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The article presents the results of theoretical and experimental studies of the process of removing a
damaged soil layer inside a crater by means of a specially developed working tool. The structural scheme and
the general configuration of the working tool are described in detail. For performing the technological
operation, the tool was mounted on the boom of an excavator, which provided the required positioning,
movement trajectory and interaction with the treated soil surface. The design of the working tool includes the
use of channel flanges and angle-section elements that ensure gradual layer-by-layer cutting, separation and
removal of the damaged soil from the inner surface of the crater. Such a design makes it possible to control
the depth of soil removal and to reduce excessive disturbance of the underlying undamaged layers.

To determine the soil cutting force and to evaluate the nature of the mechanical loading during
dynamic experimental studies, an electronic dynamometer equipped with an SBA interface was used. The
dynamometer strain-gauge sensor was installed directly on the brackets of the working tool, which ensured
continuous and reliable registration of force parameters during the cutting process. The obtained experimental
data made it possible to assess the actual loading conditions of the tool and to compare them with the values
predicted by the theoretical model.

A comparative analysis of theoretical calculations and experimental results was carried out. It was
established that the discrepancy between the calculated and experimentally measured values of the soil cutting
force ranged from 4.5 to 8.6%. Such a level of deviation indicates a sufficiently high adequacy of the adopted
mathematical model to the real technological process. The comparison also confirmed that the previously
determined values of cutting force and energy intensity for soil removal by the channel flanges and angle-
section elements adequately describe the actual loading pattern during the cleaning of the damaged soil layer
inside the crater.

The obtained results can be used for further improvement of the working tool design, substantiation of
its principal geometric and operating parameters, optimization of cutting modes, and reduction of energy
consumption. In addition, the developed approaches may contribute to increasing the efficiency, reliability
and technological effectiveness of mechanized soil-cover restoration operations under conditions involving
local soil damage and crater formation.

Keywords: working body, excavator boom, cutting force, crater, damaged soil layer.

Fig. 5. Ref. 11.

1. Problem formulation
All types of military-technogenic impact cause intensive pollution and degradation of the soil cover.
The action of all ammunition used in military operations is characterized by the formation of a shock wave
and the formation of explosion products that spread in the environment.

XPERIMENTAL INVESTIGATION OF THE PARAMETERS OF A WORKING TOOL FOR REMOVING THE
® DISTURBED SOIL LAYER FROM THE CENTER OF A CRATER © 2026 by Oleksandra TROKHANIAK,
Larysa KOLOMIIETS, Stanislav KOVALCHUK is licensed under CC BY 4.0

Article received 03.06.26 Review completed 24.08.26 Article accepted 31.08.26 Atrticle published 12.10.26.

54



https://tetapk.vsau.org/en/particles/xperimental-investigation-of-the-parameters-of-a-working-tool-for-removing-the-disturbed-soil-layer-from-the-center-of-a-crater
https://tetapk.vsau.org/en/particles/xperimental-investigation-of-the-parameters-of-a-working-tool-for-removing-the-disturbed-soil-layer-from-the-center-of-a-crater
https://tetapk.vsau.org/en/particles/xperimental-investigation-of-the-parameters-of-a-working-tool-for-removing-the-disturbed-soil-layer-from-the-center-of-a-crater
https://tetapk.vsau.org/en/particles/xperimental-investigation-of-the-parameters-of-a-working-tool-for-removing-the-disturbed-soil-layer-from-the-center-of-a-crater
https://creativecommons.org/licenses/by/4.0/

TexHika, eHepreTHka,
Ne 3 (134) /2026 TpaHcnopt AIIK

/% Technology, energy,
~ ISSN: 2520-6168 Vol. 134, Ne 3 / 2026 agriculture transport AIC

First of all, soil deformation occurs in all directions of shock wave propagation. As a result of
combustion, explosion and detonation of ammunition, various derivative products are formed, most of which
are either toxic or hazardous pollutants.

There is a scattering of internal soil components over significant areas. The soil remaining in the impact
zone undergoes intensive turbulence and dynamic compaction, and is also characterized by the presence of
numerous metal fragments with residues of toxic explosives.

Also, in fields strewn with craters of various diameters and depths from explosions, it is impossible to
safely carry out mechanized work with agricultural machinery.

Therefore, the transformation of contaminated lands into usable areas and the preservation of the
fertility of agricultural soils is an urgent problem for ensuring food security in Ukraine.

2. Analysis of recent research and publications

The specified damages can be seen with the naked eye, to determine the chemical impact, it is
necessary to do an analysis, because both thermal shock and explosion and soil rupture affect. At the same
time, the biological component of the soil is also destroyed. Explosion craters and the area around the craters,
depending on the radius of the debris, are contaminated with heavy metals (nickel, zinc, lead, cadmium, copper,
etc.). During the explosions of missiles and air bombs, not only the air is polluted [1-3]. Harmful substances
do not stay in the air for a long time, but return in the form of precipitation and accumulate in the soil.
Hazardous substances have the property of getting through the soil into water or plants grown on it, these
pollutants can migrate into the environment and accumulate in the body of plants and animals [4-6].

Heavy metals are present in all munitions, accumulate in the top 10 cm of soil and are biologically
available to surrounding ecosystems. During high-order detonation, small metal fragments of shells are
dispersed to different distances depending on their power and according to the radius of dispersion. Partial
detonations scatter the largest fragments of the shell body [7, 8]. In [9] it was shown that the acid and alkaline
buffering capacity of the upper soil layers after FPV drone strikes underwent the most significant decrease,
which indicates an increased vulnerability of these soils to further chemical stress factors. X-ray fluorescence
analysis revealed significantly elevated levels of potentially toxic metals (Pb, Zn, Cu, Cr, Co, As) in soils
exposed to hostilities, which is clear evidence of anthropogenic contamination caused by explosive residues
and military munitions.)

From the analysis of soil samples directly in the crater and in the area of impact on the soil cover after
hostilities, it was established that concentrations of cadmium, chromium and lead were detected in the craters
(in craters of 120-125 mm ammunition, the cadmium concentration coefficients are approximately 4-17
Clarks from the background, 82 mm — 4 Clarks, 152-155 mm shells — 2-18 Clarks, air bombs — 5-13 Clarks;
lead concentration coefficients are approximately 4-22 Clarks in places of ruptures of 120-125 mm
ammunition, 2.6—4 Clarks — 152-155 mm, 2.7 Clarks — 82 mm ammunition and 2.7-11 Clarks — aviation
bombs). At the same time, the highest concentration of cadmium is noted on the slopes of the crater, while
chromium — on its bottom. It should be noted that the type of ammunition was determined either by debris near
the crater, or by the size of the crater [9].

Other important impacts on the soil cover are the consequences of the explosion, detonation or burning
of heavy equipment on agricultural lands. It was established from the results of the analysis of the grain size
composition of the soil that in places of burning heavy equipment and leakage of fuel and lubricants the content
of physical clay decreased [10]. The consequences of pollution of natural resources due to military activities,
disruption of the functioning of vital ecosystems and the associated threats to the health of people of current
and future generations are described in a review article [10].

To analyze the extent of soil damage, it is necessary to assess the type and degree of contamination at
each individual site. Based on these data, it is then necessary to determine the level of their suitability and the
most optimal methods of restoration. Some may be completely suitable and only require cleaning. Others have
been damaged to such an extent that it will be impossible to conduct any activity on them in the near future.
In this case, it is necessary to restore the relief of agricultural lands, level and recultivate, that is, to return the
soil to a healthy balance and fertility.

In this way, it is possible to carry out technical land reclamation, which involves first cleaning the
craters from damaged and contaminated soil with heavy metals and other hazardous substances. After that, it
is necessary to fill the craters, that is, level the surface. Further, disking and cultivation can be carried out on
this land plot, and if necessary, plowing.
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3. The purpose of the article

Creating a method that will allow converting land damaged by military actions into land suitable for
use and preserving the fertility of agricultural soils by using a developed working body that will allow cleaning
the damaged and contaminated soil layer in the middle of the crater.

4, Results and discussion

To study the process of cleaning the damaged layer of soil from the middle of the crater formed by the
explosions, an experimental sample of the working body was manufactured.

The working body consists of a frame in the form of circles, to which channels and angles are welded
(Fig. 1). The welded structure is reinforced with metal rings in height. A bracket is welded to the working body
from above for attachment to the excavator boom with the possibility of rotation. The working body is fixed
to the excavator boom using brackets. Using the hydraulic system, the working body can rotate at an angle and
make turns around the axis of the body. Rotating the working body makes it possible to select the angle of
inclination of the working body relative to the surface of the crater, the surface layer of which must be cleaned.
The edges of the shelves of the channels and angles welded to the working body will make it possible to
remove the top layer of the crater surface and thus free it from damaged molten soil containing heavy metals
and other harmful substances.

a b
Fig. 1. Structural diagram (a) and general view (b) of the working body for cleaning the damaged
soil layer in the middle of the crater

To conduct field experimental studies of the process of cleaning the surface layer of soil, the developed
working body was fixed on the excavator boom using brackets. Studies of the working process of cleaning the
damaged layer of soil in the middle of the crater were carried out on the experimental field of the Institute of
Mechanics and Automation of Agroindustrial Production of the National Agrarian Academy of Sciences of
Ukraine in loamy soil with a humidity of 10-20%, adhesion of soil particles within 0.04...0.06 MPa.

To conduct dynamic experimental studies, the working body was manufactured with the following
parameters: height H = 1 m; diameter of the upper part D = 1.5 m; diameter of the lower part d = 0.4 m. The
working elements were channels No. 10 GOST 8240-97 and angles 45x45x5 GOST 8509-93, in which the
shelf length is bsh = 46 mm and bk = 45 mm.

In Fig. 2 shows a general view of the excavator with the working body installed and measuring
equipment when clearing the soil layer.

To determine the force of cutting the soil by the shelves of the channels and angles, an electronic
dynamometer with an SBA interface was used, the strain gauge of which was fixed to the brackets of the
working body.

Fig. 3 shows general views of the strain gauge and electronic dynamometer, which were used when
measuring the force of cutting the soil.
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Fig. 3. General views of the tensile-compressive strain gauge
CAS SBA-a00L (a) and the electronic dynamometer DE-2.0-0.5 (b), which were used to measure the soil
shear force

The principle of operation of the dynamometer is based on the conversion of the cable tension force
into an electrical signal, which is processed by the electronic unit in order to display the traction force on the
digital indicator.

The electronic dynamometer DE-2.0-0.5 can operate both in the mode of displaying the current force
value and in the mode of fixing the maximum force. The dynamometer measures the signal from the strain
gauge and the deformation that occurred as a result of the force is converted into an electrical signal by a
special sensor.

The dynamometer has a digital display of force (indicator board) and an LED indication of operating
modes. Control is via a push-button keyboard. All operation of the electronic dynamometer is controlled by a
microprocessor according to a program recorded in a non-volatile memory device (ROM). Settings are stored
in a reprogrammable ROM. The electronic dynamometer DE-2.0-0.5 can operate both in the mode of
displaying the current force value and in the mode of fixing the maximum force.

In Fig. Figure 4 shows a storyboard of the process of cleaning the damaged soil layer by the working
body.

When cleaning the surface contaminated soil layer with a working body on which a strain gauge is
fixed, by pulling the cable, the electronic dynamometer converts the force into an electrical signal, which is
processed using the appropriate program on a laptop and displayed in the form of oscillograms on the monitor.
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Fig. 4. Storyboard of the procss clanig the damaged soil Iayer with a working body

As a result of field experiments, Fig. 5 shows the obtained oscillogram of the soil cutting force values
to a depth that was equal to the length of the shelf of the channel or angle of the working body, i.e. 45 mm, for
hard sandy loam, hard loam and semi-hard clay.

During the research, the cutting force values by the shelves of the channels or angles of the developed
working body when cleaning the surface soil layer in the middle of the crater were recorded in ten-fold
repeatability.

From the comparison of the theoretical calculations presented in the article [11] and field experimental
studies, it was found that the error between the obtained results is within 4.5...8.6%.
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Fig. 5. Oscillogram of cutting force values for different soil types:
a — hard sandy loam; b — hard loam; ¢ — semi-hard clay

Thus, according to the results of comparative studies, it was established that the previously carried out
calculation of the force of cutting the soil by the shelves of the channels and angles of the working body
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adequately reflects the real process of cleaning the damaged layer of soil in the middle of the crater.

The study of the cutting force will allow not only to determine the rational design parameters of the
working body for cleaning the damaged soil inside the craters, but also to select an excavator to which the
developed working body is attached, and to determine the requirements for the engine, transmission and fuel
consumption of the energy intensity of cleaning one cubic meter of contaminated damaged soil layer.

5. Conclusion

1. The article shows the structural diagram and general view of the working body, which allows in
field conditions to conduct research on the process of cleaning the damaged soil layer from the middle of
the crater formed as a result of explosions.

2. A methodology for conducting experimental research on the working body for cleaning the
damaged soil layer in the middle of the crater has been developed. Based on a comparison of the theoretical
calculations and experimental studies, it was established that the error between the results obtained is within
4.5...8.6%. Thus, according to the results of comparative studies, it was established that the previously
performed calculation of the force and energy intensity of cutting the soil by the shelves of the channels and
angles of the working body adequately reflects the real process of cleaning the damaged soil layer in the
middle of the crater.
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EKCHHEPUMEHTAJIBHE JOCJIJIZKEHHS TIAPAMETPIB POOUYOI'O OPT'AHY JUIA
SUUIHIEHHSA NOMKOIXKEHOI'O APY I'PYHTY ¥V CEPE/IUHI BUPBAU

Y cmammi nasedeno pesynrvmamu meopemuuHux ma eKCnepuUMeHmAIbHUX O0CAIONCeHb Npoyecy
SUUUEHHSA NOUWKOONHCEHO20 WAPY TPYHIMY 8CePeOUHti 8UPBU 3d OONOMO20H0 CREYIAbHO PO3POOIEH020 PODOUO20
opeany. Illpedcmagneno 1020 KOHCMPYKMUBHY CXeMY, 3a2aibHUull 6ucisd i ocooaugocmi 63aeMo0ii 3
IPYHMOBUM cepedoguiyem Nio Yac GUKOHAHH MEXHOI02IUHOT onepayii. s nposederts 00Cai0xiceHb poOoyUil
Op2aH 3aKpina0eanu Ha CMpili exckasamopa, wjo 3abe3neuysano HeobXione no3UYioHy8aHHs, nepemiljeHHs
ma pe2ynr08aHHa 2AUOUHU 3YUWEHHS NowKoO0xdceHo20 wapy. Koncmpykyis poboyoco opeany nepedbauae
BUKOPUCTNANHA NOIUYL WEelepi8 Mma KYMHUKI6, AKI 3a0e3neuyiomv HOCMYNo8e HOWApose 3pi3anis,
PYUHYBAHHA MA GUOATIEHHS NOWKOONCEHO20 TPYHMY 3 6HYMPIUHbOI HOBEPXHT 8UPBU.

s eusHauewHs cuiu pi3aHHA IPYHMY MA OYIHIOBAHHA XaApakmepy HABAHMAdICEHHS Ni0 yac
OUHAMIYHUX eKCHEePUMEHMANbHUX 00CHI0NHCEHb BUKOPUCHAHO eNleKMPOHHULL OUHamomemp 3 iHmepgeticom
SBA. Tenzooamuux ouHamomempa 6CmMaHo8I08aIU De3n0cepednbo Ha KPOHWMEUHAX poboYo2o op2any, wo
0ano 3mMo2y peecmpysamu CUN08i napamempu npoyecy 6 peaibHOMY udaci ma o00epicamu OOCHOBIPHI
excnepumenmanvhi Oaui. IlpogedeHO NOpIGHAHHA pe3yibmamie MeopemudHuUX pO3PAXYHKIE 13 OaHuMU
EeKCNEPUMEHMATILHUX QOCTIONCEHD.

Bemanosneno, wo posdiscuicmv Misie po3paxynkosumu ma eKCnepuMeHmatbHUMU 3HA4eHHAMU CUTU
Pi3anHs IpYHmMY 3HAxo0umuvcs 6 mexcax 4,5—8,6 %, wo ceiouums npo 0ocmamuio a0ek8amHuicmes NPULHAMOL
Mamemamuunoi Mooeni pearbHoOMy mexHoao2iunoMmy npoyecy. Iliomeeposicero, wo nonepeonsvo BU3HA4eHl
SHAUEHHSI CUAU MA EHEPeOEMHOCMI DI3aHHA IPYHMY NOIUYAMU Weelepie | KYMHUKIE OOCMOGIPHO
gidobpadicatomsv xapakmep Hasanmadxcens. OmMpumaui pe3yromamu MOXCYmMb OYmu GUKOPUCMAHI 014
noo0anbul020 YOOCKOHANEHHSI KOHCMPYKYIi pobouoeo opeaHy, OOIPYHMY8AHHSA U020 2eOMempPUdHUX
napamempis i pesicumie pobomu, 3MEHUIeHHST eHePeOEMHOCI npoyecy ma NiOSUWEeHHs eqheKmUeHOCmi
MEXAHI308AH020 8IOHOBNEHHS NOULKOONCEHO20 IPYHIMOBO20 NOKPUBY.

Knrouoei cnoea: pobouuii opean, cmpina ekckagamopa, Cuid pizants, Uped, NOUKOONCEHUL Uap TPYHNTY.

Puc. 5. JIim. 11.
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