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Abstract. Based on the analysis of the developed mathematical model, this
paper proposes optimal operating modes of the vibroimpact device to ensure
the intensification of driving construction piles. It is an original design of a
modern, highly efficient device for driving construction piles, equipped with
a compact, powerful hydraulicimpulse drive unit.To develop a mathematical
model of the construction pile driving technology, the following methods were
used: mechanoreological phenomenology, hydrodynamics,and generalised
laws of mechanics. Mathematical models of the dynamics of technological
processes of driving construction piles with a vibroimpact device are improved
based on a hydraulic impulse drive unit in the form of a spatial non-stationary
formulation of the problem and integral equations of dynamic characteristics
of the moving elements of the drive unit.The study obtained the distribution
of the pressure and velocity of the working fluid in the hydraulic unit of
the vibroimpact device, as well as changes in the kinematic parameters of
the elements of the technological equipment based on the mathematical
model developed by the finite volume method, using numerical modelling
and high-performance computer systems. Optimal modes of operation of a
hydraulic impulse drive of a vibroimpact device are proposed to provide an
intensification of the construction pile driving technology. It was found that
when low-frequency vibration is applied, the driving of construction piles is
intensified. Application of a hydraulic impulse drive that is based on two-
stage vibration excitation allowed implementing the vibroimpact modes of
the device. The average pile driving speed with a vibroimpact interaction is
five times higher compared to conventional driving methods
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INTRODUCTION

The growth of construction volumes is an essential sign
of development as a separate construction industry,and
of the country in general. Due to the large volume of
housing and industrial construction, arises a need to build
more structures in unfavourable soil conditions, which
requires the use of special means, that often complicate
and increase the cost of the construction process of facil-
ities and buildings. The tendency to reduce these costs
and the continuous advance of construction technology
are leading to a wider introduction of pile foundations.
That is why the problem of satisfying the increased re-
quirements for reducing the cost of construction and
increasing labour productivity by increasing the effi-
ciency of the construction pile driving is relevant and
acute (Bullock & William, 2001).

The main and the best way to intensify the pile
driving is the use of vibroimpact loads (Glushak et al., 1992).
Vibroimpact (VI) load is created by a hammer equipped
with a hydraulic impulse drive (HID) (Iskovych-Lototsky
etal.,2018a),the advantages of which include the inten-
sification of the flow of several technological processes,
ensuring optimal load parameters and high-quality re-
sults of technological processing (Fossen & Nijmeijer,
2012). However, the practices of using impact machines
necessitated the solution of some issues, understanding
which is impossible without analysing the effect of im-
pact pulses on the object, as well as without analysing
the dynamics of attachment equipment and the entire
machine under the effect of loads from the working im-
pact mechanism (lvanchuk, 2020). Currently, mathematical
modelling of physical processes is common (Guang &
Min, 2005), using which allows deeply and fully explor-
ing the influence of design and mode factors on the main
characteristics of the construction equipment operation,
to outline particular ways of their improvement while
considerably reducing the amount of experimental re-
search (Kang et al., 2008). Despite the complexity of the
calculations and the assumptions made in the mathe-
matical description of the workflow, which can be clar-
ified upon the accumulation of experimental data, the
perspective of using such models for the development
of effective structures of the VI attachments equipment
for construction based on HID for pile driving, is evident
(Ivanchuk, 2020).

The purpose of this article is to increase the effi-
ciency of the theoretical study of the pile driving tech-
nology through the development of promising mathe-
matical models of the physical processes of operating
the hinged construction HID-based VI equipment. This
will allow achieving several high-quality practical re-
sults: increasing the reliability of determining the oper-
ating characteristics upon designing a hydraulic drive;
the possibility of developing systems with improved
operational characteristics; reducing the time spent on
development of certain technologies.
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To achieve this purpose, the following tasks were
solved:

— to improve the mathematical model of the pile
driving technology based on a pre-made design of the
developed hinged HID-based VI device;

— to determine the hydrodynamic parameters of the
working fluid in the HID, which will allow analysing the
operating modes of the hinged pile driving VI equipment;

— to determine the operating parameters of the HID
to identify the efficient operating modes of the pile driving
technology with a hinged VI device.

THEORETICAL OVERVIEW

The main apparatus of the mathematical modelling of
VI processes includes exact methods of nonlinear me-
chanics based on adjustment solutions (Alessandro, 2016),
describing adjacent intervals of movements of the exec-
utive body. These methods allowed thoroughly investi-
gating the complex dynamic picture of the movements
of several VI machines and revealing many of their inher-
ent fundamental properties. However, the use of these
methods for creation of mathematical models of a wide
range of HID-based VI systems is laborious and limited
by the scope of their application, especially when the
dimension of the systems is increased, as well as when
it is necessary to consider added nonlinear factors and
the complication of the nature of disturbances from the
action of non-periodic and random forces. A generally
accepted approach for modelling VI systems is the asymp-
totic representation of solutions according to the degrees
of a small parameter (Voskresenskiy,2001) upon analysing
the fundamental harmonic components of fluctuation.
It is based on the selection of simpler ratios from their
general mathematical description, while transitioning
to spectral representations (Li et al., 2019) and ideas of
equivalent linearisation (Jorg et al., 2010) but does not
allow finding an acceptable mathematical model for
vibration systems. This necessitates the development
of new methods and approaches to create standard
mathematical models of VI systems for a wide range of
VI equipment.

The increase in speed, energy saturation, and
compactness of the HID for VI machines are greatly in-
fluenced by the physical parameters of the energy car-
rier (working fluid) and the design parameters of the
pressure pulse generator (PPG) (Iskovych-Lototsky et
al., 2018a), which provides control of the function of
VI equipment. This leads to the development of math-
ematical models in the form of systems of differential
equations of motion of the structural HID elements
(Shatokhin et al., 2019) based on an artificial dynamic
model with the given coefficients for the oscillatory
system. The practical implementation of the given ap-
proach is possible only for mathematical models mainly
of low-dimensionality and describes the properties
of objects in a narrow range of variation of operating




parameters such as the amplitude and oscillation fre-
quency of the impulse drive elements. Available practices
indicate that to overcome these difficulties, it is necessary
to formulate a new objective of mathematical modelling
of the pile driving technology by VI machines in a spa-
tial non-stationary form. There is a need to develop new,
more comprehensive and adequate mathematical mod-
els based on a system of differential equations in partial
derivatives with coefficients in the form of integral func-
tions of independent variables (Iskovych-Lototsky et al.,
2018b). At present, he possibility of replacing a physical
experiment with a numerical one, involving the use of
computer modelling methods, is still a relevant issue.

MATERIALS AND METHODS

This paper presents an original methodology of mathe-
matical and computer modelling of the pile driving tech-
nology by HID-based VI systems, considering the specific
features of this class of objects, to ensure high design
efficiency of a corresponding type of technical systems:

1.Based on the design methodology of road-building
machinery with HID, an effective design of a hinged VI de-
vice has been developed, wherein a two-stage pulsator
valve is used as a vibration exciter (Iskovych-Lototsky et
al., 2018a; Iskovych-Lototsky et al., 2018b).

2. Based on a systems-technical approach (Barkan,
1952; Manzhilevsky, 2019; Iskovych-Lototsky et al., 2018b),
structural and functional connections between the com-
ponents of the hinged VI device were synthesised, which
allowed determining the interconnection between the
state parameters of the HID subsystems with the quality
readings of the technological object.
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3.Dynamic characteristics of the movable functional
objects of the HID are described using linear inhomo-
geneous second-order differential equations, where the
free term function is presented in the form of linearised
functions of external forces,and the linearised coefficients
express both elastic and dissipative force connections
of the drive elements and rheological properties of the
processing environment.

4. Mathematical model of the movement of functional
objects of the HID is supplemented with a mathematical
model of the working fluid movement, based on the sys-
tem of nonlinear differential equations, in partial of the
derivatives of Navier-Stokes and the continuity conditions
for viscous fluids.

5.The developed mathematical model of the pile driv-
ing technology is implemented using separate software
packages, which implement a corresponding numerical
calculation method for solving mathematical models
involving simulation modelling methods.

6.The analysis of the results of computer modelling
of the dynamic processes of the HID-based VI system was
carried out, which allowed determining the dynamic
characteristics of the PPG function to determine the im-
plementation of effective VI modes of operation.

RESULTS

For the pile driving technology (Barkan, 1952), a hinged
HID-based VI device was developed, where a two-stage
pulsatorvalve is used as a vibration exciter (Iskovych-Lo-
totsky et al., 2018a; Iskovych-Lototsky et al., 2018b). The
CAD software was used to develop a three-dimensional
model of a mounted HID-based VI attachment (Fig. 1).

Figure 1. Hinged HID-based VI device: a - view of the section from the side of the executive HID body;
b - sectional view from the HID side and the accumulator
Notes: 1 - headpiece; 2 - impact mass; 3 - executive hydraulic cylinder; 4 - elastic elements; 5 - HID; 6 - accumulator; 7 - drain line; 8 - second

stage; 9 - servo valves; 10 - working body
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The mounted inertial HID-based VI hammer (see
Fig. 1) comprises a headpiece (1), which is connected to
the pile and the impact mass (2), which is set in motion
using the HID, which in turn consists of the executive
hydraulic cylinder (3) and the HID (5). The HID is con-
nected to the executive hydraulic cylinder (3) according
to the “inlet” scheme (Manzhilevsky, 2019) through the
hydraulic accumulator (6). This type of HID connection
allows applying a power load to the working body (10)
(plunger) of the executive hydraulic cylinder, which
has the function of changing the impulse forces forms
(Glushak et al., 1992). The HID working cycle begins
with filling the accumulator (6), and, accordingly, accu-
mulating pressure in it up to a certain pre-set value p,,
which is set by the control spring on the servo valves (9)
of the HID (5). Having reached the specified pressure p,,
the second stage valve (8) opens in the HID (5), which
connects the cavity of the accumulator (6) with the
working cavity of the executive hydraulic cylinder (3).
A sharp increase in pressure in the working cavity of the
executive hydraulic cylinder (3) forces the working body
(10) (plunger) to move upward, which forces the inertial
mass (2) to rise while compressing the elastic elements (4).
The movement of the inertial mass (2) upward leads to

the accumulation of potential energy from the action of
the forces of attraction and elastic forces. After a pres-
sure drop p, in the HID system, the opening moment of
which is determined according to the design parame-
ters of the servovalves (9), the inertial mass (2) begins
to move downward, which leads to shock interaction
with the headgear (1), which in turn is transmitted to
the count. In addition, when the pressure in the HID sys-
tem drops to p,, the working cavity of the executive hy-
draulic cylinder (3) is combined with the drain line (7)
using the second stage valve (8). In this case, the drain
line (7) is connected to the supra-plunger cavity of the
actuating hydraulic cylinder (3), additionally creating
loads on the plunger (10) upon the downward stroke.
This design solution gives added kinetic energy to the
impact mass (2), which allows increasing the energy of
the shock load on the headgear (1).

To develop a mathematical model of the pile driv-
ing technology with a mounted HID-based VI device, a
three-component (flat multi-mass) inertial model with
contacts between masses (Fig. 2) was developed, which
allows simulating elastic-plastic deformations of the
soil and the stress-strain state of a pile immersed in the
soil.

Yor

Figure 2. Calculation model of the technological process of driving the piles of the HID-based VI device

Notes: 1 - hull; 2 - boom vehicle; 3 - inertial mass; 4 - plunger; 5 - second stage valve; 6 - first stage valve; 7 - hydro accumulator spring; 8 - check
valve spring; 9 - pressure head hydraulic lines; 10 - pressure channels; 11 - drain line; 12 - hydraulic lines; 13 - pile; 14 - throttle; 15 - hydraulic tank;
16 - first stage throttle; A - lower internal pressure chamber of the second stage valve; B - cavity of the hydro accumulator; C - pressure cavity of device 1;
D - internal pressure chamber two-stage of the pulsator valve; E - upper internal pressure chamber of the second stage valve; T - drain cavity of device 1;
K - internal pressure chamber of the first stage valve; c, - the coefficient of the forces of viscous friction between the walls of the body of the device 1 and
the second stage valve 5, ¢, - the coefficient of the forces of viscous friction between the walls of the body of the VI device 1 and the first stage valve 6,
¢, - coefficient of viscous friction forces between the walls of the body of the device 1 and the check valve 8; c, - the coefficient of the forces of viscous
friction between the walls of the body of the device 1 and the accumulator 4; ¢ - coefficient of forces viscous friction between the walls of the body
of the device 1 and the inertial mass 4; c, ¢, - are the vertical and horizontal components of the coefficient of viscous friction forces of the damping
component of the shock-absorbing unit connecting the HID device with the boom vehicle 2 (Manzhilevsky, 2019); k, - is the stiffness of the valve spring of
the second stage 5; k', k", - is the stiffness of the valve spring of the first stage 6; k, - is the stiffness of the check valve spring 8; k, - is the stiffness of
the accumulator spring 4; k - is the stiffness of the spring of the inertial mass 3; k ., k_- is the vertical and horizontal components of the stiffness of the
elastic component of the shock-absorbing unit of the connecting HID device with the boom of the vehicle 2 (Thiimmel, 2012);y', - is the pre-tension
of the valve spring of the first stage 5; y', - is the pre-tension of the inertial mass spring 3; X" ,, X',, - is the pre-tensioning of the valve springs of the
first stage 6, y' ..~ is the pre-tension of the check valve spring 8, X', - is the pre-tension of the hydro accumulator spring 7; M, - mass of the device;
M - mass of the inertial mass 3; m, - mass of the second stage valve 5; m, - mass of the first stage valve stage 6, m, - mass of the check valve 8 with;
m, - mass of the hydro accumulator 7; S,, - small surface of the second stage valve 5; S,, - external surface of the second stage valve 5; S,, - small
surface of the first stage valve 6, S,, - external surface of the first stage valve 6, S; - surface area of the check valve surface 8; S, - inner surface of the
hydro accumulator plunger 7; & - is the second stage valve overlap 5; g - acceleration of gravity
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The absolute xOyz and the movable coordinate
system x'O’’z’ are introduced, which are rigidly con-
nected to the hull (1) of the attachment with a mass M,
and the movable coordinate system x"0"y"z" is rigidly
connected to the submerged pile (13) (see Fig. 2). It is
expedient to divide the pile driving technology with a
hinged HID-based device into two periods: the period
of accumulation of kinetic energy and the period of im-
pact interaction of the inertial mass (3) by driving the
pile (13) into the soil (Bingham et al., 2000). The period

where: ps(t) is the function of changing the pressure of
the working fluid in the internal cavity hydraulic channels
of the VI device; j:pf(t)dsy' ﬁ ps(t)dS, are the correspond-
ing components of the forces, acting on the inner surface
S of the cavity of the hydraulic channels of the device;
N, are the vertical components of the reaction forces
of a cylindrical support of the second stage valve (5) on

the body of the two-stage pulsator valve; N, are the

Ivanchuk et al.

of accumulation of the kinetic energy of the HID by the
device consists of the characteristic working movements
of the locking elements (5-7) and the plunger (4). In turn,
the period of impact interaction is characterised by vis-
coplastic deformations of the soil and the stress-strain
state of the pile (13). Next, this study considers the working
period of the accumulation of kinetic energy in more detail.
The equations of motion for body (1) of a device (see Fig. 2)
with mass M, is written as follows:

—Mj=-M g +k (v, + ¥) + k(i + V) +k(yy + ) —
~[[ ps)dS, + ¢, 3+ .3+ .3 + i = Nyg, = Nog, = Ny,
S

—M i =—[[ ps(6)dS, +2¢,5 + 2k x — I (x), — ;) +
s

! !’ U ’ U . ./
+h, (xoz + xz) +ky (X, +X3) + X0, = €4%, — Nog,

vertical components of the reaction forces of the check
valve (8) on the conical support device body (1); N,
is the reaction force of the inertial mass (3) into the
device body (1); N, is the horizontal component of the
reaction forces of the first stage valve (6) on the body
of the device (1).

The equations of motion for the inertial mass (3)

weighing Mg are as follows:

My ==Mg—k(y; + )+ [[ ps(0)dS — i} + Ny, @
N

where p(#) is the function of changing the pressure of
the working fluid in the internal pressure C and drain
T cavities of device (1); [[ »s®)ds is the corresponding
components of the forces, acting on the inner surfaces
§ of the plunger (4) of the inertial mass (3); N,, is the

30

reaction force of the device body (1) to the inertial mass (3).

Since the first stage valve (6) along the y-axis
moves together with the body of the hinged VI device (1),
the equation of motion for the first stage valve (6) with
mass m, along the x-axis is as follows:

mzjéz = k2” (xgz - x; ) - ké (x(’n + x; ) - sz; + _U pszz—s21 (t)dS + NGOx (3)

where Ps, s, () is the function of changing the
pressure of the working fluid in the internal pressure
chambers D and K two-stage of the pulsator valve;
)P, (045 s the corresponding components of the
forces acting on the inner surface of the S, S, of the

S0=8

first stage valve (6); N, is the horizontal component of
the reaction forces of the housing of device (1) on the
first stage valve (6).

Equations of motion for the second stage valve (5)

with mass m

m 3, =—mg—k (yo +y)—cy + ” p(slfs”)(t)dS"‘Nsoy (4)

where p¢ ¢ (#) is the function of changing of the
pressure of the working fluid in the internal pres-
sure chambers A, E of a two-stage pulsator valve;
N P55 (0495 are the corresponding components of
the forces acting on the area S S, of valve surface of

the second stage valve (5); N, is the vertical components

(SIZ_SII)

of the reaction forces of the device body (1) on the lower
cylindrical surface of the second stage valve (5). Since
the plunger valve of the accumulator (7) on the y-axis is
moving together with the hinged device (1), the equations
of motion for the plunger of the hydro accumulator (7)
with mass m, along the x-axis are as follows:

m, ==k, (v, +x,) =&, + [[ ps, (6)dS (5)
Sy
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where pg ¢ (¢) is the function of changing the
pressure of the working fluid in the internal pressure
chambers D and K of the two-stage pulsator valve;
J.J-p& (t)dS is the corresponding components of the
Sy

where pg (¢) is the function of changing of the pres-
sure of the working fluid in the internal pressure cham-
bers A, E of the two-stage pulsator valve; _f Ps, (DS
are the corresponding components of the forces acting on
the surface area S, of the surface of the check valve (8);
N, are the vertical components of the reaction forces
of the device body (1) on the conical surface of the
check valve (8).In this case, it is a neglect of the inertial
forces of the working fluid acting on the working parts
of the HID as bearing an insignificant contribution to
the changes of the device movement in general. To fully
write down the mathematical model of the VI device

_” Ps,, s, (H)dS < kyxg, —

SZZ_SZI

forces acting on the inner surface S, of the plunger of the
hydro accumulator (7).

Equations of the motion for check valve (8) with
mass m, are as follows:

my, = Ny, —ky (Vo3 +15) — 6304 "'J.J.ps3 (H)dS —m,g (6)
S;

operation, it is necessary that the operation of the HID
for the corresponding working phases of the two-stage
of the pulsator valve is considered.

Pressure build-up phase. In this phase, the first
stage valve (6) and second stage valve (5), as well as
the inertial mass (3) with the check valve (8) are at rest.
At this phase, the second stage valve (5) overclocks the
pressure chambers A and C, causing a pressure build-up
in the cavity B of the hydro accumulator (7). In this case,
the cavity 4 is connected to the cavities D and £ through
the pressure channels (10). The initial conditions for this
phase 0=t<¢,_are as follows:

2o [ Dsus,) ©OdS <k J [ ps, (0dS <kyis;

(SIZ_SII)

(7)

Do) = Ji(0) = 35 (0) = 0.5 (£) = 0,0 < X (1) <

where X, . is the maximum stroke of the plunger of the
hydro accumulator (7).

Pulsator valve actuation phase. In this phase, the
first stage valve (6) opens, since the pressure in the cavity
D acting on the working area S, —S,, got equated with
the force adjustment of the sprlngs k"xg2 kyx;, . The
first stage valve (6) leads to a pressure change in cavity
E, causing a pressure drop across the working area S, -S|
of the second stage valve (5) and making it move upward.

For this phase t_<t=t , the initial conditions (Eq. 8)
are written. The phase of the rise of the inertial mass (3).
At this phase, there is a communication between the
pressure cavities 4, B, and the cavity C. At the same
time, the internal cavities D, K, E are connected through
the drain lines (11-12) and a throttle (14) with a drain
cavity 7. The combination of cavities 4, B, and C through
the piston (4) makes the inertial mass (3) move up:

H Ps, s, (S = kxg, — kixg,5 ” Pis,-s.) (t)dS 2k Yo ijs (DS <kyyos;

S227S21
Vo) = 73() = 0; 0<y{(1) <6 Ngy, =
N,

where x;max is the maximum stroke of the first stage
valve (6), 0 is the overlap of the second stage valve (5).

[[ po. s, 0dS >kt —k

where y/ is the maximum stroke of the second stage
valve (5); y(;max is the maximum stroke of inertial mass (3);
y;max is the maximum stroke of the check valve (8).

The phase of lowering the inertial mass (3). At
this phase, there is a drop in pressure in the cavity C and
through the hydraulic lines (9, 12) the working fluid

Scientific Horizons, 2022, Vol. 25, No. 1

(8- Sn)

6x = 0’ (8)

05y =N50y =0’0Sx;(t) Sxémax;osx:l(t) S'xé,lmax

For this phase t, <t<t ,the following initial con-
ditions are recorded as follows:

xoz; jj Ps,-s,) (t)dS>k1yow

S227SZI (SIZ Sll)

[[ Ps, (1S 2 k,y56 < 31(0) < Vs 02X (0) € X ©)
s,

NOSy:NSOyZO;NOG.r:me 0; Nos; N80y 0; N30y N03y =0

flows into the drain cavity 7 and, accordingly, into the
hydraulic tank (15). At the same time, the first stage
valve (6) returns to the initial position and causes the
overlap of the cavities K and D, while the throttle (16)
allows the working fluid to drain into the drain line (11).
After the overlap of the cavities K and D, the pressure in




the cavity £ drops, which forces the second stage valve (5)
to rotate to its original position.

8227‘5‘21

The period t, <t<t _ of the impact interaction
of the inertial mass (3), the immersed pile (13) with
the soil (17), is being considered (Fig. 3). Experimental
studies of the immersion impact of piles (Manzhilevsky,
2019; Goncharevich, 1981) indicate that the immersion
occurs as follows. During the inertial movement of the
submerged pile (13), deformation of the soil occurs upon
contact with the conical surface of the submerged pile
with an inner cone angle a. Multiple frequency deforma-
tions of the contacting soil layer (17) contribute to the
opening of internal cracks and to the accumulation of
residual deformations, which, as a result, reduce the frac-
ture stress and contribute to a relative displacement with
subsequent compaction of the contacting soil layers (17)
with the surface of the submerged pile (13). Consider-
ing the given regularities of the submersion process,

(l—l)fm)'é = N13,17x

(l_i)émy = N13,17y _cy(j’_).’o)_ky(y_yo)a

where (1-1)¢m is the vibrational free mass of the soil
layer 17; x, y are the mass movement (1-4)¢m towards X,
y axes; x,, y, are the mass movement A{m towards the

’h

[ s (DS 2 kyyigs 0< H(0) < ¥ips 0K (0) < X 5
S

Ivanchuk et al.

For this phase t, S t<t , the initial conditions (10)
are recorded as follows:

[[ Pows, @ds =k ~kxts ([ ps, ) (0dS 2 ki
)

(Slzisll

Os‘x:t(t)gx;max; Osy(,)(t)sy(’)max; Osyé(t)sy;max;
NOSy :NSOy =0; Ny, = N, =05 N08y :NSOy =0; N30y :N03y =0

a phenomenological model of the soil layer has been
developed, which is subjected to shock strain from the
conical surface of the submerged pile (13) (see Fig. 3).
The soil model is a trimass-elasto-viscoplastic rheological
body (Israelashvili, 2004; Magnus et al., 2008). Elastic
deformations of the model are reproduced by radially
distributed elastic elements with vertically and hori-
zontally constituent stiffness coefficients ky and k , and
dampers with vertically and horizontally constituting vis-
cous resistance coefficients ¢ and ¢, respectively.

The process of deformation (destruction) and
displacement of the two-mass model of the soil layer
in projections on the x, y axis at the stage t, St<t
spring-viscous deformation of the soil layer is described
by a system of differential equations as follows:

—c,(X=X) =k (x—x,);

(11)

axes Xy, ¥; Ny, 1, are the components of the reaction
forces of pile 13 with soil 17 from the interaction with
a conical surface /-1.

Figure 3. Dynamic model of the VI pile driving
Notes: 3 - inertial mass; 13 - pile; 17 - soil; I-I - conical pile surface; II-1l - cylindrical submerged in the ground 17 pile surface 13; k # k. - vertically and
horizontally constituent stiffness coefficients, respectively; c G = vertically and horizontally constituting viscous resistance coefficients, respectively; (1-&)
m - specific gravity of interacting soil 17; (1-2)ém - is the vibrational free mass of the soil layer 17; im& - mass of the contacting soil layer 17; kﬂy ik, -are
the vertical and horizontal components of the deformation coefficients; m; - mass of the pile 13, o. - pile cone angle; [, - submerged pile length; [ - total
pile length; L, - length of the vertical part of the pile buried in the ground; F, - specific reaction force of the soil 17 during the interaction of piles 13 along

the vertical plane 1I-1I; g - acceleration of gravity
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Plastic deformations of the soil layer 17 at the
stage t St< t ,are described by the following equations:

(1 —/1)§m)'c' = N13,17x —k, (x—x.");
(1=2)gmj= N,y 0, =k, (v =)

where kI1y i k_are the vertical and horizontal components
of the deformation coefficients.

Equations of motion for the y-axis of the pile 13
of the VI device with mass m; is as follows:

(12)

Is
my=msg+ Ny, _N17,13(Sina+ﬂy)_ﬂyJ.Eldy (13)
0

Is
where !F’ldy is the reaction force of the soil (17) with
interaction with the pile 13 along the vertical plane //-17;
1, is the vertical component of the soil (17) and pile (13)
friction coefficient; N, ,is the component of the reaction
forces of the soil (17) from the interaction with the conical

surface /-1 of the pile (13); N; ;5 is a compound of the

B 15570007
W 919300008
 s.50160-00

7.084e+006
| 5.6663e+006
W 424670000

B #2060
W 1421900008
B 2.6396¢.006

reaction forces of the inertial mass (3) with the upper base
of the pile (13).

DISCUSSION

The mathematical model of the pile driving technology
involving a HID-based VI device, which is represented
by the systems of equations (1-13) and additionally by the
Navier-Stokes hydrodynamics equations (Iskovych-Lototsky
et al., 2018b; Iskovich-Lototsky et al., 2019), was imple-
mented according to numerical modelling methods based
on software systems FlowVision (Iskovich-Lototsky et al.,
2019), Matlab Simulink (Iskovych-Lototsky et al., 2018a;
Shatokhin et al., 2019) powered by computing clusters
of the V.M. Glushkov CS Institute of Cybernetics of the
NAS (National Academy of Sciences) of Ukraine (Yarovyy
etal.,2012).The result of the calculation in the FlowVision
software package was the distribution of pressure (Fig. 4,
a) and velocity (Fig. 4, b) of the working fluid in the HID
cavities.

zzzzz

sssss

41484
0.00552

b)

Figure 4. Distribution of pressure (a) and velocity (b) of the working fluid in the HID cavity
of the VI device for pile driving

The numerical result of the calculation in the
FlowVision software package is the diagrams of changes

P,MPaA
20.0¢4
15.0%
10.0%1

501

]

Q<
Q

'

0

in the integral value of pressure in various HID cavities
of a VI device for pile driving (Fig. 5).

Figure 4. Diagrams of pressure changes in the HID cavities of the VI device for pile driving

Notes: 1 - change in pressure in the accumulator cavity; 2 - pressure change in the pressure chamber of the executive hydraulic cylinder; t o~ charging
time of the accumulator; p, - pressure pulsation amplitude in the executive hydraulic cylinder; p, - pressure pulsation amplitude in the accumulator
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The next result of the calculation in the FlowVi-
sion software package is the diagrams of changes in the
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movement of the moving elements of the HID of the
VI device for pile driving (Fig. 6).

2.8

2.0 t-10°',sec

Figure 6. Diagrams of changes in the movement of movable elements of the HID of a VI device for pile driving

Notes: 1 - change in the displacement of the impact mass; 2 - change in the movement of the accumulator; 3 - change in the movement of the first
stage valve; 4 - change in the movement of the second stage valve; H__ - oscillation amplitude of the impact mass

Additionally, using the Matlab Simulink software
package, motion diagrams (Fig. 7) of a pile submerged

y”ﬂ 2‘ y? am ‘y’,’m‘

into a soil layer of the “quartz sand” type were obtained
during a two-time impact interaction.

’sec 'Sec 0.50
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4201 06 0.10

28.0¢ 0.4 )

14.01 0.2
0 0

.

20 24728 32 34 36 40¢.](sec

Figure 7. Diagrams of the change in the kinematic parameters of the pile submerged during operation
of the HID-based VI device
Notes: 1 - change in the movement of the submerged pile; 2 - change in the speed of the pile submerged driven; 3 - change in the acceleration of
the submerged pile; 4 - experimental data on changes in the displacement of a submerged pile (Manzhilevsky, 2019; Guo et al., 2014)

In the middle of the second stage valve cavity (8)
(see Fig. 1), the pressure is considerably higher than in
the lower cavity of the first stage valve (9), and this differ-
ence is approximately 1.5 MPa (see Fig. 4, a). This pres-
sure difference creates an added force that allows the
second stage valve (9) to move while connecting the
pressure cavities of the accumulator 6 and the hydrau-
lic cylinder (3). It is also noted that the pressure in the
drain channel after the first stage valve (9) is 1.5 MPa is
bigger than in the main drain channel (7) of the HID (see
Fig. 4, a). This fact indicates the high efficiency of the
throttle assembly (14) (see Fig. 1). The use of an added
control stage in the form of the first stage valve allows
considerably reducing the dimensions and, accordingly,
the total weight of the control hydraulic equipment.
Figure 4, b, demonstrates the extreme velocity values
in the pressure channel (9) of the executive hydraulic

cylinder (3) (see. Fig. 1), which is a consequence of the
movement of the total flows of the working fluid from
the hydraulic pump and accumulator. The second stage
valve (8) is under an additional action of a dynamic force
occurring from the velocity head in the middle of the
valve itself at the conical chamfer. This added component
of the hydrodynamic force requires an additional increase
in the rigidity of the elastic element of the second stage
valve (8) (see Fig.1).

The analysis of the pressure diagrams (see Fig. 5)
demonstrates that at the opening phase of the second
stage valve (8) (see Fig. 1), the pressure in the pressure
cavity of the actuating hydraulic cylinder (3) is 3 MPa
more than the maximum pressure in the cavity of the
accumulator (6), which is a consequence of hydraulic
shock (Wilcox, 1994; Teng et al., 2010). In addition, during
the second period of the pressure drop phase in the
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pressure cavity of the actuating hydraulic cylinder (3),
there is a certain pressure drop by 2 MPa compared to
the nominal initial pressure in the hydraulic system. This
phenomenon indicates the presence of weakness in the
working fluid (Wilcox, 1994; Sevostianov et al., 2021).
The presence of pressure pulsations in the second phase
of the pressure drop (see Fig. 5), both in the cavity of
the accumulator (6) and in the pressure cavity of the
actuating hydraulic cylinder (3) (see Fig. 1) indicates
the presence of accumulated resonance phenomena in
the working fluid and is the result of the presence of
wave processes in a moving working fluid (Iskovych-Lo-
totsky et al., 2018a; Iskovych-Lototsky et al., 2018b; Wil-
cox, 1994). The diagram in Figure 5 suggests that the
amplitude of the pressure pulsations for the pressure
cavity the accumulator p,=8 MPa, and for the pressure
chamber of the executive hydraulic cylinder p,=12 MPa.
The accumulator build-up time (energy storage time) is
t,=0.14s.

Analysis of the diagrams of changes in the dis-
placement of the movable elements of the HID of the
VI device for pile driving (see Fig. 6) allows determining
the following operating parameters of the technological
process:

- the oscillation amplitude of the impact mass of
the HID H_=140.6 mm, the first stage valve - 6.0 mm;
the second stage valve - 8.0 mm; hydroaccumulator -
48.2 mm;

- the frequency of operation (vibration) of the shock
mass and, accordingly, the device itself is 5.8 Hz.

The diagram of the change in the kinematic pa-
rameters of the pile being driven during the operation
of the HID-based VI device (see Fig. 7) suggests that the

depth of immersion during the first shock interaction,
on average, is 0.23 m, and during the second - 0.18 m.
Average pile sinking speed at the first impact interac-
tion is 0.4 m/s, and at the second - 0.27 m/s. The aver-
age acceleration of pile sinking during the first impact
interaction is 35.0 m/s?, and at the second - 28.0 m/s.
Average error in approximating the change in the dis-
placement of a submerged pile in a soil medium of the
‘quartz sand” type in comparison with experimental
data amounted to 10.40% (Manzhilevsky, 2019; Guo
et al., 2014), which allows considering the developed
mathematical models highly adequate to real systems
(Mori, 2017; Palm, 2007; Shabana, 2019; Spreemann &
Manoli, 2012).

CONCLUSIONS

As a result of the performed research, the authors of this
paper offer a design of a VI device for pile driving with
a highly efficient and compact HID based on two-stage
pulsator valve. A mathematical model has been improved
for studying the pile driving technology for a HID de-
vice based on the laws of hydrodynamics using mech-
anoreological phenomenology and generalised laws of
mechanics.

Based on the developed mathematical model by
finite volume methods using numerical modelling, work-
ing dependences were obtained to determine the main
performance characteristics of the pile driving technol-
ogy using the HID-based VI device. Comparative results
of numerical modelling of the pile driving technology
demonstrated the advantages of the chosen design ap-
proach and proved the efficiency of the developed HID
design based on a two-stage pulsator valve.
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MopenioBaHHSA TEXHONONYHOro Npouecy 3aHypeHHs nanb
Bi6poyaapHMM NPUCTPOEM 3 rigpoiMnyNbCHUM NPUBOAOM

fApocnas Bonoaumuposuu IBaHuyk, Onekcanap JMutposuy MaHxinescbkuit,
Pycnan CranicnaBoBuy benseubkuii, OnekcaHap AmutpoBuy 3amMmkoBuii, PomaH IropoBuy NMaBnoeuy

BiHHMUbKMIA HALiOHANbHWUI TEXHIYHWI YHIBEPCUTET
21021, Byn. XMenbHuUbKe woce, 95, M. BiHHMuA, YKpaiHa

AHoTauis. PospobneHa MaTeMaTMyHa MOAEb TEXHOMOrYHOIO NpoLiecy poboTu BibpoyaapHOro NpUCTpoto A1 3aHYpPeHHS
byniBenbHUX Nasb Ha 6a3i rigpoiMnynbCHOro NpMBoay. Ha 0CHOBI aHanisy po3pobneHoi MaTeMaTMUYHOI MOAENi 3anponoHOBaHO
ONTUManbHI pexxnumMm poboTK BibpaLifMHOro NpucTpoto AN 3abe3neyeHHs iHTeHCHikaLii NpoLecy 3aHypeHHs nanb.
3anponoHOBaHO OpUriHaNbHY KOHCTPYKLLiK CY4acHOro BUCOKOE(MEKTUBHOIO NMPUCTPOI ANt 3aHYPEHHS OyLiBeNbHUX
nanb, SKUM OCHALLEHO KOMMNAKTHUM MOTYXXHUM TiApoiMNyNbCHUM NpUBOAOM. N po3pobKM MaTeMaTUUYHOI MoAeni
TEXHONOrYHOrO NPOLLECY 3aHYPEHHS Naslb BUKOPUCTOBYBANMCh METOAN MEXAHOPEOOriYHOI (peHOMEeHONOTIi, MApoaAMHAMIKK
i y3aranbHeHi 3aKOHM MeXaHiKW. YLOCKOHaNeHo MaTeMaTUYHI Moaeni AMHAMIKM TEXHONOMYHMUX NPOLECiB 3aHYPEHHS
nanb Bi6pOyAapHUM NPUCTPOEM Ha 6a3i rigpoimMnynbCHOro NpMBoAa, y GopMi NPOCTOPOBO-HECTALLIOHAPHOI MOCTAHOBKM
3a4a4i Ta iHTerpanbHUX PiBHSAHb AMHAMIYHUX XapaKTEPUCTUK PYXOMMUX eNleMeHTiB NpunBoaa. Ha ocHoBi po3pobneHoi
MaTeMATUUYHOI Moaeni MeTooM KiHLEeBUX 0GEMIB, 3a LONOMOTOK YMCENbHOO MOLENOBAHHS | BUCOKOMPOLYKTUBHUX
064MCNIoBaNbHUX KOMMHOTEPHUX CUCTEM, OTPMMAHO PO3MOLIN TUCKY | WBMAKOCTI po6040i piAnHU B riapoiMnynbCHOMY
NPUBOAI BiOPOYAAPHOro NPUCTPOHD, @ TAKOXK 3MiHM KIHEMATUYHMX NapaMeTpPiB €/1eMEHTIB TEXHOMOTYHOro 061afHaHHS.
3anponoHOBaHO OMTUMAsbHI peXX1MKM poboTH TiApOiMNYIbCHOTO NPUMBOAY BiOPOYyAapPHOIO NPUCTPOLD A5 3abe3neyeHHs
iHTeHCUiKaLIT TEXHONOTIYHOro NpoLecy 3aHyPeHHS Nanb. BCcTaHOBNEHO, LLLO MPU 3aCTOCYBaHHI HU3bKOYACTOTHOI BibpaLii
BiAOYBa€ETbCA iHTEHCMDIiKALLA NpoLecy 3aHYpeHHS ByaiBenbHMX Nasb. 3aCTOCYBaHHS TigpOiMMYbCHOrO NPMBOAY HA
OCHOBI IBOKaCKaAHOro Bibpo30yaKeHHs [,03BONMN0 peani3yBaTi BibpoyaapHuii pexxum pobotu npuctpoto. CepeaHs
LUBWMAKICTb 3aHYpeHHS Nani 3a yaapHo-BibpaLiMHOi B3aEMOAIT y cepefHbOMY B MATb Pa3iB BMLLA NOPIBHSAHO 3 TPaAMLiMHUMM
MEeTOAAMM 3aHYPEHHS

KntouoBi cnoBa: imnynbc, yaap, Bibpadii, MaTeMaTMyHa Mogenb, riaponpuBoL, Knanax, byaisensHa nans
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