the force of trans-
verse action from the soil reaction, its movement
will occur from the starting point B to the max-
imum deviation from the trajectory at point C.
This must be taken into account when setting the
critical deviation point. After the working body
reaches point D, further movement of the head
requires changing the position of the asymmetric
head by 180° until the trajectory of the head
movement reaches the design direction at
point E. Then the tip head must change the
asymmetric shape of the front surface to a sym-
metrical one and move further in a straight line.
If the deviation again reaches its critical value,
the correction process must be repeated.

Determination of permissible deflection force
of drill rods

The main issue in soil penetration is determin-
ing the permissible deflection force of the drill
rods. To do this, we first determine the critical
deviation from the design trajectory and the
distance at which the trajectory correction can
occur with a known width of the obstacle to be
overcome [21, 22].

To do this, we assume that the trajectory of
the puncture must correspond to the line cor-
responding to the permissible deflection of the
pipe from which protective cases or drill rods
are made. The problem is complex. To solve
it, it is proposed to accept the condition that
the rod is made of a solid pipe, and its internal
and external bends are equal to each other,
which are described by the radii of curvature
R (1), and the point of contact of the two cir-
cles D is located at a distance from the initial
axis equal to half the permissible value of the

ABTOMOOiABHHUH TpaHCcHOpPT, Bumn. 57, 2025



26

Mechanical Engineering

rod deflection fmax at point C. The place of
contact with the axis is assumed to be the con-
tact point E.
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Fig. 3. Scheme for calculating pipe deflection
using the radius method

Taking into account the above, the mini-
mum radius of curvature is determined from
the condition of the pipe material strength for
bending. As a result, the dependence (1) is
obtained. Having determined the limiting bend
of the pipeline in the section AB (see Fig. 2)
according to the specified dependence, it is
possible to obtain the limiting value of the
deviation of the rod tip from the puncture axis.
This case corresponds to the minimum length
of the rod deflection line Lmin, and accord-
ingly the minimum length of the trajectory
correction section:

I‘min = 2\/Rmin : fmax _% frr?ax (1)

Knowing the minimum length of the rod
deflection, it is easy to determine at what
depth the force P, it is achieved. To do this,

we will write an equation to determine the
maximum allowable moment from the action
of the transverse force applied to the end of
the cantilever beam (Fig. 4)

2
M (X) = qLé“i” ‘P Lgi" ~W[a,, ] ©)

where q - the driving force of gravity of the

pipe.
Where:

Wlo..,] aL,;
P — bend min
max L 4 (3)

min

Fig. 4. Calculation scheme for determining the
permissible crushing force of the pipeline

According to the obtained ideas about the
stressed state of pipes or rods, we will obtain the
permissible deviation from the puncture axis. If
we imagine that the trajectory of the head
movement relative to this line can pass with a
different radius, then it is possible to determine
the zone of effectiveness of the correction of the
trajectory of movement (Fig. 5), that is, the tra-
jectory, the radius of which is as close as possi-
ble to the permissible bending line of the rod. If
the radius of the rod deflection is significantly
larger, then this leads to an increase in the value
of the deviation fmax beyond the permissible
limits and an increase in the length of the correc-
tion section L , at which it is possible not to

have time to bring the head to the primary axis.

Effective area Ineffective zone
7 AELECHVE ZONE

/
—_— ./
Danger zone Loia

Fig. 5. Zones that may occur when correcting
the trajectory of soil puncture

The desire to reduce the deviation values and
the length of the correction section can lead the
operation of the rods or pipes being pulled into
the dangerous correction zone, when they cannot
withstand bending stresses.

From the above it is clear that by comparing
the maximum permissible crushing force of drill
rods or pipelines with the transverse force that
occurs on a head with an asymmetric tip, in
which the front surface is a beveled plane, it is
possible to obtain a calculated dependence for
determining the critical angle of inclination of
this surface, which has the form

2
ﬂcr=arcctg(fm+ BW[Gien ]~ Al j @

144.E,.D* L,
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where f, - friction force of steel on the soil;
W - static moment of the pipe section

D - outer diameter of the tip; L., - minimum

length of the rod deflection line, m (dependence 1)
The value R, presented in dependence (1)

7-D°-(1-a") is the minimum bending radius and is deter-

W BT a— (5)  mined by the dependence
where o is the coefficient of the internal ratio R - E-D 5
pipeline diameter d to the outside D, ™ 2.0,] ©)

[6..,] - bending strength of the rod materi-
al, N/m?;, q - linear weight of the rod, kg/m?
E, - soil deformation modulus, N/m?;

where E is the modulus of elasticity of the rod ma-
terial, N/m?.

Table 1. Input data on soil properties for determining the critical tip inclination angle

Soil properties in- | Units of meas- Common soil types

cluded in calculations | urement, Tugoplastic clay Semi-hard loam Firm sandy soil
Deformation - modu- N/m? 63.1-104 89.2-104 139.0-104
lus, Egr

riction - coefficient, : 0.325 0.424 0.532

To calculate the critical angle of inclination of
the frontal surface according to formula (4), we will
assume the following initial data: outer diameter of
the rod D =0.0635 m, inner d = 0.040 m, length
I = 0.5 m. Rod material — steel 45, unit weight:
0=140 N/m?% bending strength limit of steel
[G4en] =250...340 106 N/m?; modulus of elasticity

of steel E, =211010 N/m?.

Input calculation data for typical soils common
in Ukraine are given in Table 1.

The minimum bending radius of the drill rod
will be 22.4 m. The minimum length of the de-
flection line under the action of force with

a deviation from the axis of 0.3 m will be 8.2 m.

The static moment of the rod profile will
be 0.0022 m?.

The maximum permissible (or critical) angle
of inclination of the front surface of the working
body for different types of soils will be:

- for rigid plastic clay — 79.24;,
- for semi-hard loam — 71.84",
- for semi-hard loam — 64.7.

The industry produces a variety of different
rods for drilling oil wells, which can be used
when creating wells with machines using vari-
ous methods of soil development (Fig. 6).

Table 2 Characteristics and dimensions of typical drill rods for GNB rigs

. Outer diam-

L tgru (t)irtg:ealrgik eter of the vljzgl? t?]?glz- Length, mm | Bending | Strength
Drilling rig type, rod body, ' radius, m grade
(traction force) part, mm mm NEss, mm
From 150 kN
to0 200 kN 68 60.3 7.2 3000, 4570 45 G105, S135
From 200 kN 79 73 8 3000 60 G105, S135
to 320 kN 82 73 08-10 3000, 4570 65-70 G105, S135
From 320 kN 92 88.9 10 4570 80 G105, S135
to 450 kN 105 88.9 10 4570, 6000 85-90 G105, S135
From 450 kN
10 600 kN 127 102 10 6000 95 G105, S135
More than 600 kN 127 114.3 11.5 6000 98 G105, S135

Table 2 presents the main characteristics
and geometric dimensions of standard drill
rods used in GNB rigs. These parameters are
directly related to the calculated minimum
bending radii of the drill rods, which are de-
termined based on the maximum critical angle

of inclination of the flat front surface on the
working body. The presented data allow for a
clearer understanding of how the structural
features of the drill rods influence their opera-
tional limits and bending capabilities under
working conditions.
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Fig. 6. Typical drill rods for drilling oil wells

Drill rods as a factor in the reliability of the
process of forming wells in soil with a
complex trajectory

Increasing the operational efficiency of trenchless
laying of underground utilities is a modern direc-
tion of scientific research development.

The process of developing horizontal wells is a
complex process in which drill rods are subjected
to complex tensile, compressive and bending
loads. The curvature of the soil penetration trajec-
tory is an important condition for rationally over-
coming obstacles on the route, which cannot be
created without a drill rod of the appropriate de-
sign and material from which it is made.

A method for calculating the minimum angle
of inclination of the flat front surface of the pierc-
ing working body, taking into account the maxi-
mum possible bending of the drill rod and the
physical and mechanical properties of the soil, was
obtained. From the review of previous studies, no
detailed analysis of the operating conditions of
drill rods when forming wells in the soil was
found. The analysis of the process made it possible
to determine its main regularities and choose an
approach for scientific substantiation of the condi-
tions under which reliable operation of the rod is
guaranteed, taking into account the rational trajec-
tory that must be maintained when overcoming
obstacles that arise on the route. For this,

calculation dependencies were created to deter-
mine the minimum permissible radius of curvature
of the puncture trajectory, which is tied in accord-
ance with the minimum radius of bending of the
drill rod. Thus, the goal of rationally laying the
well trajectory was achieved, taking into account
the design of the drill rods and the physical and
mechanical properties of their materials.

Achieving the goal set in the conducted re-
search has important practical significance, which
contributes to increasing the efficiency of drill rods
by creating recommended conditions for their reli-
able operation.

Conclusions

The results obtained allow to increase the opera-
tional reliability of drill rods during controlled soil
penetration and to improve the efficiency of the
process by reducing the radius of the trajectory of
the head movement in the soil with an asymmetric
tip shape in the form of a beveled frontal surface.
Calculation dependencies were obtained that make
it possible to determine the permissible minimum
bending radius of the rod and the length of the cor-
rection section span and which take into account
both the parameters of the drill rods and their mate-
rials, and the bevel angle of the asymmetric tip of
the soil-piercing head depending on the type of soil.

The results of the work have important practical
significance, which lies in increasing the operational
reliability of drill rods and the efficiency of trench-
less laying of engineering communications, which
can be used at the design stage of future routes.
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Excnutyaraniiini - ocodsimBocTi Ta  HaailiHicTh
podortu OypoBHX WITAHI MPH KEPOBAHOMY
Oe3TpaHIICHHOMY NPOKJIA/IAHHI miJ3eMHUX
KOMYHiKamii

Anomauis. IIpoonema. Ilpu NPOKAAOAHHI

PO3NOOIIbHUX Mepedic 6 YMOBAX WiIbHOI 3a0y008u
Micm  GUHUKAOMb 3HAYHI MpPYOHOWI V 38 ’83KY 3
HeOoOXIOHICMIO nepemuHanHs 0opie, MPAMEAUHUX ma
BANIBHUYHUX KONl B makux eunaokax wupoxo
BUKOPUCTOBYIOMBCA YCINAHOBKU 0I5 Oe3MPaHUETHOTO
NpOKNAOanHs [Hocenepnux mepexc. Ilpu yvomy 3a
O00NOMOIOI0  IPYHMONPOKOIOIOUOTO  00NAOHAHHA 8
IpYyHmMI  (POPMYEMbCSL  C8EPONOBUHA 13 CKIAOHOIO
mpaexkmopicio. Egexmusnicms  pobomu  mawiuH i
VCMAHOBOK NpU YbOMY 3a0e3neuyemuvcs HAOIUHICHIO
pobomu oo OYpoeux WMAHI, WO nepeoarons
CUNOBULL HAMUCK 6I0 YCHIAHOBKU HA NPOKOIOIOYY
ronosky.  Ilepebinvuienutl  nepecur  WMaHr  Ha
KPUBOMIHIUHUX ~OLIAHKAX MOJice npugecmu 00 ix
NOAAMKYU Ma empamu poooyoro 0OIAOHAHHS 8 TPYHML.
Mema. O6’ckmom Oocnidxcennss € npoyec Oil
neperuny Oyposux WMAHT HA IX eKCHIyamayiiHy
HaoiliHicmb ~ Npu  CMEOPEHHI  KOMYHIKAYIUHOL
NOPOJICHUHU 6 TPYHMI HA KPUBOJIHIUHUX OLISIHKAX
mpacu. Memoodonozia. B pobomi euxopucmari
MAmMemMamuyHi Memoou pPO3PAXYHKY Ol 6USHAYEHHS

donycmumoro  padiycy nporuHy —mpyoonpoeioHoro
bamory 3 ypaxysamwam ix npogimo ma ¢izuxo-
MeXaHiuHux — eracmueocmel mamepiany 3 AKOIO
3pobrena mpyba. Pesynomamu. B pobomi Oyau
6CMAHOGACHI  YMOBU  HAOIUIHOIO — GUKOPUCTIAHHSL
OYPOBUX WIMAHT 3 YPAXYBAHHAM KPUBUSHU MPAECKIMOPIL
NPOKOLY mMA KPUMUYHOTO paodiycy GUeUHy WMAHL.
Ompumani po3PAXYHKOSBI 3ANEHCHOCHI 8PAX0BYIOMb
2EOMEMPUYHI  NApaAMempu WMAaHI ma MeXaHiuHi
e1aACMUBOCMi  Mamepiany 3 sKOIO GOHU 3POOJIECHL.
Takooic eusHauaiomscs 0ONYyCmumi po3mipu 8i0OXunieHs
mMpackmopii npokony IpyHmy 6i0 oci pyxy ma
006JICUHU POTILOMY NPU KOPEKYIL pyXy 0ONAOHAHHS |
tpyumi.  Opueinanovhicms. O6IpYHMOBAHO NIOXIO 00
NPOEKNMYBAHHSL  CBEPONOBUHU, AKULL OCHOBAHULL HA
donycmumux — paodiycax —3tuHy — Oyposux — wimawr.
Ilpakmuuna uinnicme. Pezyniomamu pobomu marome
8axcauge NpAKMuYHe 3HAYEHMS, AKe NONAIaE )
nIOBUWYEHHI  eKCNIyamayiiHoi HaolHocmi  OYpoux
Wmaur — npu  Oe3MPAHWEnHOMY — NPOKIAOAHHI
IHJICeHePHUX KOMYHIKAYITL.

Knrouosi cnosa: npoxon rpynmy, Oypoei wimaniu,
semiaeputine  pobouye  OONAOHAHHS,  [HIICEHEPHI
KOMYHIKayii, Oe3mpaHuielini mexHoa0Tl, KOpeKyis
DPYXy,  MpAEKmopis  NpOKONy,  eKCHIyamayis,
HaoitiHicmo.
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