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MODELING OF THE EARTH’S SURFACE SUBSIDENCE DURING
ITS UNDERMINING BY STOPING IN COAL MINES

Purpose. To substantiate methods for modeling the earth’s surface subsidence in the process of its undermining by stoping in
the Western Donbas mines. The methods make it possible to develop the automated system determining areas and volume of the
earth’s surface flooding to minimize hydroecologic risks while closing down mines in the Western Donbas.

Methodology. The work substantiates methods to model processes of the earth’s surface subsidence helping identify areas of the
flooded surface as well as its volume. Therefore, the two types of models (the interpolation model and polynomial one) to con-
struct surfaces with a regular network have been considered. The models make it possible to get adequate idea of surfaces; more-
over, they are the basis to calculate volumes, represented in the form of total unit prisms in terms of network node.

Findings. The developed mathematical and algorithmic apparatus has made it possible to develop effective models of the
earth’s surface and an aquifer as well as to calculate the zone volumes between the reference earth’s surface and the consolidated

one as well as between the aquifer to identify the flooded areas.

Originality. Methods to model processes of the earth’s surface subsidence for hydroecologic risk minimization in the process

of mine closing down are substantiated.

Practical value. The work develops hardware and software to provide efficient modeling of the earth’s surface subsidence while
mining coal seams and to reduce errors while calculating the immersed surface zone volumes.
Keywords: automation, subsidence, surface modeling, immersion, hydroecologic risks

Introduction. Due to the current political and economic
situation and in accordance with the Strategy of coal industry
development up to 2030, it is planned to close down a substan-
tial number of coal mines. In this context, deficient capacities
of coal mining are scheduled to be provided while increasing
output of those mining enterprises having higher economic
performance. Reduction of the lifetime of mine complexes as
well as their closure is a result of the intensification of mine
field development. However, the earth’s surface deformation is
the key problem of underground extraction of mine fields since
the deformation depends upon the total thickness of coal
seams being mined. In terms of certain Western Donbas
mines, it may achieve seven meters. After the mines are closed
down and water pumping from mine workings is terminated,
underground water level rises up to the surface; thus, some ar-
eas of the mine field will turn out to be immersed. Mire forma-
tion will result in severe negative ecological implications [1].

Literature review. Owing to the progress in the develop-
ment of computer facilities as well as achievements in the ad-
vance of the required software, the updated computer-assisted
solutions become more and more popular among the top min-
ing companies and research institutes in many world countries
|2]. In Ukraine, scientists and researchers of Dnipro Univer-
sity of Technology are the first ones who started implementing
the solutions while modeling rock mass around stopes and
development workings in the process of coal deposit extraction
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[3]. The processes result in rock shift through formation over
the worked-out area. Values of maximum vertical and hori-
zontal displacements of the earth’s surface are the basic pa-
rameters of the shift through [4]. In the process of coal extrac-
tion, geometrization of mining and surveying characteristics of
a mine field is quite a complex task. The matter is that in our
case it is required to take into consideration the number of
seams being mined, their thickness, spatial coordinates of pil-
lars and prospecting wells in addition to planar coordinates of
land plots within the mine field surface [5]. The abovemen-
tioned predetermines the necessity to set adequate database.

Unsolved aspects of the problem. DTEK Pavlohradvuhillia
PJSC made efforts to identify separate flooded areas with fur-
ther recultivation. However, the activities were of the isolated
nature due to the lack of methods helping develop the auto-
mated system to identify the flooded areas at the earth’s sur-
face as well as corresponding volumes between subsidence
zones and the aquifer surface.

Accuracy of methods to calculate the zones is another im-
portant problem connected with their dimensions. Hence, even
minor calculation errors may factor into significant economic
loss in the context of considerable volumes of inundable surfaces.

Purpose is to substantiate methods of the earth’s surface
subsidence in terms of its undermining by means of coal ex-
traction operations in the Western Donbas mines. The meth-
ods help develop the automated system to identify zones and
volumes of the earth’s surface to minimize hydroecologic risks
while closing down the Western Donbas mines.
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Methods. In the context of the paper, development of the
earth’s surface and aquifer to identify the zones and volumes of
the mine field terrain inundation is the key modeling mission.

To select a method to construct a complex surface, the fol-
lowing basic criteria are applied:

- the model adequacy for a real-life object;

- possibility for effective formation of the model as well as
the complex surface construction,;

- opportunity of 3D visual representation of the model.

National and foreign GIS packages are available. They
make it possible to model the earth’s surface while mining.
Usually, the packages use network types: irregular network (i.e.
triangulated) and regular one (i.e. uniformly rectangular) [6].

Irregular triangulated network relies upon a system of non-
intersecting triangles where the initial geodetic points are cor-
ners. In this case, a terrain is represented with the help of the
faceted surface; Delaunay triangulation is applied to model the
terrain [7] (Fig. 1).

The following theorems are the basis for the majority of
algorithms to construct Delaunay triangulation:

1. Obtaining random triangulation on the same points
while reconstructing pairs of points failing to meet the require-
ments of Delaunay condition. A sequence for Delaunay trian-
gulation construction is as follows: construction of the initial
triangulation with its following improvement.

2. Total of all minimum angles should be maximum one.

3. Total of radii of circles, circumscribed about the trian-
gles, should be minimum one.

Delaunay triangulation may be obtained while optimizing
totals of minimum angles or radii which, being the combined
characteristics, occur within the theorems.

Check of Delaunay condition for the specified pairs of tri-
angles is one of the most important operations performed to
construct the triangulation.

Type of structural data, applied for triangulation, is essen-
tial in the process of the earth’s surface modeling. Selection of
the structure type is of particular importance in the context of
complex mining models with large databases influencing the
model implementation quickness during the triangulation
completion.

In terms of triangulation, structures are shaped with the
help of such basic objects as edges (segments), triangles, and
nodes (points and corners).

Non-necessity of the initial data transformation is one of
differential advantages of the triangular models. Such a model
excludes the introduced errors which may originate in the
models if alternative methods are applied.

However, when complex earth’s surfaces, undermined by
subsurface mining and having steep slopes and altitude differ-
ences are constructed, Delaunay triangulation method cannot
provide largely adequate representation of realistic conditions.

It can be demonstrated in terms of a separate site of a mine
field shown in Fig. 2 in a plan view and in a 3D graphics. In
this context, the surface should follow accurately a bench edge
line (Fig. 2, a). Modeling of the site using the abovementioned
construction rules of Delaunay triangulation (Fig. 2, b) dem-

Fig. 1. Triangulation meeting the requirements of Delaunay
condition

onstrates angularity origination. It means that the surface, be-
ing modeled, is impaired.

The problem can be solved if the edge lines are added by
the intermediate points. It should be taken into consideration
that such point concentration is not always helpful to avert
construction errors.

Moreover, the actions will prolong the operating period of
algorithms. In addition, it levels up the method advantage in
the form of nonavailability of initial data transformation.

Triangulation-based models are implemented as part of
GIS packages by ESRI Company [8], software system
SURPAC Gemcom [9].

Irregular system allocation of control points uses piece-
wise-polynomial interpolation where both orthogonal and
non-orthogonal polynoms are applied as well as Fourier se-
ries, the weighted moving average methods and other ones. A
function, being inversely proportional to the distance from the
considered point to a control one to some 7 power, is applied as
a weight function in terms of the weighted moving average. In
practice, » = 2 value is the most applicable one, i.e. spatial in-
terpolation procedure is used called as inverse distance squared
method.

Moreover, local-stochastic methods of spatial interpola-
tion are applied known as kriging interpolation or just kriging.
The method relies upon the consideration of regularities of
statistical structure of spatial distribution of the analyzed vari-
able owing to which it is more preferable to compare with local
deterministic methods including piecewise-polynomial inter-
polation method as well as the weighted moving average one.
The ability to substantiate a radius around the considered
point which should be involved in terms of interpolation; a
type of the weighted moving average; as well as the potential to
evaluate the accuracy of spatial interpolation are among the
advantages. Kriging is based upon the construction of vario-
grams. In the context of a surface, varying drastically, the var-
iograms will be unstable; moreover, their use may result in
significant errors.

Plenty of methods are available to describe surfaces ana-
lytically. They are taken as the basis for spatial interpolation of

iy
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Fig. 2. Example of a surface construction:

a — is relevant representation; b — is with the use of Delaunay tri-
angulation
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the control (reference) points. In this context, spatial interpo-
lation results, obtained with the use of different methods, vary.
Sometimes, the variation is rather essential. A network step-
size control is a distinct problem.

If regular altitudes are applied then the terrain models turn
out to be the simplest and convenient ones for various calcula-
tions. In this case, an area in the Xand Y coordinates should be
of a rectangular form. A network of vertical (if x;, x5, ..., x,,) and
horizontal (if y,, y,, ..., y,,) lines is specified within it. A func-
tion is constructed within each rectangular (more often
squared) box [x;, x;, 1] x [}, y;, 1] according to z altitudes spec-
ified within the box corners. Actually, it is the network dimen-
sioned in accordance with the accuracy requirements of the
definite current task.

Spatial interpolation of the control points is based upon
numerous methods of analytical description of surfaces.

A network step-size control for the constructed model is a
distinct problem as well.

The use of interpolation model and polynomial model is
the most relevant solution for our problem.

Construction of the models is based on a regular network.
They make it possible to evaluate to a high precision and cal-
culate dimensions of the constructed surfaces basing upon the
use of numerical techniques.

Spatial interpolation of point data relies upon the selection
of analytical model of a surface. In general, the surface is a
function of two variables Z = f(X, Y) specified within the cer-
tain spatial area with the help of point data. The number of the
points and their allocation may be absolutely random. The in-
terpolation task is to construct functions for the selected pe-
riphery using the data. Namely, it is required to set calculation
algorithm for f(X, Y) function in any point having X and Y
coordinates. Since it is impossible to describe a surface within
the whole territory using one function, local interpolation
methods are applied for spatial interpolation of surfaces with
regular allocation of reference points. A value of a variable
within the considered point (node) is determined by means of
measurement results within the points in certain neighbour-
hood of the point rather than the whole set of available data. In
this context, polynomial interpolation is applied.

Computer application to evaluate the surfaces is to use nu-
merical techniques, i.e. representation of the volume as the
total of volumes of unit prisms. In terms of such interpretation,
volumetric palette method, used for manual calculations, is
the most relevant for automation. Manually, the volumetric
palette method is applied to identify volumes when a surface is
represented in terms of numerical labels along the rectangular
network or when a plain terrain is represented in contours. It is
unacceptable to calculate volumes while using numerical la-
bels on the lines of the upper and lower bench edges.

Moreover, there are methods of correct geometric figures.
They may be applied if only any solid is represented in the
form of such standard geometric bodies as a prism, cone, pyra-
mid, conoidal frustum, top, integral prismatoid, antiprism,
and pile. It is a problem to select adequate geometric figure.
Particularly, the problems arise if it is necessary to calculate
volumes of the worked out cross-over when the mine section is
of an irregular shape. Generally, it is required to solve a prob-
lem concerning the evaluation of mine section volumes in
term of lines of upper and lower bench edges with different
areas and spatial allocation relative to each other.

Despite the disadvantages of the considered methods, the
ideas to replace a mine section by a geometric figure and rep-
resented its geometry as the total of unit prisms are the basis
for the development of innovative universal methods making it
possible to improve significantly the accuracy of determina-
tion of volumes of the mined sections having any configura-
tions, i.e. in terms of any spatial allocations of surface lines.

Results. Control points with X, ¥, and Z coordinates are
the source information to construct surfaces. In terms of the
task, X and Y are wellhead coordinates; and Z is a reference

mark of the wellhead and an aquifer. Generally, Zis a random
mark used to construct the surface.

A rectangle, described relative to the ultimate coordinates
of the reference points (i.e. Xjin, Xmaxs Ymin» Ymay) 1S the study
area [10].

The rectangle is covered by a uniform network with the
specified step [11].

Interpolation model. While constructing the interpolation
model, Z factor in the /" node of the uniform network is calcu-
lated with the help of inverse distance method using the formula

N
P
k=1

where N is the number of points neighbouring the i node; Z,
is the mark value at k" point; d, is the distance from the near-
est k” well to a node of jj network; and a is the power interpo-
lation exponent.

In this context, search area of the nearest wells is per-
formed in the plan (i.e. in terms of X and Z coordinates) being
limited by a circle with a centre in the interpolated node which
radius is equal to the specified distance. To avoid influence of
the effect, connected with the concentration of points in cer-
tain directions and their absence in other ones, the circle
around the uniform network node is divided into 7 sectors. It
is expedient to assume value 8 as #. One point, being the clos-
est to the node, is within each sector (Fig. 3).

Interpolation network is the basis to construct column and
wire-frame models represented by the research.

A column model is constructed based upon the obtained
values within the interpolation network nodes. First, squares,
contacting each other, are formed. Their centres are in the in-
terpolation points; and their sides are equal to the interpola-
tion network step. As a result, a surface is shaped in the form of
rectangular prism whose height is comparable with the calcu-
lated value of Zindex being (Fig. 4).

N
Z,=37d;"

k=1

Reference points

Search area
,

Interpolation model
(degree of interp. 2)

Fig. 4. Column model of the surface

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, N2 6 123



Wireframe model
(degree of interp. 2)

Fig. 5. Wire-frame model of the surface

The wire-frame model construction needs connection of
the lines by means of interpolation points. The link is per-
formed in two orthogonally related directions (Fig. 5).

Polynomial model. Construction of a 3D polynomial mod-
el z=f(x, y) involves an algorithm by A. S. Zelenskiy [12].

As for the 57 degree polynom, the dependence may be
represented as follows

2=Ag+ Ax + Ay + AP + Ay + Asy? + A + Ax’y + Agxy, +
+ Ay + At + A1 Xy + Ax? + Ayt + Ayt + A +
+ A Xty + Ay + A1y + Ayt + Ay,
where A4, A, ..., Ay, are the polynom coefficients to be identi-
fied.

Depending upon a polynom degree, the number of coef-
ficients in terms of the unknowns (linear equations) is identi-
fied using the formula
_(a+1)(a+2)

2 b
where K =21 is for the 5" degree polynom.

According to A4; parameters, the system, consisting of
21 linear equations, is obtained

K

20
YasAs=b, (=01, ...,20,
5=0

i.e.
Qoo Ag + Ao A+ ..+ Ay 50 A5 = by

aAy+a A+ +a A =b s

ygo Ay + g1 A+ .+ Gy 9 A5 = byg

where a,g are coefficients of the linear equations; b, are free
terms of the equation system; / is a line number (of an equa-
tion); and S'is a column number.

Simple dependences have been derived to determine a,g
coefficients in terms of the A4, 4, ..., A5, unknowns, and free
terms b,

a[S :th'l(ﬁksyip{ers; b[ :Zzix[k‘ayipl;
i=1 i=1
where k, and p, are exponents depending upon a line number /;
kgand pgare exponents depending upon a column number §
ki=ci(c;+1)/2—=(0+1); kg=cy(cy+1)/2-(S+1);
pi=L—ci(c;=1)/2; ps=S—cyc,—1)/2;

o= int[@} ¢ =int[@}

2

Fig. 6 represents spatial implementation of a 3" degree
polynom.

Construction of wire-frame and polynomial models in-
volves displaying of several models to one scene; for instance,
displaying of the earth’s surface and aquifer.

Fig. 7 shows displaying of two wire-frame models together
with the peripheries in terms of two selected seams.

The earth’s surface subsidence takes place within the spec-
ified peripheries.

To implement the methods, Model software has been de-
veloped in the Visual C** 2015 programming language with the
use of OpenGL library. The software includes two basic mod-
ules [13]:

1. Database operation — data storing, editing, and deleting.

2. Models — data visualization with the help of digital models.

Database module involves:

- objects (coal mines in this context);

- prospecting wells;

- surfaces, including the earth’s surface and aquifer;

- peripheries of production units for each seam;

- the seam points including occurrence depth and the
seam thickness in addition to X and Z coordinates.

In turn, the data consist of:

- the well name;

- X coordinates, m;

- Ycoordinates, m;

- Z1 coordinates, m (wellhead mark);

- Z2 coordinates, m (the well depth);

- H, m (the coal seam thickness).

The data are complemented by the information concerning
the undermining peripheries being available within each seam:

- name of the periphery point;

Polynomial model
(polynomial degree. 3)

Fig. 6. Polynomial model of a surface

Wireframe imodel
(degree of interp. 2)

Fig. 7. Wire-frame models of the earth’s surface and aquifer
inclusive of the peripheries
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- name of the coal seam where the periphery is allocated;

- X coordinate of the periphery point, m;

- Y coordinate of the periphery point, m.

It is planned that the database will consist of the following
tables:

1) objects — a table, involving data on the mines. The data
are stored by the program. Owing to the fact, the program can
display and process data on several mines;

2) surfaces — the table stores data on coal seams in terms of
each mine;

3) points (general data) — since there is much information,
concerning each well, it would be better to share the data ac-
cording to their content. The general data may involve X coor-
dinate, Y coordinate, and Z1 coordinates of the earth’s surface;

4) points (data on the seams) — all other information, i.e.
occurrence depth of the minerals for each seam;

5) periphery points — since each seam contains a set of un-
dermining peripheries, a separate table is required to store such
data as a point name, a seam name, X coordinate, ¥ coordinate.

Hence, when formulation of data, to be stored in the data
base, is over, it is time to build up tables with the help of a
constructor.

To do that, the data were complemented and organized in
the following tables:

1. Object_mines — Surfaces — where Object _id field is
combined with the help of connection one to many. The
abovementioned makes it possible to assign surfaces to each
Object (i.e. a mine).

2. Surfaces — Contour — where Point_id field is also com-
bined with the help of connection “1 to many”. The above-
mentioned makes it possible to combine the periphery points
with one object.

3. Object_mines — Points_main — Object_id field helps
combine a set of general information of well with the specific
mine.

4. Points_main — Points on_surface — Point _number
field helps assign to each well from Points_main table repre-
senting the general data concerning wells and occurrence
depth of each seam from Points_on_surface.

Fig. 8 demonstrates the developed database.

Database operation helps correct information within each
of the tables. ADO universal technique has been developed for
that purpose.

Models module includes:

- initial data;

- interpolation model;

- wire-frame model;

- polynomial model.

Surface volume determination relative to the specified sur-
face and with the use of interpolation or polynomial methods
is performed as the total of unit prisms by means of the follow-
ing formula

Points_main

© Point number
Object id
X point
¥ point
2 surface

Objects_mines

T objectid =] =

Z water

Points_on_surface
%0
Plast id
Point_number
Z_glubina_plasta
h_moschnost plasta
Zona_narusheniy

Surfaces

¥ plastia
Object id
Plast name

Contour

Plast id

¥ point 1d
Point_name

Fig. 8. Scheme of the developed database

k
V=M h,
i=1
where k is the number of points of the specified network; Ax is
the network step; #; is the height of the i unit prism being
identified.

In terms of our case, areas and volumes between the initial
earth’s surface and the compacted one are calculated as well as
between the aquifer and the compacted surface to determine
flowage lands. Fig. 9 shows the calculation results concerning
the areas and volumes.

Here you can find the initial data concerning the interpo-
lation network as well as the calculation results. The following
should be mentioned: the smaller the network step is, the more
accurate computations are concerning the volumes between
the specified surfaces. 30 m network step is optimal for the
case.

It has been obtained while varying the network step in
terms of the developed program. In terms of further decrease
in the step, the volumes remain constant supporting maximum
accuracy of the calculation results.

Hence, undermining of the four coal seams while closing
down the mines results in the following volumes and areas of
the surface variation:

1. The area between the initial surface and the compacted
one is 10 659 600 m? (10.66 km?).

2. The volume between the initial surface and the com-
pacted one is 25 778 655 m? (0.257 km?).

3. The area between the aquifer and the compacted surface
is 1474 200 m? (1.47 km?).

4. The volume between the aquifer and the compacted sur-
face is 1 339 708.41 m? (0.0013 km?).

The data demonstrate that processes of the earth’s surface
subsidence will occupy almost 10.66 km? area; 1.47 km? of
them will be flooded.

Table demonstrates the basic calculation results.

The Table explains that the area and volume between the
initial surface and the compacted surface vary depending upon
the coal seam dimensions. At the same time, the volume be-
tween the aquifer and the compacted surface remains almost
invariable since a section of the changed surface with the aqui-
fer is not available after one seam extraction.

Conclusions. The authors are the first who have substanti-
ated modeling methods of the earth’s surface subsidence while
undermining it by means of stoping in the Western Donbas
mines. The authors propose optimum models to construct
surfaces with regular networks (the interpolation model and
polynomial one). The models make it possible to get an ade-
quate insight into surfaces; moreover, they are the basis to cal-
culate the volumes represented in the form of the total of unit
prisms in terms of each network node. Spatial interpolation of
the point data relies upon the selection of a surface analytical

Volume calculation

Grid source data:
The number of divisions along the axis OX: 49

The number of divisions along the axis OY: 47
Grid pitch: 120.00 m

The area between the original surface and the settled: 6076800.00 m2
The volume between the original surface and the settled: 6380640.00
M3

The area between the aquifer and the settled surface: 28800.00 m2
The volume between the aquifer and the settled surface: 76206.24 m3

Fig. 9. Calculation result concerning the areas and volumes
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Table

Calculation results

Index C4 seam | C5seam | C6seam | C8seam Al thteosge;rﬁlesrtaken
The area between the initial surface and the compacted surface, km? 6.07 7.17 9.17 2.08 10.66
The volume between the initial surface and the compacted surface, km? 0.064 0.0075 0.0096 0.0022 0.257
The area between the aquifer and the compacted surface, km? 0.032 0.032 0.032 0.032 1.47
The volume between the aquifer and the compacted surface, km? 0.000073 | 0.000073 | 0.000056 | 0.000056 0.0013

model. Since it is impossible to describe the whole surface by
means of one function, local interpolation methods are ap-
plied for spatial interpolation of surfaces with regular alloca-
tion of reference points. In this context, a value of a variable
within the considered point (node) is determined by means of
measurement results within the points in certain neighbour-
hood of the point rather than the whole set of the available
data.

Software to model surfaces was developed by the authors
in Visual C™ 2015 program language for operating system
Windows with the use of tools of open graphic library OpenGL.
The mathematical and algorithmic apparatus, developed by
the authors, has made it possible to develop efficient models of
the earth’s surface and aquifer as well as to calculate the vol-
umes between the initial earth’s surface and the compacted
surface, and between the aquifer and the compacted surface to
identify flowage lands.
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MogemoBanHsl OMYCKAHHS 3€MHOI MOBEPXHi
npu ii miapodui oyncHUMHU PodGOTAMHU
HAa BYTUIbHUX MIAXTAX
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Meta. OOGrpyHTYBaHHSI METOIUKN MOJEIIOBAHHS OITyC-
KaHH$ 3¢MHOIT TTOBEPXHi MpH 11 MigApoOLi OUMCHUMU podOTa-
MM Ha maxrax 3aximHoro JloHo6acy, 1o 103B0JISIE PO3POOUTH
ABTOMATM30BaHy CUCTEMY BM3HA4YeHHsI 30H i 0OCsriB 3aTo-
TUIEHHST TIOBEPXHi 3eMJIi JIJII MiHiMi3allil TiIpoeKoJIOTiYHUX
PM3MKIB IpU 3aKpUTTI 1axT 3axigHoro JloHoacy.

Meronuka. ¥ naHiit pob0Ti OOrpYHTOBYETHCSI METOUKA
MOJIETIOBAaHHS MPOLECiB OCiIaHHS 36MHOI MOBEPXHi, 1110 J10-
3BOJISIE BU3HAYATU TUIONII M OOCSTH 3aTOIJIEHOI MOBEPXHI.
JI7151 L1IbOTO PO3MISIHYTI ABA TUITM MOJIesieil MoOy10BU MOBEp-
XOHb i3 PETYJISIPHOIO CITKOIO: iHTEPMOJSILiAHA 1 TTOJiHOMI-
anpHa. JlaHi Mozesi 103BOJISIIOTh OTPUMATH aleKBaTHE YsIB-
JIEHHSI TIOBEPXOHb, a TAKOX € 0a3MCOM IS MiApaxyHKy 00-
CSITiB, IPEACTABICHUX Y BUTJISIII CYMU eJIEeMEHTapHUX IPU3M
10 KOXXHOMY BY3JTy CiTKU.

Pesyabratn. Po3poOiieHuit MareMaTMyHUN i aaropurt-
MiYHMI arapaT 103BOJIUB CTBOPUTH €(DEKTUBHI MO 3eM-
HOI MOBEPXHi Ta BOJOHOCHOTO TOPU30HTY, a TAKOX IMipaxy-
BaTu 00CSITY 30H MiX BUXiIHOIO 3¢€MHOIO TTIOBEPXHEIO Ta OCi-
JIOI0, a TaKOX MiXK BOIOHOCHUM TOPU30HTOM i OCLJIOIO TTO-
BEPXHEIO JJIsSI BUBHAYEHHS TIJIONI i 00CATIB 30H HiISTHOK 3a-
TOTUICHHSI.

Haykosa noBu3na. [losisirae B 0oOrpyHTYBaHHI METOIUKHU
MOJIEJTIOBaHHS MPOLECiB OCiaHHS 36MHOI MOBEPXHi IJIs1 Mi-
HiMi3alii riIpoeKoJOriYHUX PU3MKIB TIPU JiKBigallil ByTijb-
HMX I1aXT.
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IIpakTnyna 3Haunmictb. [Tossirae B po3poO1ii anapaTHOro
Ta IMIPOTPAMHOT0 KOMIUIEKCY IS 3a0e3MeueHHS e(DeKTUBHO-
ro MOJIETIOBAaHHS OCiIaHHS 3eMHOIT IMOBEPXHi MPU BiAMpalo-
BaHHI BYTiJIbHUX TJIACTIB, @ TAKOX JIJIsI 3SMEHILIEHHS TTOXUOOK
MPU MiIpaxXyHKy 00CSTY 30H 3aTOIIEHOT MOBEPXHi.

KumouoBi cioBa: asmomamusauis, ocioanms, Mo0eaoeanHs
NOBEPXHI, 3aMONACHHSA, 2I0POCKOAOSTUHI PUSUKU

MogaeaupoBanue OMyCKAHWSI 3€MHOM
NMOBEPXHOCTH NMPH ee NMOoAPAOOTKE OYMCTHHIMH
padoTamMM Ha YTrOJIbHBIX IAXTAX
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eas. OGocHOBaHUE METOAMKU MOJICTUPOBAHMSI OITy-
CKaHUS 36MHOI TTOBEPXHOCTH TIPH €€ TTOIPab0TKEe OYMCTHHI-
MM paboTaMM Ha maxtax 3amanHoro JloH6acca, mo3BoJisio-
1eii pa3paboTaTh aBTOMaTU3MPOBAHHYIO CUCTEMY OIpeiesie-
HUS 30H U O0ObEMOB 3aTOIIEHUS] MTOBEPXHOCTU 3eMJIU IS
MWUHHMMU3AIIN TUIPOIKOJOTUIECKUX PUCKOB TP 3aKPBITUK
maxT 3anagHoro Jlon6acca.

MeTtonuka. B nanHoi1 paboTe 000CHOBbBIBAE€TCSI METOIUKA
MOJIETMPOBAHUSI TIPOLIECCOB OCEIaHUsT 3eMHOM TTOBEPXHO-

CTH, TMO3BOJISIONIAST ONPEASsATh IJIOIAAN U 00bEeMbI 3aTO-
TJIEHHOI TTOBEPXHOCTH. JIJIT 3TOro pacCMOTpPEHbI IBa TUIIA
MoJieJieli TTIOCTPOCHMSI TTOBEPXHOCTEl C PEryJIsipHOM CeThIO:
MHTEPIOJSIMOHHAS Y TOJMHOMUANIbHAs. JlaHHbIe MOaenIun
IMO3BOJISIIOT TOJIYYUTh aleKBaTHOE TPEACTaBICHUE TMTOBEPX-
HOCTEM, a TaKXe SIBJIIOTCS 0a31COM ISl TIoACYETa 00BEMOB,
MPEACTABIICHHBIX B BUAEC CYMMbI 3JIEMEHTApHBIX MPU3M 10
KaxXaoMYy Y3J1y CETH.

PesyabTatbl. Pa3paboTaHHBINT MaTeMaTUIeCKUN U aj-
FOPUTMMUYECKHUI ammapaT MO3BOJUI co31aTh 3(pGheKTuB-
HbIE MOJEJIN 3€MHOM MOBEPXHOCTH M BOTOHOCHOTO TOpH-
30HTa, a TAKXEe MOJCYUTATh 00bEMBI 30H MEXY MCXOTHOM
W OCEBIIEN 36MHON MMOBEPXHOCTBIO, a TAKXKE MEXIY BOIO-
HOCHBIM TOPHU30HTOM M OCEBIIE ITOBEPXHOCTbIO [JIsl
oIpenesicHUs TUIolanaeii 1 06beMOB 30H YJ4acTKOB 3aTO-
IJICHUA.

Hayunasa HoBH3HA. 3aKiioyaeTcs B 00OCHOBAaHMHU METO-
MKW MOJEIUPOBAHMSI TPOLECCOB OCEAaHMSI 3€MHOM I1O-
BEPXHOCTH JUTSI MUHUMM3ALIUY THAPOIKOJIOTMUECKIX PUCKOB
MPU JTUKBUJALIMU YTOJbHBIX IIAXT.

IIpakTHyeckas 3HAYMMOCTb. 3aKJTIOYACTCS B pa3paboTKe
anmapaTHOro M TPOrpaMMHOI0 KOMILIEKca JUisl obecrieue-
HUST 93 (GHEKTUBHOTO MOJEIMPOBAHUS OCEIaHUsT 3¢MHOM T10-
BEPXHOCTU IMPU OTPAOOTKE YroJIbHBIX IJIACTOB, a TAKXKE ISl
YMEHBIIEHUS TIOTPEITHOCTEH TIPH MojcYeTe 00beMa 30H 3a-
TOIUIEHHOU MOBEPXHOCTH.

KimoueBsbie ciioBa: asmomamusayus, ocedanue nO8epxXHo-
cmu, MOOeAUpoBarue N0GepXHOCMU, 3amonieHue, 2udposKoio-
eu1ecKue pucKu
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