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Abstract

Purpose is the development of mathematical models to evaluate deformation of parameters of the rock mass-well geological
and engineering system within the anisotropic media.

Methods. Both mathematical and neural modeling of a stress state of the rock mass-well system under conditions of geolog-
ical uncertainty has been applied for the studies. From the viewpoint of mathematical modeling, analysis of probability of
factors, complicating drilling, should involve a number of assumptions for strength and deformation characteristics of rock
mass layers corresponding to particular hole-making conditions.

Findings. A mathematical model of horizontal wellbore and geological layers, occurring along the structure under the con-
ditions of permanent comprehensive stresses, has been developed. An analytical and graphical form has been applied to
implement one of the basic aspects of aggregation principles of strength changes in each particular lithological layer for
identification of an ideal value of horizontal/inclined wellbore length relative to the rock mass depths scheduled by mining.
Regularities of changes in deformation and spatial well stability within the complex reservoirs depending upon various pro-
cess duties have been determined. A neural simulation-based model has been proposed to analyze deformation of rock mass
layers having different strength characteristics.

Originality. Interaction between geomechanical characteristics of rock mass as well as deformation and spatial stability of
well design has been evaluated both qualitatively and quantitatively.

Practical implications. An opportunity has been presented to forecast deformation of well walls taking into consideration
different strength as well as structural and geological rock mass characteristics on the basis of neural simulation. The repre-
sented approach has been included on the register of the best scientific-based practices according to “Methods to recover
low-pressure gas of Cenomanian producing complex” Project.
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1. Introduction —if internal forces, formed with the help of high-
frequency electromagnetic field and more intensive value of
electric field, act (electric breakdown).

Finally, rock mass disintegration processes will be repre-
sented by its mechanical disturbance (in varying amounts)
when rock compositions and characteristics are preserved. The
abovementioned helps qualify them as physical phenomena.

On the other hand, rock mass disintegration may be fol-
lowed by changes in its composition through different physi-
cochemical processes (i.e. burning, melting, and dissolving).
Resulting from such transformations, certain rock mass share
will pass into gaseous or vaporous state with other properties
which is typical for a physicochemical method of rock mass
disintegration [1].

Taking into consideration the effect of local concentrated
stress varieties, the basic set of rock mass breaking techniques
is based upon the mechanical decomposition of certain solid
mass amount into small-size physical components able to
higher than internal resistance within the rock structure.

Stresses, favouring following disintegration of rock struc-
ture, may happen in following basic cases:

— if action of external forces, arising when specific tools,
which hardness is higher than that of the rocks themselves,
are used for the rock mass;

— if fluid stream moves under head and at a high rate;

— if water hammer and air blast act;
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Rock mass disintegration with the help of downhole tools
(i.e. bore bits, screw-shaped augers, spoon bits etc.) involves
such techniques, in terms of which disintegration process of
rock structure are exclusively connected with the manifesta-
tions of their mechanical properties (i.e. brittleness, strength,
fatigue etc.). The stresses, acting in rocks, and exceeding
their strength, are formed by means of such mechanical
means as impacts, pressure, and vibration. As a result, only
rock disintegration processes (i.e. crushing, shearing, break-
ing-down etc.) will prevail after the effect of such mechani-
cal rock factors [2]-[5].

If rock mass is broken-down without any downhole tools
(bitless techniques) then processes of rock structure disinte-
gration will depend upon constant or impulse loads being of
explosive nature. Such processes arise in terms of movements
of high-pressure liquids; electric charges within the liquids or
rocks; and in terms of effects by waves of extension (com-
pression) taking into consideration the rock heating (however,
the temperature should not exceed melting processes).

Under the conditions, stresses, exceeding values of con-
nection forces between the composing rock particles or their
areas, will form within the rock mass resulting in various
disturbances of their continuity.

Productive rock formation UV:! of Las-Egan oil field, lo-
cated at the territory of Nizhnevartovsk District (Khanty-
Mansiysk Autonomous National Area Tyumen Region), has
been selected as the research object. Las-Egan oil field be-
longs to Nizhnevartovsk petroliferous region (PFR) of Sred-
neobsk oil and gas region, which commercial oil and gas
content has been identified predominantly within the produc-
tive rock masses of Upper Jurassic and Cretaceous deposits.
The deposits are in the seams of AB, Ach (Achimov rock
unit), and UV groups.

Seams of the represented groups contain base oil reserves
of the deposit. Occurrences of the seams are characterized by
a complex structure being nonuniform distribution of effec-
tive thicknesses, plunging contacts, and numerous replace-
ment zones complicated both lateral and vertical connectivity
between reservoirs. On their type, the deposits belong to
tabular-arc and bottom water-drive reservoirs with local
change in lithology shaping lithologically their areal irregu-
larity as well as complex connectivity.

2. Materials and methods

The research involved studies of features and structures
of sedimentary rocks; deformational and spatial differences
of lithological types; mechanisms to develop neural network
models; and their application methods represented in papers
by Yu.E. Katanov [6], [7], A.K. Yagafarov [8], [9], I.P. Po-
pov [10], [11], I.I. Nesterov [12], [13], and others.

Studies of the actual values of rock pressure has resulted
in the development of a relevant mathematical model based
upon the hypothesis of M.M. Protodyakonov concerning
both inclined and horizontal mine workings copying geomet-
rically the well trajectories with proper incidence angles [14].

As for the wells, a primary period of rock pressure mani-
festation relative to the horizontal mine working support
(consideration of vertical well share prior to its penetration in
a formation) is characterized by changes in the initial stress
state of geological mass adjoining the mine working; static
period of rock pressure manifestation takes place when the
pressure arch is being shaped (supporting is on the formation
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along the mine working sides). If the wall rock strength is
less than the acting stresses then displacement of geological
layers, placing lateral pressure on the support, will happen.
Against the process, mining of clay argillite and clay will
result in their extruding into a mine working in the presence
of liquid (rock heaving during its swelling). Secondary
(steady) period of rock pressure manifestation starts from the
moment of pressure arch formation and changes in critical
stresses only within its boundaries.

The period takes into consideration the dynamic rock
pressure manifestations in the form of shakes, rock outbursts,
and rock bumps corresponding to mechanical stresses within
the geological formations neighboring the mine wor-
kings [15], [16]. The dynamic manifestations of rock pres-
sure become more intensive in depth involving natural angle
of slope of the sliding layers (geological and mathematical
analogy of the well trajectory taking into consideration the
angle of deviation from the datum axis) [17]-[19].

Implementation of rock mass penetration techniques
should provide well-kill safety and exclude mud absorption;
processes of destruction of well walls and their narrowing;
chemogenic rock flow; and caving processes. Techniques of
well drilling using the developed pressure drawdown have
become the most popular procedure since it helps minimize
mudding of the downhole rock mass areas while applying
different drilling agents and natural permeability preserving.

As for the design context, maintaining of well bottom
pressure as that one being lower than the formation pressure
provokes the necessity to analyze secondary objectives con-
nected with the rock deformation processes taking into con-
sideration borehole stability levels.

Penetration procedure needs identification of maximum
pressure drawdown value which may help implement opti-
mum drilling process. The abovementioned requires integra-
tion of geomechanical as well as strength and deformation
characteristics, and parameters of working stresses and ani-
sotropy prevailing in crosswell space and within bottom-
holes. If anisotropy of strength and deformation characteris-
tics of rock mass is pronounced then its key penetration fac-
tor is borehole orientation according to specific anisotropic
axed for each lithological layer [20], [21].

There may be the cases when vertical wells are being
drilled with no complicate factors within the selected pressure
drawdowns for identical types of drilling agents and pressure
drawdown values. At the same time, optimum drilling process
for the inclined (horizontal) wells is of probabilistic nature;
hence, it may be complicated due to their stability loss.

From the viewpoint of mathematical modeling, the pro-
babilities should involve a number of assumptions for the
strength and deformation characteristics of geological layers
of rock mass corresponding to the specific well drilling con-
ditions [22]:

—in view of filtration rock mass aspects, probabilistic loss-
es of spatial stability of the inclined boreholes should be ana-
lyzed depending upon the maximum permissible total stresses
to identify a scope of optimum pressure drawdown values;

— it is expedient to study probabilistic strength and de-
formation regularities of stability losses by well wall-rock
mass along a core axis (vertical axis) and in both tangential
directions (two axes within a plane of horizontal expansion
of the rock mass);

—alternatives of stress, acting on geological layers (i.e.
components of vertical well walls or vertical share of the
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inclined well), will result from various pressure drawdowns
being formed, by which values the total stresses within the
stress concentrator will be reduced (among other things, it
concerns radial direction) owing to the effect of shear (tangen-
tial) characteristics favoring horizontal rock disintegration;

—the acting total stresses will also be influenced by in-
cremental owing to the redistribution of other stresses tan-
gential (circular) characteristics together with the relatively
constant vertical component; the abovementioned will in-
crease the potential of destruction of layers around the well.

For the cases when open holes are studied, analytical
probability calculations as for the formation of specific con-
ditions, in terms of which rock mass layers are loaded (con-
cerning different pressure drawdown values), are implement-
ed involving their anisotropy type identification to evaluate
dependencies of stresses acting around the inclined well
bores as well as relevant geomechanical characteristics being
Young’s modulus, Poisson’s ratio, and Coulomb’s modulus.

Formation of adequate mathematical apparatus should
first involve study of a conceptual model of rock deformation
process within the interwell space. Developing an approach
to simulate regularities of changes in actual stresses within
the geological layers will be of special importance for the
analysis of horizontal well making as well as inclined ones
taking place in highly anisotropic formations.

3. Results and discussion

Stress tensor development on the basis of well survey
(WS) and the elaborated study of longitudinal well behavior
relative to x, y, and z axes of geological space (in the main,
horizontally) will show that their propagation velocity along
z axis (vertical direction) is by 1-2 orders less to compare
with x and y directions. The fact speaks for the predominance
of several anisotropy types within different layers, i.e. ortho-
tropic, transversely isotropic, and fragmentarily isotropic
geological environments.

Conceptual model of the deformation process in the
neighborhood of horizontal wells will not be identical for the
cases when rock influence on vertical wellbores in the con-
text of any alternatives of the anisotropic environments; the
abovementioned depends upon the identity of each intersec-
tion point within the peripheries of vertical wellbores.

Analytically, in terms of the idealized cases of isotropic
geological environment, all values of actual stresses are rep-
resented by means of constants towards the well peripheries
while in terms of actual anisotropic formations, values of the
stresses will vary similarly to composite a function, which
arguments are elastic characteristics of corresponding layers.

If one ties the system of physicomechanical differences
of rock mass with the changes in attenuation coefficient of
wave amplitude then its vertical excess over a value within
the horizontal plane speaks for the availability of fracture
system with the horizontal directivity. While core extracting
relative to a well axis (isotropy axis), it is required to take
into consideration permissible ‘shearing’ angle of the ana-
lyzed samples which should vary within the optimum value
interval being 0-45°.

Figure 1 demonstrates horizontal borehole projection of
an open well, which walls experience both radial (M point,
shearing, or —the value will be identical to liquid pressure
values for corresponding well) and circular (N point, o)
stresses [23].
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Figure 1. Conditional horizontal projection of circular stress action

Values of circular stresses gy will vary regularly while
passing from point to point (the represented well periphery
involves the assumption that initially the rock mass was of
isotropic nature). Maximums of circular stresses as well as
tangential ones will be concentrated within M A N points;
hence, the values can be represented as their semirange ratio
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It should be mentioned that within M A N points, loads of
actual stresses (oy) are directed correspondingly perpendicu-
larly and parallely to planes of the rock mass stratification.
Thus, liquid pressure drop within the wells will result in the
decreased values of radial stresses (or) in terms of respective
reverse increase of circular stresses (o) [22].

In the context of any type of geological environment ani-
sotropy, formation of conceptual foundations to study poten-
tial distributions of circular stresses (oy) in the neighborhood
of horizontal wells should take into consideration their axes
in parallel with isotropic planes (i.e. continuum). Mine pres-
sure differentials of the studied depths in terms of liquid
pressure values corresponding to them in each well may be
assumed as a unit of stress distribution within the rock mass.

A borehole may also be damaged resulting from the inte-
grated effect of stratigraphic and structural factors; if they
prevail, all unstable layers will superpose more competent
rock mass intervals in the neighborhood of the geological
structure edge. Consequently, relative displacement of the
formation will happen as well as cement damage and casing
collapse (Fig. 2).

Figure 2. Borehole instability upon the lithological layers
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Figure 3 shows schematically the regularities of changes
in actual stresses (o1, 02, o3) relative to X, y, and z core axes
of the analyzed well: o1 = or; 02 = 04; 03 = 7,. Since it is ex-
pedient to study core samples within the projections of quasi
three dimensional models, Figure 3 represents conditional
dependences in Q3D form with 0y axis limitation.
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Figure 3. Schematic representation of the compressive strain of
rock mass along the walls of horizontal wells

Any geological extent is influenced comprehensively by
stresses differentiated as the differences in modulus between
the values of initial formation pressure Poin (section 0A) and
rock pressure Py. Point A corresponds to the total stress va-
lues on the rock matrix before well drilling started.

Following oy loading continues its increase (AB; section)
and o stress (related AB; section) will remain constant in
terms of o3 decrease (related AB; section) for the rock pres-
sure values at the specific depths. Bs, B2, Bs points will corre-
spond to the conditions when the studied well will be drilled
completely and filled with the required liquid volumes.

Alternatives of changes in pressure drop process within
the studied well correspond to B;C, B,C;, B3Cs sections. In
terms of the process, o3 will approach close to zero and o1, o>
(i.e. relevant B,C; and B,C; sections) will start its increase.
The process will last until complete core sample disintegration.

Lame’s equation system, represented in the linear analy-
tical form, may be used as the initial mathematical basis to
calculate a1, o2, and a3, stresses being identical holistically to
pressure drawdowns in a well:
70) =0j+Pgas 1)
where:

T® — complete stress tensor;

oi — values of complete stresses taking into consideration
rock pressure effect for the specific depths;

Pgas — IS gas pressure value.

In the expanded form, system (1) is represented with the
help of following equations:

R 2
OR (r) = _(Phor + PW)[TWJ +Phor + Pass (r)

2
Ga(r)z(Phor+Pw)(RTWj +F)hor"'l:)mass(r) 2

oz (I’) = Phor + Prass (r)
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where:

Pror — is rock pressure value;

Pw and Prass(r) — pressure values within a well, and with-
in the rock mass “point” at r distance from the well axis
respectively;

Rw — the well radius value.

Tangential stress values may be represented as follows:

(0w (r)-00(r)=~(r +R){ 2.

Taking into consideration r = Ry, equation on a wall well, it
follows from formula 2 that the stress values will be equal to:

OR (RW):O
o9 (Rw)=2(Por +Py)-
Oz (r): Phor +Pw

Well pressure drawdowns AP, will be connected with oy
stresses, acting on its wall, as:

1

@)

o, >

(4)

o
AR, = Phor"‘Pgas_ 2,

> ®)

where:

Pgas — Value of gas formational pressure.

Characteristic points of a loading process, represented condi-
tionally in Figure 3, will correspond to following stress values:

— 01 =03 =03 = Ry + Pyas Within A point;

01 = Phor + Pgas Within By point;
oy = Z(Phor + Pgas) within B, point;

o3 =0 within B3 point;
within AB31, AB,, and AB; sections, average stress value
(O'l +0p + 0'3)

Oy = will remain constant as it follows from
expression system (2);

—within B1Cy, B2C,, and B3Cs sections, engaged in pres-
sure drawdown increase simulation relative to o1, o2, and o3
stresses, reverse discharge of core samples will take place
relative to their initial loading values with the selected addi-
tional loading increment. In the process of pressure draw-
down simulation in a well, the increment is 25 atm for rock
samples of PK; object of the Cenomanian system. Orienta-
tion is towards the loading units (M and N points).

Involving the represented mathematical model, neural
network modeling has been applied [23], [24] to forecast in
core sample the deformation increase in terms of the in-
creased acting stresses (Figs. 4-7) corresponding to the depth
of the studied site of 3200 m well.

The effect on a core sample, directed towards M point, re-
sulted in massive stepped deformation [1]. The initial disinte-
gration of its structure and continuity, starting from such pres-
sure drawdown values as 20-40 atm, has become the conse-
quence in terms of corresponding creep of interwell space
rocks with further pressure drawdown increase. The effect on
another core sample, directed towards N point, identified regu-
larity of its structure change, corresponding to a model of
elastic-plastic deformation according to which disintegration is
achieved if pressure drawdowns are more than 150 atm. The
creep of the prevailing layers will be almost nonavailable until
greater pressure drawdown values are formed.



Yu. Katanov, Yu. Vaganov, M. Cheymetov. (2021). Mining of Mineral Deposits, 15(4), 91-98

——el " e2 ~ e3 ™ el+e2+ed
-+ Stress, MPa

0,008 — 100

PP 95

0,006 S LR 190

. = \"*u—« 185

0.004 Al | * 180

-0 - 175

. pa e \'ﬁ’ %\ |70
0.002 5= ¥ A \Q?“ 165 ®

g % \

g \ 160 E

2 0000
5] - 55 "
g 50 6
© -0.002 s 3
2 I 140 &
| 135 @

-0.006

-0.008

-0.010

1 3 5 7 9 11 13 15 17
Number of observations

19 21 23 25 27 29

Figure 4. Deformation dependencies of a core sample oriented
towards M point

Obvious physical interpretation corresponds to the ob-
tained regularities. The analyzed rock mass layers have inte-
gral anisotropy both in terms of geomechanical and strength
characteristics. The abovementioned formulates mathemati-
cal logic of changes (i.e. decrease) in the strength of each
lithological layer. Predominantly, it concerns perpendicular
stratification (vertical direction) to compare with higher
values of the strength characteristics in horizontal direction
corresponding to the stratification.

Since vertical direction is in accord with a well log, the
unloaded strength condition of the rock mass layers (for the
studied depth) will be typical for M point if well pressure
drops (Fig. 4).

If circular stresses oy act, a borehole will experience
higher compression by rocks, composing it; hence, a process
of their vertical layer by layer separation becomes more
intensive. Nevertheless, since horizontal effect of circular
stresses is not critical, deformation tensor, directed towards
N point, can identify neither the clearly expressed rock disin-
tegration process no creep parameter even in the case of
major pressure drawdowns [25]-[27], (Fig. 5).
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Figure 5. Deformation dependencies of a core sample oriented
towards N point

Figures 6 and 7 represent the results of neural network
simulation of core sample strength (for hard and soft samples
respectively.
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Figure 6. Deformation dependencies of hard core sample (clay)
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Figure 7. Deformation dependencies of soft core sample (sandstone)

Consequently, horizontal well drilling in terms of 5-30
atm (for geological objects of the Central Priobye) results in
substantial disturbances of borehole structure stability within
the interwell rock mass space [24].

To prove the idea, it is required to expand the basis of the
mathematical model, represented earlier, involving changes in
the strength of each lithological layer in accordance with the
selected direction of the unloaded condition of the rock mass
layers relative to the stratification planes. The abovementioned
will make it possible to correlate stability of lithological layers
of the rock mass and borehole geometry [28], [29].

The concept involves several aspects. The research repre-
sents one of them. It is identification of actual borehole
length of horizontal/inclined well as for the stated rock mass
depths to be mined. The data are required to specify specific
values of rock pressure developed by the overlying formation
since the former effects stability of deep well geometry.

A value of a vertical borehole share at Hq level, being
equal to 3200 m in terms of its zero incidence angle relative
to the well axis; in terms of constant density of its rocks p,
being equal to 2300 kg/m?, and in terms of gravity accelera-
tion g, being equal to 9.8 m/s?, has been assumed as the ini-
tial depth (zero condition of the mathematical problem).

Following analytical and graphical dependencies (Figs. 8-
12, Formulas 6-9) will demonstrate changes in a horizontal
well borehole where inclination angle of a vertical share
(before productive rock mass cutting-in) varies from 0 up to
45 degrees with 5° increment.
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0

Borehole length changes involving
relevant 0-45° inclination angle
with 59 increment

Depth of a borehole cutting-in
productive rock mass

H,m

Figure 8. Schematic representation of borehole changes involving
angle of inclination from a vertical axis

0

90° B~

Ho
H, m

Figure 9. The detailed representation of the borehole length chang-
es involving its angle of inclination from a vertical axis

According to the definition of sides of a right triangle (the
sum of the angles is equal to 180 degrees), hypotenuse value
(c) can be defined with the help of values of two correspond-
ing catheti (a, b):

c2=a?+b?, c? =+a?+b? . (6)

Since, cathetus value (b) is unknown then hypotenuse
value (c), can be calculated taking into consideration adja-
cent angle pi to incidence angle of a wellbore a;:

__Ho
“sin(4)

Where Hy is length of a vertical wellbore before the cut-
ting-in into the productive mass; p; is values of an adjacent
angle relative to a;, Table 1.

Rock pressure was calculated involving two methods: a
traditional method (Formula8) and according to Pro-
todyakonov (Formula 9):

Phor :P'g'Hi*;
* 90+6!
Pior =209 H; 'tgz[le-

Table 1 explains the content of (8-9) Formulas.
The rock pressure values (according to Protodyakonov)
were obtained in such measurement units as kgs/m?.

. U]

®)

©)

Table 1. The initial data to analyze rock pressure

Borehole length (Hi")

Rock pressure Rock pressure

_ _Borehole taking into (standard .
mcﬁgﬁ;etﬁggle Adjacent i (0 tgz(90+ai] consideration adjacent calculation ~ (@ccording to Prg(t)odyakonov),
: * +
oroper axis a angle gi 2 angle fi, sinFEOﬁi) , Ppééli?*(,jllj\;lelsa 0-9-Hj -th[le , MPa
0 90 1 1 3200 72.128 72.176
5 95 0.996 1.091 3212.528 72.410 72.452
10 80 0.984 1.191 3249.390 73.241 73.290
15 75 0.965 1.303 3312.972 74.674 74.723
20 70 0.939 1.428 3405.704 76.764 76.809
25 65 0.906 1.569 3530.839 79.585 79.638
30 60 0.866 1.732 3695.150 83.288 83.342
35 55 0.819 1.920 3907.203 88.068 88.112
40 50 0.766 2.144 4177.545 94.161 94.220
45 45 0.707 2.414 4526.166 102.019 102.073
To reduce the measurement units to MPa (Table 1), it is 5000
required to divide the calculation results by a conversion factor 4500 P edien
101971.6. Figures 10-12 represent borehole length changes, c 4000 '
invol-ving various incidence angles and dependencies of rock o 3500 320000 324939 A
pressure variations (the traditional calculation procedure, and 230001 595y 331297 :
that one according to Protodyakonov) respectively. f 2500
Consequently, a value of rock pressure, influencing the well 'S 2000
wall stability at 3200 m depth (if vertical borehole is meant) S 1500
being 72.1 MPa, cannot match its actual value at the same % 1000
depth in terms of any incidence angle. Among other things, if 500
incidence angle is 35° than actual borehole length is 3907 m 0
instead of 3200 m in terms of 88 MPa rock pressure rather than 0 10 20 30 40 50

in terms of 72.1 MPa. The difference is 15.8 MPa or 158.91
atm which will intensify drastically the deformation of well
walls due to the influence of rocks occurring along its borehole.

96

Borehole incidence angle, degrees

Figure 10. Borehole length changes, involving various incidence
angles
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Figure 11. Rock pressure (a traditional calculation procedure)
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Figure 12. Rock pressure (a calculation procedure according to
Protodyakonov)

4. Conclusions

The regularities of changes in deformation and spatial well
stability within the complex reservoirs depending upon various
process duties have been determined. A neural simulation-
based model has been proposed to analyze deformation of rock
mass layers having different strength characteristics.

Based upon the simulation, the deformation stability of
well walls and samples of the studied rock mass with differ-
ent strength characteristics have been forecasted. The follow-
ing has been obtained:

— deformation values of both competent and soft samples
from rock formation UV;! of Las-Egan oil field will vary
within -0.0015-0.0065 interval and within 0.000-0.0083
interval in terms of corresponding 2-102 and 2-75 MPa
stresses respectively;

— deformation values of well walls will vary within
0.000-0.008 interval in terms of corresponding maximum
stresses, being 72-83 MPa, if borehole length of a horizontal
well is 3200 before productive formation cutting-in with 0°
incidence of the share;

—well wall deformation values will vary from 0.000 up to
0.013 in terms of corresponding stresses, being 72.1-88 MPa
for a horizontal well length borehole before productive for-
mation cutting-in (taking into consideration 35° incidence
angle of the share) which forms actual 3907 m borehole
length rather than 3200 m.

The findings have become a part of the recommendations
concerning optimization of procedures to reextract hydrocar-
bon reserves within the framework of the project of the
Ministry of Education and Science of the Russian Federation
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JocaixaxeHHs CTIHKOCTI CTIHOK CBEPAJIOBHH IPH PO3KPUTTI
NPOAYKTHBHOI0 MacUBY Ha 0a3i HelipoMepeskeBOro MOJeTIOBAHHS

10. Karanos, 0. Baranos, M. UeiiMeToB

Merta. Po3poOka MaTeMaTHYHUX MOJENEH Uil OLHKY AedopMarii mapaMeTpiB reojoro-TeXHOJIOTYHOI CHCTEMH “MacHB — CBEPATIOBHU-
Ha” B aHI30TPOIHUX CEPEIOBUIIIAX.

Metoauka. [ T0CHiIKEHh BUKOPHCTaHI MaTeMaTHYHE Ta HEHPOMEpEKeBEe MOJCIIOBAHHS HAIPYKEHOIO CTaHYy CHCTEMH “MacuB —
CBEpPJUIOBHHA” B YMOBaX T€OJIOTIYHOT HEBU3HAYCHOCTI. JIJIs1 MOCI/PKEHHS IMOBIPHOCTI YCKJIaHIOKOTh (JaKTOPIB MpH OypiHHI 3 TOUKU 30py
MaTEMaTHIHOTO MOJEIIOBAHHS, HEOOXITHO 3pOOUTH pPSA NMPUIYLIEHb I JedopMamifHO-MIIHICHUX BJIACTUBOCTEH TI'€OJIOTIYHUX IIapiB
MacHUBY, LI0 BiANIOBIAAIOTh KOHKPETHIM YMOBaM OypiHHS CBEPUIOBUH.

PesyabTaTn. Po3pobiieHo MateMaTHYHy Mojienb nedopmariii CTBoJIa TOPH30HTAIBHOI CBEPIUIOBUHH 1 I€OJIOTIYHUX IIapiB, PO3TAILIOBaA-
HUX Y30BX JaHOI KOHCTPYKIii, B yMOBaX IMOCTIHHO Aif04MX BCEOIYHUX HATPY)KEHb. PeanizoBaHo, B aHAMITUKO-TpadiuHOMY BUTIISI, OIVH 3
0a30BHX aCIHEKTIB MPUHIMITY arperyBaHHs 3MiH MEX MIIHOCTI KOXKHOTO OKPEMOTo JiTomapy s igeHTrdikamnii icTHHHOTO 3HA4YEHHS OB-
JKUHU CTBOJIA TOPU3OHTAIBHOI/TIOXMWIIIH CBEPAIOBUHHU LIOJO 3asBICHUX PO3POOKOI0 MIIHOMH MacuBy. BCTaHOBICHO 3aKOHOMIPHOCTI 3MiHH
negopMaIiifHO-TIPOCTOPOBOI CTIMKOCTI CBEPIJIOBHH Y CKIAIHOIOOYIOBAHUX KOJEKTOpaX MpPU Pi3HUX TEXHOJIOTIYHMX HaBaHTAKCHHAX. 3a-
MPOIIOHOBAHO HEHPOMEPEIKEBY MOJIENb JOCIIDKEHHS fehopMallii rapiB MacHBY 3 Pi3HIMHU XapaKTEPHCTHKAMH MIilTHOCTI (MEXaMH Mil[HOCTI).

HayxoBa HoBm3HA. [laHa sKiCHa Ta KUIbKICHa OLHKAa B3a€MOBIUIMBY TI'€OMEXaHIYHUX XapaKTEpHCTHK MacuBy Ha nedopmariiHo-
HPOCTOPOBY CTilKiCTh KOHCTPYKIIii CBEPJIOBHUH.

IIpakTHyHa 3HAUMMicTB. [IpecTaBneHa MOXKIIUBICTh MPOrHO3YBaHH JedopMallii CTIHOK CBEP/JIOBHH 3 YpaxyBaHHSIM Pi3HUX XapakTe-
PHUCTUK MIITHOCTI Ta CTPYKTYPHO-TEOJOTIYHHX XapaKTEPUCTHK MacHBY Ha 0a3i HelpoMmepexeBoro MozeiroBaHHs. IlpencTaBineHuil mimxin
BKJTIOYEHHH JI0 peeCTpy HayKOBUX HAIPALIOBaHb 3TiAHO 3 MPOoeKToM “TexHonorii BunoOyTKy HU3bKOHAMIPHOTO Ta3y CEHOMaHCHKOTO MPOIy-
KTHBHOTO KOMILIIEKCY .

Knrouosi cnosa: nanpysicenns, Hetipomepedica, deghopmayis, 2ipCbKuil MUCK, MPAHCEEPCATbHO-I30MPONHe cepedosuiye, NPOSHO3YEAHHS,
CMBOJI, C8ePONOBUHA

HccaenoBanne yCTOﬁ‘lPlBOCTI/I CTEHOK CKBAKHH IPU BCKPBITHHA
MPOAYKTHBHOI'0O MaCCUBA HA 0ase Hei/ipoceTenoro MOJCITUPOBAHUS

10. Karanos, 0. Baranos, M. UelimeToB

Ilean. Pa3paboTka MaTeMaTHUECKUX MOJCICH TS ONCHKH aehOopMaIMi MapaMeTPOB IeOJIOTO-TEXHOJIOTHUECKON CHCTEMBI “MacCUB —
CKBa)XMHA B aHU30TPOITHBIX Cpe/Iax.

Metoauxka. /Iy ucciegoBaHUi UCTIONB30BaHBl MATEMATHYECKOE U HEHPOCETEBOE MOJECTUPOBAHIE HAMPSHIKEHHOTO COCTOSHHUS CHCTEMBI
“MacCHUB — CKBaXMHA” B YCJIOBHSX T'€OJIOTHUECKON HEOIpeAeleHHOCTH. [ MccineoBaHusl BEPOSTHOCTH OCIIOKHSIONNX (PakTOPOB TpH
OypeHHH C TOYKH 3pEHHsI MaTeMaTHYECKOTO MOJAEIHPOBAHHsS, HEOOXOAUMO CAENATh P AOMyIIeHHH s AehopMaluOHHO-TIPOYHOCTHBIX
CBOMCTB Ie0JIOTHYECKHUX CJIOEB MAaCCHBA, COOTBETCTBYIOIIMX KOHKPETHBIM YCIIOBHSAM OYpEHUS CKBaYKHH.

Pe3yabTaTtsl. PazpaboTana MaTemarideckas MOJeNb AeopMaIiy CTBOJIA TOPU3OHTAIBHOIN CKBaYKUHBI M T€OJIOTHYECKHX CIIOEB, PAcIo-
JIO’KEHHBIX BIOJIb ﬂaHHOﬁ KOHCprKL[I/II/I, B yCJ'[OBI/IS{X IMOCTOAHHO ﬂeﬁCTBymmHX BCCCTOPOHHUX Hal'lpﬂ)KCHI/II\/'I. PeaJ'II/ISOBaH, B AQHAJIUTUKO-
Fpa(bl/lquKOM BUAC, OAWH U3 6aBOBbIX ACIICKTOB IPUHLMIIA arpE€rupoOBaHUsL PI3MCH€HPII>’I npeacyioB MPOYHOCTHU KaXJA0Tr0 OTACIBHOI'O JIUTO-
ci10s U1 UACHTH(UKAIIMA UCTHHHOTO 3HAYEeHUs JJTMHBI CTBOJIA TOPU30HTAILHON/HAKIIOHHON CKBaXKWHBI OTHOCHUTENBLHO 3asBICHHBIX pa3pa-
0O0TKOH TIyOMH MaccuBa. YCTaHOBJICHBI 3aKOHOMEPHOCTH H3MEHEHHs Ae(OpPMAaliOHHO-IPOCTPAHCTBEHHONW YCTOWYHMBOCTH CKBKUH B
CJI0)KHOIIOCTPOCHHBIX KOJUIEKTOpPaX MPHU Pa3InYHBIX TEXHOJOTHMYECKHX Harpyskax. [IpemnmoxkeHa HelipoceTeBas MOJENb HCCIIEAOBAHUS JIe-
(hopmMamum CI0EB MacCHBa C Pa3TMIHBIMU IIPOYHOCTHBIMH XapaKTEPUCTHKAMH (TIpeIeIaMi TPOYHOCTH).

Hayunas HoBu3HA. J/[aHa KaueCTBEHHAsI M KOJMYECTBCHHAS OICHKA B3aHMMOBIISIHUS T€OMEXaHNYECKUX XapaKTEPHCTHK MacCHBa Ha Jie-
(hOopMaMOHHO-TIPOCTPAHCTBEHHYIO YCTONYMBOCTh KOHCTPYKIIMU CKBA)KHH.

IIpakTnyeckasi 3HaAYUMOCTB. [IpesicTaBieHa BO3MOXKHOCTh IIPOTHO3UPOBAHUS Je(OPMALM CTEHOK CKBR)XHUH C YYETOM Pa3IMYHBIX
MIPOYHOCTHBIX M CTPYKTYPHO-TEOJOTUYECKUX XapaKTEPUCTUK MaccuBa Ha 0ase HelipoceTeBoro MonenupoBanus. IlpeacTaBneHHbI TOAX0R
BKJIIOUEH B PEECTp HAay4YHbIX HApabOTOK COINIAcHO MpoekTy “TexHomoruu I0OBIYM HU3KOHAIIOPHOTO Ia3a CEHOMAHCKOTO HPOIYKTUBHOTO
KOMILIeKca”.

Knroueswie cnoea: nanpsoicenue, netipocems, deghopmayus, eopHoe dasienue, mpanceepCaibHO-U30MPONHAs cpedd, NPOSHO3UPOBAHUe,
CMBOJ, CKBAIICUHA
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