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Abstract. The armed aggression of the Russian Federation against Ukraine led
to significant damage to the fertile soil layer in the temporarily occupied territories.
Damage assessment for agricultural lands damaged by ravines requires determination
of their geometric characteristics. There are two groups of methods for finding the
area and volume of pits. The first group is contact geodetic research, which allows
you to accurately determine the parameters of craters, but it is impossible to apply
them due to the significant risks of shelling the territory and a large number of
damaged areas. Other methods are related to the determination of geometric
characteristics based on the data of remote sensing of the Earth (RS). They make it
possible to quickly identify the location of explosive holes, but in wartime they are
not fully available. Therefore, the complex use of remote sensing data and contact
research will allow to quickly and safely determine the location and geometric
characteristics of explosive craters.


https://teacode.com/online/udc/52/528.8.html

The purpose of the study is to develop a methodology for determining the
geometric characteristics of explosive craters due to the complex use of contact and
remote geodetic data in the conditions of military operations. The main tasks of the
research: analysis of existing methods for determining the geometric characteristics
of explosive craters; determination of the relationship between the force of the
explosion and the geometric characteristics of the eruption; development of a
methodology for determining damage to the fertile layer of agricultural lands from
military operations using Geoinformation systems (GIS) or technologies; practical
implementation of the developed methodology on the example of a test plot of
agricultural land.

The developed technique consists in the use of geoinformation technologies and
remote sensing (RS) of the Earth data to determine the location and area of explosive
craters. Based on the existing statistical relationships between the trinitrotoluene
(TNT) equivalent of the explosion and the geometric characteristics, new functions of
the relationship between the radius of the rupture and the volume, depth, and TNT
equivalent of the explosion were obtained.

Cartographic models of the distribution of craters by volume, the density of
explosive craters and their distribution by radius were built in the ArcGIS
geoinformation software.

The constructed geomodels made it possible to evaluate the level of damage to
agricultural soils and to identify the most explosive areas. Based on the obtained data,
it was established that there is no correlation between the density of the holes and
their radius in the presence of holes larger than 25 m.

Assessment of damage to agricultural land as a result of military operations in
Ukraine requires the use of images from UAVs and satellites with ultra-high spatial
resolution. In the future, it is necessary to check the adequacy of the developed
methodology by field geodetic methods.

Key words: explosive eruptions, soil damage, GIS technologies, space imagery,
RS, ArcGIS.



Relevance

The armed aggression of the Russian Federation against Ukraine leads to
catastrophic consequences. One of the most urgent problems is the damage to the
fertile layer and the littering of agricultural lands with explosive objects due to the
conduct of hostilities.

According to [1], as of the beginning of June 2022, about 125,000 km? of
territory is temporarily occupied, which is 20% of the total area of Ukraine. Further
agricultural activity in these territories is quite dangerous and, in some places,
impossible due to the mechanical violation of the integrity of the fertile soil layer.
The intended use of these lands is possible only after reclamation works. Carrying out
restoration work requires the calculation of losses caused by military operations and
the determination of the geometric characteristics of explosive eruptions. According
to the resolution of the Cabinet of Ministers of Ukraine (CMU) [2], the calculation of
the damage caused to the land and soil as a result of armed aggression requires the
determination of the area of the pits and the volume of the displaced soil.

The location and geometric characteristics of explosive craters can be
determined by existing field geodetic methods, but their use is complicated due to the
significant risks of shelling the territory and the large number of damaged areas.
Remote geodetic methods allow to quickly detect the location of explosive craters,
but have lower accuracy compared to contact methods, and, unfortunately, some data
cannot be obtained during the wartime. Therefore, the complex use of remote sensing
data and contact research will allow to quickly and safely determine the location and
geometric characteristics of explosive craters.

Analysis of recent research and publications

The problem of determining the geometrical characteristics of the eruptions and
their relationship with the TNT equivalent of the explosion was addressed by many
researchers, among them V. Adushkina, V. Khristoforova, I. Sochet Radun, Jeremic,

Zoran Baji¢, etc.



O. Butenko, N. Kussul, Falah Fakhri, loannis Gkanatsios and others worked
with the issue of remote studies of the above-mentioned tasks. Their work is related
to the methods of identifying man-made objects in space images.

The purpose of the study

The purpose of the study is to develop a methodology for determining the
geometric characteristics of explosive craters due to the complex use of contact and
remote geodetic data in the conditions of military operations.

To solve the set goal, the following tasks were completed: analysis of existing
methods for determining the geometric characteristics of explosive pits;
determination of the relationship between the power of the explosion and the
geometric characteristics of the eruption; development of methods for determining
damage to the fertile layer of agricultural lands due to military operations using GIS
technologies; practical implementation of the developed methodology on the example
of a test plot of agricultural land.

Research materials and methods

The evaluation of mechanical damage to the soil of agricultural lands from shell
explosions is based on the determination of geometric characteristics such as radius
(R), depth (h), area (S) and volume of the crater (V) with the mandatory
determination of their geodetic coordinates. To calculate the area and volume of the
crater, it is necessary to determine the geometric figure that most accurately describes
it. Thus, explosive eruptions according to [3, c. 71] are described by three geometric
forms: a truncated cone, a cone of rotation, and a paraboloid of rotation. The surface
area of the hole is calculated as the area of a circle - S=nR2?, and the volume

according to the formulas [3, pp.71-72]:
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where 7 — is a radius of the smaller base of the truncated cone (the radius of the
bottom of the hole);
It should be noted that when the projectile falls at a small angle, the hole has an
approximate shape of an elliptical cone. The area of the base of this figure is

S=nR;*R;, where R; i R, — the smallest and largest radius of the ellipse. Volume:

1
V=§'-H:R1'R2.

There are many geodetic methods for determining the above parameters, which
can be combined into two groups: contact and remote.

Three methods can be distinguished among contact studies: field, statistical and
combined.

The field method consists of determining the coordinates and geometric
characteristics directly on the site. The most optimal geodetic survey for determining
the coordinates of potholes on the terrain is a ground-space survey using GNSS
receivers, and a laser rangefinder can be used to determine the depth and diameter of
potholes. This method is the most accurate, but requires significant material, time
costs and is dangerous due to the contamination of the territory with explosive
objects.

The statistical method is based on the correlation between the type of projectiles
(amount of explosive substance) and the geometric characteristics of the explosions.
The use of this method makes it possible to theoretically calculate the probable
geometric characteristics of the eruption. In the publication [4, pp. 71-74] shows the
results of dependence (4-6) between the TNT equivalent of the explosion (q) and the
geometric characteristics of the craters, which are shown in Fig. 1. The disadvantage
of this method is the complexity of the calculation for different areas of the terrain
due to the different geological structure of the territory and the need to know the
location of craters and the type of projectiles (amount of explosive).

- crater volume V, m?: V = 26,72q%9%; (4)
- crater radius R, m: R = 3,360, (5)
- crater depth H, m: H =1,78¢°3, (6)



The combined method consists in the complex application of the field and
statistical method. Using GNSS receivers, the location of each crater is determined,
and one of its geometric characteristics (diameter or height) is measured.
Measurements of geometric characteristics are carried out within the test areas in
order to find correlation relationships. The volume is calculated using statistical
methods. This method is more effective than the above, but is impossible during
military operations and before the territory will be demined.
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Fig. 1. The graph of the dependence between the volume (V), radius (R),
depth (H) of crater and the TNT equivalent (q) of ground explosions
(According to V.V. Adushkin [4])

Remote geodetic methods [5, pp. 106-110] make it possible to determine the
coordinates and geometric characteristics of rifts based on images that can be
obtained from satellites, airplanes, UAVSs, etc. These methods are safer and more
efficient and require less time and material costs. In wartime, remote sensing of the
Earth data can only be obtained from satellites. Obtaining orthophoto plans from a

UAV requires marking the terrain, which is dangerous due to the conduct of



hostilities and the presence of unexploded shells. The use of aircraft for aerial
photography during hostilities is not possible.

Satellite data with ultra-high spatial resolution is classified and will be available
only after the end of wartime. Data with a spatial resolution of 10-15 m from the
Sentinel and Landsat satellites, which are freely available, do not make it possible to
determine the geometric characteristics of the explosion craters.

Therefore, in the near future, it is possible to determine the parameters of
eruptions only with the help of space images. An archival space image with a test plot
of agricultural land with ultra-high spatial resolution in the zone of environmental

protection was used as a validation of the methodology (Fig. 2).
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Fig. 2. Test plot of agricultural land, which is damaged by explosive holes




It is most effective to use GIS technologies for data processing and construction
of geomodels [Ommo6ka! McrouyHuKk ccblikM He Haiaen., pp. 11-14]. ArcGIS
(ArcMap 10.8) geoinformation software was used in the study.

The use of GIS technologies to determine the geometric characteristics of craters
based on space imagery consists in the sequential execution of the following actions.

First, a project is created in ArcMap and a coordinate system is selected. Space
Images are attached. If there is no file with the geodetic coordinates of the corner of
the picture, the raster is bound using the "Spatial binding" tool. A minimum of 3
reference points for an affine transformation (first-order polynomial) are required for
accurate binding [7]. Next, the necessary vector shape layers (*.shp) are created in
ArcCatalog with an indication of the object type and spatial reference. In the key
layer, the vectorization of craters is carried out according to decryption features. The
work describes the method of deciphering craters formed as a result of explosions of
military shells [8, pp. 131-132]. An attribute table with the columns "Area",
"Radius”, "Depth of the crater”, "Volume of the crater”, "Toltile equivalent”,
"Latitude™, "Longitude" is created to calculate the geometric characteristics of the
craters. Built-in ArcGIS tools allow you to automatically determine the area of craters
using the Calculate Geometry and Area functions. The calculation of the geometric
characteristics of the craters was carried out using the "Field Calculator” tool.
According to statistical dependences (4-6), the authors obtained new functions of the
relationship between the radius of craters and their volume, depth, and TNT

equivalent (7-9), which were used to determine the geometric characteristics of

explosive craters. The radius is calculated by the formula: R = /S /.

V =0,977R272 (7)
H = 0,625R%863, (8)

_ ) 2,732 9
a=() ®)

The view of the attribute table for the test area is shown in Fig. 3.



Table O x
ERAR- L] L] X
Boporkn S
FID | Sha Mnowa, S (ra) | Pagiyc, R (M) | TnuBuuba soporkm, H| 06'em Bopotk| TpoTUNOBUA EKBIBANEHT, OBroTa
0 |Polygon 44 211 7 34 1929 7,544 |47°55°357 0| 38°44'54"5
1|Polygon 40,095 6.4 3.1 147,8 5,776 [47°5534",3 | 38°44'53"2
2|Polygon 40,001 6.4 3,1 1468 £ 74| 47°5534" 0| 33°4455°2
3 | Polygon 109,406 17 7.4 22873 89,675|47°55'35",0| 38°44'51"6
4 [Polygon 34,31 55 27 95,6 3,774|47'55'34" 0| 38"44'48"7
5 | Polygon 24,958 4 21 40,5 1,582 |47°5531",8| 38°44'48"1
6| Polygon 35,557 57 28 1065 4.16| 47°55°32° 9| 38744431
7 |Polygon 33,164 53 26 88 3,439 [47°5532° 5| 38°44'49"9
& |Polygon 36,241 58 28 1122 4,383 [47°55'33" 2| 38°44'53"8
9 |Polygon 19,83 3.2 1,7 216 0,844 |47°5532° 5| 38°44'54"1
10 |Polygon 11,624 19 1,1 5 0,196 47'55'32" 2| 38°44'55"6
11 |Polygon 17,095 27 1,5 14,4 0,563 [47°55'31",8| 38°44'56" 4
o4 28 » » [E]S ©outof 343 Selected)

Fig. 3. Attributive table of geometric characteristics of explosive eruptions

vectorized according to a space image

At the next stage, cartographic models of the distribution of craters by volume,
density of explosive craters and their distribution by radius were built. The above
geomodels were created using the Kriging interpolation tool [9].

Research results

As a result of deciphering the space image, 343 eruptions were identified in the
test area. The minimum set size (radius) of the crater is 0.4 m, the maximum is 48.5
m, the average radius is 5.4 m, the mode is 4.8 m, and the median is 4.1 m. The

f&é@]uency distribution of craters by size is shown on Fig. 4.
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The total area of the damaged top layer of the soil on the test land plot was
1.18 ha, which is 5,8% of the entire arable land. The area of the craters varies in the
range from 2,7 to 304,8 m?, average — 34,2 m?. Depth — from 0.3 to 17.8 m, the
average is 2.6 m. The calculated total TNT equivalent of the explosions within the
area was approximately 11 tons.

The total volume of damaged (displaced) soil was 278.8 thousand m3. The
volume of craters varies from 0.1 m3 to 37,296 m?, with an average value of 810.5 m?
of soil. Visualization of soil damage is shown in fig. 5. Spatial distribution of craters

and soil damage within the area is not uniform.
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Fig. 5. Cartographic model of the distribution of blast holes by volume
within the test area



The average number of pits per unit area is 17 units per hectare. At the same

time, the highest density is more than 60 craters per hectare and is concentrated in the
western part of the site, and the lowest is less than 5 craters per hectare in the
northern and southeastern parts (Fig. 6). These data can be used in the prediction of
explosive areas.
The concentration of craters in terms of size within the test area is quite
heterogeneous. With a more or less uniform distribution of craters up to 10-15 m in
size throughout the test area, a zone in the central and eastern part with a
concentration of holes with a radius of more than 25 m is clearly distinguished (Fig.
6).

481 000 481 200 481 400 48i'l 000 481 200 481 400

5310400
5310 400

5310200
5310200

5310 000
5310000

~ Legen

Legend:
5
Craters density, ] ¥’ Crater distribution
units per ha . Y Dby size (radius), m

50

5309 800
5309 800

5309 600
5309 600

," 4 5 180 M V 4 3 6 )| I80m
— w—
481 000 481 200 481400 48l 000 481200 481 400
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of explosive craters by size (on the right)



The analysis of the created geomodels showed that there is almost no correlation
between the density of landslides and the volume of the damaged area. This is
confirmed by the fact that 7 craters larger than 30 m account for 89.9% of the volume
of damaged soil (the central part of the studied area), while the density of craters in
this area is 15-30 units per hectare.

Conclusions and perspectives.

The analysis of existing methods for determining the volume of damaged soil
showed that field geodetic methods are suitable for accurate determination of the
geometric characteristics of explosion craters, but require significant material and
time costs and are impossible during hostilities, in turn, remote methods are effective
for prompt establishment and identification of these areas, but due to limited access
to data, they are ineligible for the volume of excavation calculation. Therefore, the
complex use of contact and remote data allows to quickly detect craters and calculate
their geometric characteristics.

The developed technique allows to quickly and safely calculate the geometric
characteristics of craters based on remote and contact data on agricultural lands. The
built geomodels made it possible to assess the degree of damage to agricultural soils
and to determine the most dangerous areas. According to the obtained data, it was
established that there is no correlation between the density of craters and their radius
in the presence of craters larger than 25 m.

Assessment of damage to agricultural land as a result of military operations in
Ukraine requires the use of images from UAVs and satellites with ultra-high spatial
resolution. In the future, it is necessary to check the adequacy of the developed
methodology by field geodetic methods.
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C.L. I'opeank, A.C. Heuaycos, O.€. fAukin

BU3HAYEHHS TEOMETPUYHUX XAPAKTEPUCTUK BUBYXOBUX
BUPB HA 3EMJISIX CLJIBCBKOTI'OCIIOAAPCBKOI'O INTPU3HAYEHHSA
JUCTAHIIMHUMU METOJAMMA

Anoranisi. 30poitHa arpecisi Pociiicekoi @ezepaiiii npotu YKpaiHu npu3Bena
70 3HAYHOTO TIOMIKOJDKEHHS POIOYOr0 IMapy TIPYHTIB HA TUMYACOBO OKYIOBAaHHUX
teputopiax. OriHka 30UTKIB IJisi 3eMellb CUILCHKOTOCTOAAPChKOTO MPU3HAUYCHHS
MOIIKO/KEHUX BHUPBAMH TMOTPeOye BH3HAYEHHS 1X TCOMETPUYHHX XapPAKTEPHUCTHK.
Icnye nB1 rpynu MeTOMAIB AJI 3HAXOJKEHHSI IO Ta 00’emy BupB. [lepimia rpyna —
KOHTaKTHI T€0JI€3UYH1 TOCHIJKEHHS, K1 JO3BOJISIIOTh TOYHO BU3HAYUTH MapameTpu
BUpB, ajie¢ iX HE MOXJIMBO 3aCTOCYBAaTH 13-32 BHOYXOHEOE3MEYHOCTI TEPUTOPIi i
BEJIMKOI KUIBKOCTI YIIKOJDKEHUX AUISHOK. [HII MeTonu 1MoB’s3aHl 3 BU3HAYEHHSIM
T€OMETPUYHUX XapaKTEPUCTHK 32 JJAaHUMH JUCTAHIIIHHOTO 30HayBaHHs 3emui (/133).
BoHM 103BOJISIOTE ONEPATHBHO BHUSBIISATH MICIIE3HAXOKCHHSI BUOYXOBUX BUPB, ajie
y BICHKOBUH Yac HE JOCTYIHI Yy TOBHOMY 00cs31. ToMy, KOMIIJIEKCHE BUKOPUCTAHHSI
JTaHUX JUCTAHIIIHHOTO 30HAYBaHHS Ta KOHTAKTHUX JOCTIIKECHb JO3BOJIHUTH IIBUIKO
TO 0e3MeYyHo BHU3HAYATH MICIIE3HAXO/DKEHHSI W TEeOMETPUYHI XapaKTePUCTUKH
BUOYXOBUX BUPB.

MeTtorw J0CHIPKEHHST € PO3pOOJICHHS METOJWKH BU3HAYCHHS T€OMETPUYHHUX
XapaKTEPUCTUK BHUOYXOBHUX BHUPB 32 PAXYHOK KOMIUIEKCHOTO BHKOPUCTAHHS
KOHTAKTHHUX 1 JUCTAHIIIMHUX T€OJIE3NYHUX JTaHUX B YMOBaxX BEJCHHS OOMOBHX Mdiil.
['omoBHI  3aBmaHHS  JOCHIDKCHHS: aHaI3 ICHYIOUMX METOJIB  BH3HAYCHHS
TCOMETPUYHUX XAPAKTEPUCTUK BUOYXOBUX BUPB; BU3HAUCHHS 3aJICKHOCTI MIXK
CUJIOI0 BHOYXY Ta T€OMETPHYHHUMH XapaKTEPUCTUKAMHU BHPBH, PO3pOOKa METOIUKU
BU3HAYCHHS TONIKO/KEHHSI POJIIOYOTO MIapy ClIbCHKOTOCTIOMAPCHKUX YTiAb BiJ
BIMCHKOBUX JIii 3 BUKOpUcTaHHIM ['eoindopmaiitaux texnomorii (I'IC-texnomoriit);
MpakTUYHa peai3aiis po3po0JeHOT METOAUMKH Ha TPHUKIIAAl TECTOBOI JUISTHKU

CLTBCHKOTOCTIOAAPCHKOTO YT,



Po3po6iena MeTonrka mnosisrae y BUKOpUCTaHHI reoiHGopMaIiiiHuX TEXHOIOT1i
Ta maamnx J[33 ;s BU3HAYCHHS MICIIE3HAXOKEHHS Ta IUIONII BUOYXOBHUX BHUPB. 3a
ICHYIOYMMHU CTaTUCTUYHUMHU 3QJIEKHOCTSIMU MK TPOTHJIOBUM €KBIBaJIEHTOM BHOYXY
Ta TEOMETPUUYHUMHU XapaKTEPUCTHUKAMHU OTPUMaHI HOBI (PYHKIII B3a€EMO3B 3Ky MIX
pajiilycoM BUPBH 1 00’ €MOM, TIMOMHOIO Ta TPOTUIIOBUM €KBIBaJICHTOM BHOYXY.

VY reoindopmaniiinomy mporpamHoMmy 3a0esneuenHi ArcGIS mnoOynosani
KapTorpadiuHi MOJEN PO3MOALTY BUPB 3a 00’€MOM, IIUIBHOCTI BUOYXOBHX BHPB Ta
iX pO3MOI1I0OM 3a pagiycoMm.

[ToOynoBaHl reomMojeni J03BOJIMIM OLIIHUTH CTYIIHb MHOIIKOKEHHS IPYHTIB
CLITbCHKOTOCIIOJIAPCHKOTO MPU3HAYCHHS! W BU3HAUYUTH HAWO1IbII BUOYXOHEOE3IEUH1
JTUITHKA. 32 OTPUMAHMMU JJAHUMH BCTAHOBJICHO, 10 MDK HIUIBHICTIO BHPB M iX
paalycoM IpU HAsBHOCTI BUPB PO3MIpOM OuIbIIE 25 M BIACYTHIM KOpEISUIMHUX
3B’SI30K.

O1iHKY 30UTKIB JJI CUTbCHKOTOCIIOIAPCHKUX YT1/1b BHACIIJIOK BIHCHKOBHX [ B
VYkpaini notpedye BukopucTaHHs 3HIMKIB 3 BIIJIA Ta cynmyTHUKIB 3 HaJBUCOKUM
MIPOCTOPOBHUM PO3PI3HEHHSIM. Y MOJAIBIIOMY HEOOXITHO MEPEBIPUTH aJIeKBATHICTh
PO3p00IeHOT METOIUKH TTOTHOBUMHU T€OAC3UIHIUMH METOIaMHU.

KirouoBi cjoBa: BuOyXOBI BHUpBH, TOMIKO/KEHHS IpyHTY, ['IC-Texnosortii,

kocMiuHi 3HIMKH, 133, ArcGIS.



