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Визначено високу ефективність технологічного процесу поверхневого ущільнення ґрунтів за допомогою вібраційної 
і віброударної обробки. Високого ступеню інтенсифікації процесу ущільнення ґрунтів досягнуто застосуванням роз-
роблених оригінальних інерційних вібраційних трамбівок з гідроімпульсним приводом на базі двокаскадного клапа-
на-пульсатора. Розроблено нову математичну модель для дослідження технологічних процесів поверхневого 
ущільнення ґрунтів інерційною вібротрамбівкою на базі законів гідродинаміки з використанням механореологічної 
феноменології й узагальнених законів механіки. При розробленні математичної моделі технологічний процес було 
досліджено на двох фазах: фаза накопичення кінетичної енергії, а також фаза ударної взаємодії інерційної трамбівки 
з поверхнею ґрунту. На основі розробленої математичної моделі методом кінцевих об’ємів за допомогою чисельного 
моделювання й методу припасовування отримано розподіл тиску і швидкості робочої рідини в гідроімпульсному 
приводі інерційної вібротрамбівки. Також було отримано діаграми зміни відносної й абсолютної швидкості рухомих 
елементів інерційної вібротрамбівки. Розроблена оригінальна модель поверхневого ущільнення ґрунтів дозволила 
одержати залежності зміни переміщення центрів мас шарів ущільнюючого ґрунту типу суглинків. Одержані робочі 
залежності основних робочих характеристик інерційної трамбівки на базі гідроімпульсного привода дозволили от-
римати основні робочі залежності для подальшого підвищення ефективності технологічного процесу поверхневого 
ущільнення ґрунтів. Отримані результати чисельного моделювання технологічних процесів поверхневого 
ущільнення ґрунтів інерційною вібротрамбівкою на базі гідроімпульсного привода показали переваги обраного 
підходу до проектування, а також дозволили довести ефективність розробленої конструкції. 

 
Ключові слова: трамбівка, ущільнення, удар, вібрації, гідроімпульсний привід, інерція, ґрунт, клапан. 
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Introduction 
Technologies characterized by surface treatment 

processes where pseudo-fluidity of materials is real-
ized [1, 2] with complex rheology and under inertial 
load conditions, require new developments, study and 
improvement. Vibrational and vibro-impact techno-
logical processes, as well as equipment for their im-
plementation, are widely used [1]. It has been estab-
lished that if useful vibrations or shock impulses to 
processing objects are applied, then it can be the flow 
of a number of technological processes can be signifi-
cantly intensified, optimal load parameters can be en-
sured and processing results with high quality parame-
ters can be obtained. In particular, during mechanical 
surface compaction (ramming), which consists of im-
pacting the load on the soil that falls freely or at a 
forcibly developed speed, extreme compressive 
stresses appear in the soil, which cause pseudo-
flowability and reorientation of the dispersed soil par-
ticles that leads to compaction soil. 

Therefore, the study of the changes in the working 
influence and design parameters of inertial vibratory 
rammers from a hydro-impulse drive (HID) [1] on the 
flow of work processes in the surface soil compaction 
technology increase its effectiveness and outline ways 
for further development and improvement. 

Currently, it is widely used mathematical modeling 
of workflows in various technological devices.  
With its help, it is possible to deeply and fully investi-
gate the influence of structural and operational factors 
on the main characteristics of the device and outline 
specific ways to improve them, while significantly re-
ducing the amount of experimental research. 

 
Review of research sources and publications 
In [2, 3], on the basis of experimental studies, it was 

found that the best compaction of soils is usually 
achieved at values of amplitude vibration accelera-
tions close to the acceleration of gravity. Under the ac-
tion of attractive forces, inertial forces and static load 
axial forces, particles of a dispersed material tend to 
reorient and more densely fit each other in a given 
volume, accompanied by the occupation of more sta-
ble equilibrium positions. At the same time, the de-
struction of the initial structural formations of the 
«arches» and «bridges» types is observed, followed by 
a uniform conclusion of the particles forming them, 
which have an increased mobility in the direction of 
the static load force by reducing the effective coeffi-
cients of internal and lateral friction to zero. In [4, 5] 
there is researched a fluctuation model particle disper-
sion medium under the action of vibrations. The phe-
nomena of «vibro-boiling» were analyzed, when a 
particle loses contact with a vibrating working body, 
and the bonds between particles decrease and are peri-
odically broken. This state is characterized by loosen-
ing of the medium and enhanced circulation of the 
particles that make it up. The disadvantage of these 
scientific works is the lack of a mathematically-based 
behavior of dispersed materials under the action of vi-
bration and vibro-impact load.  

In the scientific work [6], a systematic approach to 
the technological process of forming vibration (VM) 
and vibro-impact machines (VIM) based on the  
HID was considered. It enabled to develop a mathe-
matical model for its evaluation. Relationships be-
tween the parameters of subsystems on the basis of a 
vibropress equipment with a HID for forming blanks 
from powder materials are determined. Based on the 
mathematical model of fuzzy sets was estimated effi-
ciency of the processing facility. But this technique 
does not enable to investigate the physicomechanical 
processes occurring directly in the equipment of the 
VM and VIM on the basis of the HID. 

 
Definition of unsolved aspects of the problem 
Study of physico-mechanical processes that occur in 

the HID based on the calculations of motion’s equa-
tions and expenses with a computer [6]. This method 
does not enable to evaluate the influence of hydrody-
namic processes occurring in the executive and regu-
lating units of the HID, despite the complexity of the 
calculations and the assumptions made in the mathe-
matical description of the working process, which, as 
experimental data accumulate, can be refined. 

Solving these problems is impossible without using 
the Navier-Stokes equation, which requires the use of 
the finite volume method to study the complex motion 
of the working fluid under different flow conditions 
[5]. Conducting such studies is based on modern 
methods of mathematical modeling with calculations 
on a computer using modern, advanced algorithms.  
It enables to prevent an unjustifiably large number of 
complex and expensive experimental studies, signifi-
cantly reduce the time and cost of design work, con-
duct qualitative and quantitative assessments of physi-
cal phenomena with sufficient accuracy for engineer-
ing practice [1]. 

Therefore, the construction of a mathematical model 
that enables to describe the behavior of a dispersed 
medium under vibration and vibro-impact load under 
various operating modes of a HID on the inertial vi-
bratory rammer with the aim of determining the basic 
performance characteristics of technological process-
ing of building materials is an urgent task. 

 
Problem statement 
The aim of the work is to increase the efficiency of 

theoretical research of the surface soil treatment tech-
nology through the development of promising mathe-
matical models for the physical processes of inertial 
vibration compaction using HID-based devices.  

To achieve this goal the following tasks were 
solved: 

– to develop an effective inertial inertial vibratory 
rammer with HID based on a two-stage pulsator valve. 
This will allow to realize the most effective modes of 
vibration impact on the processed media. 

– develop the mathematical model for the technol-
ogy of surface compaction of soils with inertial vibra-
tory rammer based on the HID with a two-stage pulsa-
tor valve; 
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– on the basis of the developed mathematical 
model, to obtain working dependencies to determine 
the main characteristics of the studied technological 
process. 

 
Basic material and results 
In Vinnytsia National Technical University, the  

Department of Industrial Engineering has developed 
inertial vibratory rammer based on the HID [7].  
Figure 1 shows the three-dimensional CAD-model of 
inertial vibratory rammer based on the HID. 

This installation consists of the following main 
structural elements: to tamping plate 1, through the 
outer walls 2, attached to the cover 3. The cover 3 is 
attached to the tamping plate 1 guides 4. 

 

 
 

Figure 1 – Three-dimensional model  
of inertial vibratory rammer based on the HID 

 
In turn, a fastening assembly 5 and a body of a two-

stage pulsator valve 8 connected through a power 
springs 6 and power rails 7 are attached to the cover 3. 
The housing of the two-stage valve-pulsator 8 addi-
tionally performs the functions of a movable hydraulic 
cylinder in a fixed piston-guide 9. In the case of a two-
stage pulsation valve 8 there is a valve of the second 
cascade 10 and a valve of the first cascade 11.  
Their mutual movement is regulated by springs 12  
and 13, respectively, by the throttle 14 and the adjust-
ing screw 15. 

Figure 2 shows the three-component (flat multi-
mass) inertial model with irresistible contacts between 
the masses. It enables to simulate the elastic-viscous 
properties of soil layers 1, 2, 3 along the x and y axes 
(the nature of the medium movement along the x and z 
axes is equivalent, therefore it is advisable to consider 
only the motion along the x, y axes). 

Studies [8] show that oscillations from the working 
body 4 (see Fig. 2) (ramming plate 1 (see Fig. 1)) iner-
tial vibratory rammer with a mass M are transmitted to 

the upper layer of soil 1 touching it, with a concen-
trated mass m1, and further below are located layers of 
soil 2, 3, with concentrated masses m2, m3. The fre-
quency of oscillations of the entire mass of the soil 
layer 1 in the zone of vibrations is the same. And the 
amplitude decreases with distance from the surface of 
the working body until it goes out altogether. 

Thus, a characteristic feature of the operation of in-
ertial vibratory rammers is that the soil is subjected to 
the vibration effect in a limited area of the working 
body. 

The dimensions of this zone are determined by the 
oscillation mode and the location of the inertial ram-
mer itself, as well as the properties of the soil itself. 

 

 
 

Figure 2 – Dynamic model for the technological  
process of surface compaction of soil by  

the inertial vibratory rammer with the HID 
 
There are introduced two moving coordinate sys-

tems – xOy, rigidly connected to the working body 
4, and xOy, rigidly connected to the hydraulic cyl-
inder 5 (see Fig. 2) (the body of the two-stage pulsator 
valve 8 (see Fig. 1)). And also there is introduced the 
absolute (fixed) coordinate system xOy. 

The system of equations (1) for the law of the 
movement of the soil layers 1, 2, 3 during the contact 
interaction of the working body 4 with the upper layer 
of soil 1 is shown in this system of equations: 
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y1 – is the absolute coordinate of the working body 
position4; 

y1, y2, y3, x1, x2, x3 – coordinates of the soil 
masses layers 1, 2, 3; 

ky = ky1 ky1 / (ky1 + ky1), kx = kx1 kx1 / (kx1 + kx1) – 
equivalent stiffness of soil layers 1, 2, 3, respectively; 

μx, μy – the projections of the internal friction coeffi-
cients on the x and y axes, respectively; 

cx1, cy1 – component coefficients of viscosity along 
the x and y axes respectively; 

N1xy, N2xy, N3xy – internal reaction forces within the 
concentrated masses m1, m2, m3 on wedge-shaped plat-
forms at an angle of 450; 

mx1 = my1 = 0 – additional rheological masses; 

1114,1 '')( ycyktN yy &  – normal reaction of soil layer 

1 to load carrier 4. 
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The law of the movement for the working body 4: 

  
1 , 4 0 45
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where M – the mass of the working body 4;  
δ – the number of return springs with the rigidity k 

with the initial tension 
0

y ;  

L – internal height of the inertial ramp;  
N45 – is the force of the gan working reaction 4 from 
the contact interaction with the inertia mass 5. 

The law of motion for the inertial mass Mін is: 
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where ( )
S

p t  – is the changing the pressure function of 

the working fluid in the internal cavity of a two-stage 
pulsator valve, 

( ) %

%

S

S

p dSt  – forces acting on the inner surface S  of the 

inertial mass Mін,  
c2 – is the coefficient of viscous friction between the 
walls of the inertial mass 5 and the piston of the work-
ing body 4 (see Fig. 2),  
N2y –is the vertical component of the reaction force of 
the conical support from the conical valve of the sec-
ond stage 7,  
N1y – is the vertical component of the reaction force of 
the cylindrical and conical surfaces valve of the first 
cascade 6,  
c2 –is the coefficient of viscous friction between the 
walls of the inertial mass 5 and the valve of the other 
cascade (see Fig. 2),  
k2 –is the spring stiffness of the valve of the second 
cascade,  
k2 – is the preload of the valve spring of the second 
cascade. 

Since the valve of the first cascade 6 along the y axis 
always moves together with the inertial mass 5, it is 
therefore advisable to record the law of motion of the 
valve of the first cascade with mass M1 only for the x 
axis: 

1 1 1 1 1 01 1
( ) ( )

x S
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where ( )
S

p t  – the function of pressure change of the 

working fluid in the internal cavities C and D of the 
two-stage pulsator valve;  

( )
S

S

p dt S



  – forces acting on the inner surface of the 

inertial mass S  ;  
c1 – is the coefficient of viscous friction forces be-
tween the walls of the inertial mass 5 and the piston of 
the working body 4 (see Fig. 2);  

N1x – is the reaction force of the conical support 

from the conical valve 7, moreover 
1 1

,
x y

N N  since 

the conical surface is made at an angle of 450 to the y 
axis. 

The law of movement for the second cascade valve 
of mass M2: 

2 2 2 2
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where ( )
S

p t  – is the function of changing the pres-

sure of the working fluid in the internal cavities A and 
B of the two-stage valve-pulsator;  

( )
S

S

p dt S



  – forces acting on the outer surface of the 

valve of the second cascade S  ;  
c2 – is the coefficient of viscous friction forces be-
tween the walls of the inertial mass 5 and the piston of 
the working element 4 (see Fig. 1);  
N2y – reaction forces of the conical surface of the 
valve of the second cascade from the conical seat of 
the inertia mass 5. 
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In this case, the inertial forces of the working fluid 
acting on the operating organs of the inertial vibratory 
rammer are neglected, as bearing a small contribution 
to the change in the motion of the inertial vibratory 
rammer in general. 

In order to write down a completely mathematical 
model of the operation of the inertial vibratory ram-
mer, the operation of the HID at the appropriate work-
ing phases of the two-stage valve-pulsator should be 
considered. 

1. Phase of pressure set. In this phase, the conical 
valves with masses M1 and M2 are at rest, and the 
conical valve M1 blocks the pressure cavities A, B and 
C from the drain cavity D (see Fig. 1). It leads to a set 
of pressure in the pressure cavity A, so the main pres-

sure ( )
S

p t  acts on the area (S – S0). It should be noted 

that this phase occurs during the period of time t1, 
when the mobile body 4 contacts the surface of the 
upper soil layer 1. At this phase, the inertial mass Mін. 
And at this stage there is a joint movement of the iner-
tial mass Mін and locking elements of mass M1 and 
M2. 

For this phase 
2 нт

t t t  we write the following 

conditions: 
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where 
1 max

y  – maximum stroke of inertial mass Mін. 

2. Phase of operation (opening) of a two-stage pulsa-
tor valve. At this phase, the force from the pressure 

( )
S

S

p dt S



 acting on the area S1 of the valve of the 

first cascade 6 is equalized with the tension force of 

the adjusting spring 
1 01

k x , that is: 

1 01
( )

S

S

p t dS k x



 ,              (7) 

leading to open it. When the valve of the first cascade 
6 is opened, the pressure cavity C communicates with 
the drain cavity D. This cavity message results in the 
relative velocity of the working fluid in the internal 
cavity of the two-stage pulsator valve. In turn, the 
fluid velocity in the internal cavity of a two-stage pul-
sator valve causes a pressure drop in the pressure cavi-
ties A and B due to the presence of a throttle hole in 
the valve of the second stage 7. The pressure different 
in the pressure cavities A and B results in the appear-
ance of a force cascade move. When it happens, it is in 
the opening of this valve and, accordingly, the mes-
sage of the pressure cavity A and drain cavity D. 

At this phase, the inertial mass Mін also moves to the 

maximum displacement 
1 max

y , the valve of the first 

cascade M1 to the maximum opening 
1 max

x and the 

valve of the second cascade M2 to the maximum open-

ing. Therefore, for this phase 
нт cп

t t t  , there are 

got the following conditions: 
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3. Phase closing (lowering) of the two-stage valve-
pulsator. At this phase, the working fluid is drained 
through the drain cavity D into the hydraulic tank 8. It 
causes a pressure drop in the pressure cavities A, B, C. 
At the same time, the valve of the first cascade with 
the mass M1 begins to descend to its original place, 
(the place of overlap of the pressure cavity C from D). 
After the pressure cavity C has disconnected from the 
drain cavity D, the relative velocity of the working 
fluid in the internal cavity of the two-stage pulsator 
valve becomes zero. In turn, the relative immobility of 
the working fluid in the internal cavity of a two-stage 
pulsator valve causes pressure equalization in pressure 
cavities A and B. As a result of pressure equalization 
in pressure cavities A and B, the spring tension of the 

second stage valve 
22 02

( )k y y   causes the valve of 

the second stage 7 to return to its original position. 
When it occurs, there is the closing of the pressure 
cavity A from the drain cavity D. 

At this phase, reverse movements of the inertial 
mass Mін, the valve of the first cascade М1 and the 
valve of the second cascade М2 to the initial position 

also occur. Therefore, for this phase 
сп зк

t t t  , here 

are the following conditions: 
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After the end of the closing (lowering) phase of the 
two-stage pulsator valve, the inertial mass 5 returns to 
its original position with the acquired speed 

1
( )

ін зк
y t  & . When this occurs, the impact interaction 

with the working body 4 occurs. With impact interac-
tion, the inertial mass 5 picks up the working body 4 
and they together with the initial velocity υM, begin to 
move upwards (a model of an ordinary body thrown 
vertically upwards with some initial velocity [9]). The 
total speed of the entire inertial vibratory rammer υM is 
determined from the law of conservation of momen-
tum [10], namely: 
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The movement of the working body 4 should be 
considered for two cases, namely: when the mobile 
body 4 contacts the surface of the upper soil layer 1 
and when the working body 1 does not contact the sur-
face of the upper soil layer 1 (the jump mode after the 
shock interaction of the inertial mass 5 and the work-
ing body 4 ).  

Conditions working body motion 4 for the jump pe-
riod  

1 2
t tt                                                              (11) 

after the shock interaction of the inertial mass 5 and 
the working body 4 (no contact of the working body 4 
with the surface of the topsoil 1) for two cases, 
namely: 
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Conditions working body motion 4 for the period 

10
t tt   (t0 – is the beginning of the countdown of 

the inertial vibratory ramming operation) of the work-
ing body 4 contacting the surface of the topsoil 1. In 
this case, two cases must also be considered: 
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where t2-t1=2υM/g – flight time inertial vibratory ram-
mer. 

To determine the pressure change in the HID cavity, 
it is necessary to supplement the above laws of motion 
with the Navier-Stokes system of equations and the 
continuity equation (15, 16) for weakly squeezed flu-
ids. 

In this system of equations (15, 16) ΩR
3 – is the 

three-dimensional region (internal cavity of the HID) 
in which the working fluid moves, ρ0 – is the initial 
density of the working fluid, p0 – is the initial pressure 
of the working fluid, QH – is the flow rate of the hy-
draulic pump when fed into the pressure cavity 
through inlet pipe, S0 – cross-sectional area of the inlet 
pipe of the HID. 
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A mathematical model of the technological process 

of surface compaction of inertial vibratory rammer, 
represented by the systems of equations (1) - (16), was 
implemented by numerical simulation methods based 
on the FlowVision [11] and Matlab-Simulink [12] 
software systems. The simulation results are the pres-
sure distribution in the working cavity of the HID in-
ertial vibratory rammer (Fig. 3). 

From Figure 3 it can be seen that the throttle 14 
mounted in the valve of the second cascade 10 (see 
Fig. 1) makes a significant character in the pressure 
change (2 MPa) in the cavity between the valve of the 
first 11 and the second 10 cascades (see Fig. 1). 
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a) b) 

 

Figure 3 – Pressure distribution in the working 
cavity of inertial vibratory rammer  

based on the HID: 
a) in the yOz plane; b) in the yOx plane 

 

Also, one of the simulation results is the distribu-
tion of pressure and velocity in the working cavity of 
the HID inertial vibratory rammer (Fig. 4). 

 

  
a) b) 

 

Figure 4 – Velocity distribution of the working 
fluid  in the cavity of inertial vibratory rammer 

based on the HID: 
a) in the yOz plane; b) in the yOx plane 

 
Analyzing Figure 4, it can be observed extreme val-

ues of speeds in the valvesseats of the first 11 and 
second 10 stages, respectively (see Fig. 1), as well as 
at the throttle bore 14. These extreme speeds can 
cause cavitation phenomena that can adversely affect 
technical state of HID parts. 

Numerical modeling of hydrodynamic processes of 
the HID inertial vibratory rammer enabled to obtain: 

1) diagrams of pressure changes (Fig. 5) in working 
cavities A and B (see Fig. 2); 

2) changes in movement (Fig. 6) of the housing of a 
two-stage pulsator valve 8, valve of the second stage 
10 and valve of the first stage 11 relative to tamping 
plate 1 (see Fig. 1); 

3) changes in the speed (Fig. 7) of the housing of the 
two-stage pulsator valve 8, the valve of the second 
stage 10 and the relative valve of the first stage 11 
relative to the tamping plate 1 (see Fig. 1). 

 

 
 

Figure 5 – The pressure distribution  
of the working fluid in the empty inertial  

vibrating rammer based on the HID: 
1 – in cavity A; 2 – in the plane B 

 
 

 
 

Figure 6 – Changing the movement  
of moving elements of inertial vibratory  

rammer based on the HID: 
1 – the body of the two-stage valve-pulsator 8;  

2 – valve of the second cascade 10;  
3 – valve of the first cascade 11 

 

 
 

Figure 7 – Changing the speed of moving  
elements of inertial rammer based on the HID: 

1 – the body of the two-stage valve-pulsator 8;  
2 – valve of the second cascade 10;  

3 – valve of the first cascade 11 
 
Additional absolute displacement diagrams (Fig. 8) 

of the two-stage pulsator valve 8 body were obtained, 
taking into account the jump of inertial vibrating 
rammers over the soil surface 2, as well as the mass’ 
centers of soil layers 1, 2, 3 of the loam type [10]  
(see Fig. 2 ). 
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Figure 8 – Change in the absolute movement  
on technological objects of surface soil compaction: 

1 – two-stage valve-pulsator housing; 
2 – the mass’ center of the soil layer 1; 
3 – the mass’ center of the soil layer 2; 
4 – the mass’ center of the soil layer 3 

 
From the absolute displacement diagram for the 

mass centers of soil layers 1, 2, 3 of the loam type, it 
can be seen that the maximum deformation of the soil 
surface (upper layer 1) is 1.2 cm at an oscillation fre-
quency of inertial mass 5 (see Fig. 2) 8.7 Hz. 

 
 
 

Conclusions 
An effective design of inertial vibrating rammers, 

based on a two-stage pulsator valve, has been devel-
oped. It enables to implement the most effective 
modes of vibration exposure with surface compaction 
of the soil. 

On the basis of the hydrodynamics laws with the use 
of mechanical rheological phenomenology and gener-
alized laws of mechanics, a new mathematical model 
has been developed for the study of technological 
processes of surface soil compaction with inertial vi-
bratory rammer. 

On the basis of the developed mathematical model, 
using the method of finite volumes using numerical 
simulation, the working dependences for determining 
the basic performance characteristics of the techno-
logical process of surface soil compaction using iner-
tial vibratory rammer based on the HID are obtained. 

The obtained results of numerical simulation for 
technological processes of surface soil compaction by 
the inertial vibratory rammer based on the HID. They 
showed the advantages of the chosen design approach, 
and also allowed to prove the effectiveness of the de-
veloped HID design, based on a two-stage pulsator 
valve. 
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