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IDENTIFICATION OF MATERIAL PARAMETERS FOR NUMERICAL
SIMULATION OF THE BEHAVIOR OF ROCKS UNDER TRUE TRIAXIAL
CONDITIONS

Purpose. Development a modified model of geomaterials for numerical simulation of the behavior of rocks in a
true triaxial stress field.

Methodology. The research was conducted on specimens of coal grade “C”. Input parameters of materials for
basic models in the modeling by the finite element method were taken from the physical experiment. The experiment
was conducted on the installation of true triaxial compression. The results of comparative studies on the behavior of
rocks in the true triaxial stress field using the experimental method and numerical mathematical modeling are pre-
sented. Modeling is conducted by the finite element method in Ansys Inc software. The results of tests on the strength
of coal specimens in generalized compression conditions are taken as in-situ properties.

Findings. It is established that use of classical deformation models — the elastic model and Drucker—Prager mod-
el — with numerical mathematical modeling of geomechanical processes is in error when describing the behavior of
geomaterials in a volumetric field of stress of 30—15 % relative to the experiment. In this case, modeling with the use
of an elastic model does not only cause a significant quantitative error, but also fails to reflect the quality of the depen-
dence of the Young module and the volume compression module on average stresses at all stages of the strain. To
adequately imitate the model of geomaterials, one must take into account the anisotropy of the elastic modulus, the
shear modulus and the coefficient of transverse deformation, as well as the functional dependence of the dilation from
the plastic deformation and the coefficient of rigidity.

Originality. The Drucker—Prager model was modified by taking into account the anisotropy of coal properties.
Depending on the “average stress-average deformation”, the calculation error for the elastic model is 33 %, for the
Drucker-Prager model it is 15 %, while for the modified Drucker—Prager model it is 0.14 %.

Practical value. Using the results of the study can improve the accuracy of the prediction the stress-strain state of
geomechanical objects.
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Introduction. Solving a large range of complex geo-
mechanical problems is connected with the necessity of
forecasting the destruction of rocks in the course of
technological processes of development of minerals,
which today is hardly thinkable without the use of a
powerful mathematical apparatus.

Analytical approaches based on borrowing solutions
known in classical solid-state physics, theoretical me-
chanics, and material resistance remained in the last cen-
tury. The classical theory of strength does not allow pre-
dicting the critical state of the rock mass correctly. This is
primarily due to the lack of result precision and too large
degree of idealization processes in question. For more
than 20 years, the main instrument for analyzing the
stress-strain state (SSS) of structures, materials, elements
of building structures and rock masses has involved nu-
merical simulation methods implemented in special soft-
ware packages. The most popular ones are software prod-
ucts where analysis is conducted using the finite element
method (FEM), boundary element and discrete elements.

The use of such packages in geomechanics allows for
complex geometry, geometric and physical nonlinearity
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to be taken into account, calibrate the models, which
ensures taking into account the heterogeneity of the
properties of rocks and conducting probabilistic statisti-
cal estimates.

Analysis of the recent research. Most of mathemati-
cal research is conducted on the strength of real geoma-
terials to standard models incorporated in software
products. This behavior of the material in the numerical
models and in-situ varies, which causes deviation of cal-
culations from the fact. Such a replacement is valid only
when the accuracy of calculations is within the permis-
sible range for the tasks of the selected type. Therefore,
numerical modeling always requires additional studies
to assess the accuracy and, if necessary, adjustment
models; unfortunately, it is not always performed. One
of the most difficult types of geomechanical problems
are requiring assessment of stress-strain state array in
3-D. 3D modeling of the top-coal-caving mechanism
[1], analysis of stress-strain state coal barrier pillars in
tailgate [2], analysis of deformations and stresses in the
goaf of longwall panels [3], stress distribution around a
longwall face [4] are the tasks most relevant in the pres-
ent. An attempt to identify material parameters for simi-
lar tasks is presented in this article.
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The most common models of rocks in numerical
analysis are the Elastic model and the Drucker—Prager
(DP) model of plasticity.

Calculations based on the assumption of the linear
elasticity of rocks modeling materials are the most com-
mon in the analysis of SSS in geomechanics. Linear-
elastic material (Elastic model) ratio is subject to Hooke’s
law and does not retain deformation after removal of
load. Correct description of geomechanical processes
can be achieved with the solution of linear elastic prob-
lems because these processes are nonlinear in nature [35].

Drucker—Prager plasticity model is more popular, it
allows us to describe satisfactorily the behavior of soils
under unrestricted deformations [6—8] and the behavior
of rocks under axial loading [9, 10]. Estimation of the
accuracy of this model for volume loading of rocks in
the scientific literature is not paid enough attention.

However, existing studies on concrete behavior [11]
have shown that the Drucker—Prager model of plasticity
allows precisely simulating the SSS of concrete in the con-
ditions of the spatial limitation of deformations, which pro-
vokes the emergence of a trivial stressed state in structural
elements. However, the accuracy of the model depends
largely on adequate evaluation of its parameters [ 12]. Such
a model should include pressure dependence, dependence
on the trajectory, non-associative flow rule, strain harden-
ing and limited tensile strength characteristics.

It has been demonstrated by [13] that the behavior of
specific structural elements can be well estimated using
a Drucker—Prager model of plasticity, in which the pa-
rameters related to friction angle and cohesion govern
the yielding and hardening criteria, while the parameter
related to plastic dilation determines the flow rule. In-
vestigation of the results of tests of flat concrete columns
in the theoretical framework of the Drucker—Prager
model allowed establishing that the rule of hardening/
softening is regulated by plastic deformations and the
coefficient of stiffness; the friction angle slightly de-
creases with increasing plastic deformation; and the
angle of plastic dilatation is a function of axial plastic
deformation and a rigidity coefficient [12].

Obtaining these relationships and functions is possible
only through statistical analysis of the results of laboratory
experiments on specimens. In addition to the above, when
modeling the behavior of rocks one should be aware that
they are defect bodies, anisotropic in-site and are uneven
components in array in conditions of true triaxial stress
field. Elastic constants species are not absolute constants,
they depend on the type of stress state and the load [14].

Problem statement. Taking into account the above-
mentioned identification the parameters of the models
of materials that would allow describing the behavior of
geomaterials in their volume load correctly, is an impor-
tant scientific and practical task, the solution of which
will increase the accuracy of numerical simulation of
geomechanical processes and forecast of critical state of
rocks. In addition, in this article, an attempt is made to
modify Drucker—Prager’s basic model to improve the
accuracy results of calculations. The estimation of the
accuracy of developed models was carried out by com-
paring the results of the calculation and the experiment.
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Research method. A series of physical experiments
was conducted to obtain the initial data for mathemati-
cal modeling on the installation of unequal component
triaxial compression (UCTC), which was developed and
used in the Institute of Physics Rocks of the National
Academy of Sciences of Ukraine [15]. This test machine
allows simulating any ratio of the components of true
stress field on specimens with a shape close to the cubic,
with a side of the cube of 51—58 mm (Fig. 1).

Tests were conducted on specimens of coal grade
“C”, seam d, at Pokrovske mine. The “generalized
compression” stress state (u, =—1, 5, =03=3.5 MPa, ¢,
was simulated to the destruction of specimens, where u,
is the Lode-Nadai coefficient, 6;, 5,, 53 is the principal
stresses, MPa).

General view of the destroyed specimen with failed
surfaces axial to o; is shown in Fig. 2. The maximum
strains were implemented in the direction of o (right).
From the fracture pattern, crack orientation relative to
the prevailing level of the principal stress o, can be seen.
The maximum density of cracks and their maximum
size are observed directly at the plate test machine with
o3, indicating a nonlinear deformation of the specimen,
such as cracks are the result of inhomogeneous defor-
mation.

Fig. 2. Coal specimen destroyed in terms of generalized
compression
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Simulation numerical modeling was conducted us-
ing the finite element method (FEM), which was imple-
mented in the Ansys Inc software. The finite elements
model was created in a scale of 1 : 1.

The finite elements had the form of parallelepipeds,
due to the shape of the model. A cube-shaped coal speci-
men with sides of 55 mm was modeled. Three cube faces
with one top were tightly fixed not to move in three mutu-
ally perpendicular directions along the respective axes. It
simulated stationary plates of the test machine (Fig. 1).

On the free faces of the cube there was discretely
added stress that corresponded to the actual load on the
pressure plates of UCTC during the physical experi-
ment. The task was solved in 10 steps. During the FEM
calculation, movement of cubic specimen faces at every
step of loading was obtained. The general view of the fi-
nite-element model with the plotted vertical (maxi-
mum) deformation, axial to o, is shown in Fig. 3

The numerical experiment under the same load pro-
gram was carried out three times using various deforma-
tion models:

1) the basic isotropic elastic model. Output: elastic
modulus, Poisson’s ratio;

2) the basic Drucker—Prager plasticity model. Out-
put data: elastic modulus, Poisson’s ratio, cohesion co-
efficient, internal friction angle, angle of dilation;

3) the Drucker—Prager model moderated by the au-
thors. The model takes into account the anisotropy of
the elastic modulus, the Poisson’s ratio and the dis-
placement modulus in 3D. Output data: elastic modu-
lus, Poisson’s ratio, shear modulus, cohesion coeffi-
cient, internal friction angle, dilatation angle.

In calculations, the angle of dilatation was assumed
to be the limit, which was equal to the angle of internal
friction of coal.

Research results and their discussion. The example of
visualizing numerical calculation model for the Druck-
er—Prager model is shown in Fig. 4. The figure shows
the negative values of the deformations of axial action
axis o; (vertical axis), and the growth of its dimensions
in the directions o, and o3, which coincides with the ac-
tual pattern of deformation.

SMV =-.002181

1
S002181 g 001696 oy —O0I21Z o oo =03 o s —242803

Fig. 3. Model of a coal specimen with a grid of finite ele-
ments, combined with a picture of vertical deforma-
tions, axial to maximum principal stresses G,
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Fig. 4. Pictures of deformations in simulation modeling
axial to o

The view of the right model (Fig. 4) corresponds to
the front side of the specimen destroyed in Fig. 2, the
vertical axis corresponds to the direction of the prevail-
ing principal stress G,.

For the analysis of results obtained from the data of
the physical experiment and numerical modeling there
were calculated stress and deformation tensors, volu-
metric deformation, average stresses, average deforma-
tions, deformations and stress deviator, deformation
module, transverse deformation coefficient (Poisson’s
ratio), volume change energy and shape change energy.

Stress and deformation tensors, MPa

o= (31400 * P))/((Ly—y) * (L3—X));

0, = (31400 * P,)/((L,—2) * (L3—x));

03=(31400 * P3)/((L;-2) * (L~ »));

e =z7/Ly; &=y/Ly; e=x/L;,

where L, L, L; are dimensions of the edges of the
specimen in the direction of action, respectively ¢,, &5,
os3; Py, P,, P; are pressures on the sensors of the testing
machine in the direction of action ¢, ©,, 63; X, y, z are
displacements of pressure plates — respectively in the di-

rection of action ;, 6,, C3.
Volumetric deformation

I/def: g1+ &+ &5
Average stresses, MPa

_GI+G2 +G3
av 3 .

(¢

Average deformations
g e, tE
€, =————.
3
Stress deviators, MPa
Ggel =01~ Ogys

Gge2 =02~ Ogys  Oge3 = O3~ Oy

Deformations deviator
Edel = €17 €45

a2 =€~ &gy Ege3 = €3~ Eqy
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Volumetric deformation module, MPa

K:l%.
3¢

av

Shear modulus, MPa

G:l\/0102+02-03+01-03
2\ g-e,+€, 8,488

Deformation module (Young’s modulus), MPa
£ 9K -G ‘
3K+G

Transverse deformation coefficient (Poisson’s ratio)

L 3R-2G
6K +2G

Volume change energy, MJ/m?
Av = (Gl + GQ"{‘ 63)2/181(
Shape change energy, MJ/m?

Ar=[(c,-06)2 + (0,-63)2 + (5, 53)2] x
x (1 +v)/18K(1 —2v).

The analysis results are demonstrated in Figs. 5, 6.
They imply that the most accurate description of the ex-
periment is reached when modeling application with the
modified Drucker—Prager model.

From Fig. 5 it should be concluded that the modified
Drucker—Prager model is as close as possible to the ex-
perimental one. In this case, the volumetric strength for an
elastic and modified model is overestimated by 10.9 and
1.6 %, respectively. At average stresses of 35 MPa in
Drucker—Prager models, a typical change in the angle of
inclination of the load curve is deformation, in accordance
with actual experimental results. For an elastic model, the
dependence remains linear over the entire load path.

From Fig. 6 it follows that the use of an elastic mod-
el of deformation leads to understatement of Young’s

O1-Oav, MPa E€2-Cav
40 0,012
35 N
- oo —
&\. 25 /r/.:/(/ T 0,008 -2
Eﬁ% 20 % 0,006 b Z
-3
%5 w 000476
% E// + 0,002 8
0 0
0,007 -0,002 0,003 0,008  €1-Eav

Fig. 5. Relation between stresses and deformations (1, =
= _1, (o3} * 02 = 63):
1, 5 — results of the experiment; 2, 3, 4, 5, 7, § — results of
calculation by models, respectively: 2, 6 — elastic model; 3,
7 — Drucker— Prager model; 4, § — modified Drucker—
Prager model
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Fig. 6. Dependence on the average stress (G,):
a — the Young’s module (E); b — the volume change energy
(A,); ¢ — the shape change energy of the specimen (Ay); 1 —
the results of the experiment; 2, 3, 4 — the results of calcula-
tions by models, respectively: elastic, the basic Drucker—
Prager model, modified Drucker-Prager model

modulus in individual steps by more than 3 times, the
volume change energy — up to 58 %, and the energy
change of the form — to 35 %. Characteristically, simu-
lation using this model does not only cause a significant
quantitative error, but fails to reflect some of the quality
properties (Fig. 5, a). Simulation using the Drucker—
Prager basic model describes the experiment more qual-
itatively, but also is in error of 20—30 % in the mentioned
parameters.

A characteristic result is that the modulus of elastic-
ity coincides well with the experiment at the later stages
of the load, but the volume change energy and shape
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change energy, on the contrary, coincide at the initial
stages.

The estimation of the accuracy of numerical simula-
tion for different deformation models was carried out
regarding the dependence of the average stress on aver-
age deformations at different load stages in relation to
the results of the experiment.

The results show that the error of “the average stress-
average deformation” factor for the elastic model is
33 %, for the base model Drucker—Prager — 15 %, and
for the modified Drucker—Prager model — 0.14 %.
Moreover, as the maximum principal stress increases,
the calculation error for the first two models increases.
The solution in an elastic isotropic condition has a per-
missible variation (up to 10 %) error with ratio of the
maximum principal stress to two others stress up to 5.
For the developed deformation model, at all stages, ex-
cept the first one, the error is less than 10 %.

Conclusions and recommendations for further re-
search. It is established that the use of classical deforma-
tion models, with numerical mathematical modeling of
geomechanical processes, even in the presence of input
data, does not allow describing the behavior of geomate-
rials in a volumetric stress field with sufficient accuracy,
which is natural for rocks.

Modeling using an elastic model does not only cause
a quantitative error of more than 30 %, but fails to reflect
some of the quality properties as well.

Models of geomaterials should take into account the
anisotropy of the modulus of elasticity, the shear modu-
lus and the coefficient of transverse deformation, as well
as the functional dependence of dilatancy from plastic
deformation and coefficient of rigidity.

To model the behavior of coal in true triaxial stressed
state, a modified deformation model of Drucker—Prager
was created. It takes into account the above-mentioned
features of simulation. The results of numerical simula-
tion using the proposed model describe the experimen-
tal data most accurately. Further research will be aimed
at developing deformation models that describe the be-
havior of other rocks.
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Merta. Po3pobka MoaudikoBaHOI MoJIesli reoMaTepi-
aJIiB 151 YUCEJIbHOTO MOAEIFOBAHHS TTOBEIiHKU TPChKUX
Mopia y HEPIBHOKOMITOHEHTHOMY I10J1i HAMPYKEHb.

Metomuka. JlocaimKeHHsI MPOBEAEHO Ha 3pa3Kax
Byrims mapku ,,K“. BxigHi mapameTrpu maTepiajiB mist
0a30BMX MojeJiell Mpy MOAEIIOBAaHHI METOAOM KiHIle-
BUX €JIEMEHTIB Y34Ti 3 (hi3UYHOro eKcrepuMeHTy. Exc-
MEepUMEHT TIPOBEJCHO Ha YCTAaHOBIIi HEPiBHOKOMIIO-
HEHTHOTO TPUBICHOTO CcTUCHeHHs. HaBeneHi pe3yib-
TaTU MOPiBHSUIBHUX JOCTIIXKEHb MOBEIIHKM TipChKUX
nopin y HEpiBHOKOMIOHEHTHOMY IIOJIi HampyXkeHb
eKCIIepUMEHTAJTbHUM METOIOM i YMCEIbHUM MaTeMa-
TUYHUM MOJCIIOBaHHSIM. MoentoBaHHS IIPOBEICHE
METOJOM KiHIIEBUX €JIeMEHTIB y IPpOrpaMHOMY KOMII-
Jekci Ansys. Pesynbratu BUIIpOOyBaHb Ha MillHICTb
3pasKiB BYTLJISI B YMOBax y3arajibHEHOTO CTUCHEHHS
MPUIHSATI B IKOCTi BIaCTUBOCTEM in-situ.

Pe3ynbTatu. BcTaHOBNEHO, 10 BUKOPUCTAHHS
KJIaCUYHUX nedopMaliitHuX Moaesieil — Mpy>KHOi MO-
neni ta Ipykepa—Ilparepa — rpu yrMceJIbHOMY Mate-
MaTUYHOMY MOJEIOBaHHI Te€OMEXaHIUHUX IPOIIECiB
Ja€ TTOXMOKY MPU OMKUCAHHI MOBEIiHKU reoMaTepialiB
B 00’eMHOMY M0J1i HanpykeHb 30—15 % BimHOCHO eKC-
nepuMeHTy. [1pu IIboMy MOIETIOBaHHS 3 BUKOPUCTAH-
HSIM TIPY>KHOI MOJIeJIi HE TUIBKU 1a€ CYTTEBY KiIbKiCHY
TMOXUOKY, aJie i He BimoOpaska€e IKiCHO 3a1eXXKHOCTi MO-
nyns FOHra it Moayist 060’€MHOTO CTUCHEHHS Bif ce-
peIHiX Hampy:KeHb Ha BCiX eTarax HaBaHTaxXeHHs. J1ist
aZeKBaTHOTO iMiTyBaHHS MOJEJi TeoMaTepiajliB MaloTh
YpaxoBYBaTH aHi30TPOITiI0 MOIYJISI IPYKHOCTi, MOLYJIsT
3CyBY 11 KoedillieHTa rmonepeyHoi nedopmallii, a TaKox
(byHKITiOHATTBHY 3aJIeKHICTh MiaTaHCii Bil IaCTUYHOI
nedopmallii i KoedilieHTa KOPCTKOCTi.

HaykoBa HoBuszna. MoaugdikoBana mozeinb pyke-
pa—Ilparepa HLIISIXOM ypaXyBaHHSI aHi30TpOIil Biac-
TUBOCTEN BYTrijuIsd. 3a 3alIeXXHICTIO ,,CepelaHi Harpy-
JKEHHST — cepefHi nedopmaliii moxmdka po3paxyHKy
JUIST TIPY>KHOI MoJIeJli cTaHOBUTH 33 %, 11t 6a30B0O1 MO-
neni dpykepa—Ilparepa — 15 %, a st MmoaudikoBaHoi
mozeni Ipykepa—IIparepa — 0,14 %.

IIpakTnuna 3HaunmicTh. BukopucTtaHHs pe3yibTa-
TiB JOCTiI>)K€HHS TO3BOJISIE MiABUIIUTU TOYHICTb MPO-
THO3Y HampyxXeHO-1e(OPMOBAHOTO CTaHYy TeoMmexa-
HiYHUX 00’ €EKTIB.

KmouoBi ciioBa: memoo kinuyesux esemenmie, mooe-
AHBAHHA 2eomamepianie, npyjicHa mooeab, mooens Jlpy-
xepa—Ilpaeepa, Hanpyocerus, degpopmayii

Nnenmudukanus napaMeTpoB MaTepuasioB
NP YUCJIEHHOM MOEJMPOBAHUU MOBEIECHNUS
TOPHBIX MOPOJ B HEPABHOKOMIIOHEHTHOM 10JIe
HANPSDKEHUI
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1 — lN'ocynapcTBeHHOE BhICHIee yueOHOe 3aBeaeHue ,,JloHel-
KWii HallMOHAJbHBIM TeXHUUYECKUi yHuBepcuteT“, r. [lo-
KpOBCK, YKpauHa, e-mail: ivan.sakhno@donntu.edu.ua

2 — UHctutyt dusuku ropusix nporueccoB HAH YkpauHsl,
r. Inenp, YkpanHa

Iems. Pa3zpaborka MoauULIMPOBAHHON MOIEIN
reoMaTepyrayioB IJis YMCICHHOTO MOACIMPOBAHUS T10-
BEIEHUSI TOPHBIX TOPOI B HEPAaBHOKOMITIOHEHTHOM
I10JI€ HAIIPSIKEHUMA.

Metoauka. MccienoBaHue nmpoBeaeHoO Ha oOpas-
1ax yrias Mapku ,,K“. BxonHble mapamMeTpbl MaTepu-
ajoB IS 0a30BBIX MOJEJIel TPU MOJEIMPOBAHUM
METOZO0M KOHEYHBIX DJIEMEHTOB B3SIThI M3 (hu3uye-
CKOro 3KCHEepUMEHTa Ha YroJibHbIX oOpasiax. JKc-
IIEPUMEHT TIPOBeIeH Ha YCTaHOBKE HEPABHOKOMIIO-
HEHTHOTO TPEeXOCHOTO cxkatus. [IpuBeneHBI pe3yiib-
TaTbl CPABHUTEIBHBIX WCCICIOBAHUI TOBEICHMUS
TOPHBIX TTOPOJ B HEPABHOKOMIIOHEHTHOM ITOJIe Ha-
MPSDKEHUN 9KCIIEPUMEHTaIbHBIM METOAOM M YHC-
JICHHBIM MaTeMaTUYeCKUM MojieIupoBaHueM. Moje-
JIMPOBaHME MPOBEAEHO METOIOM KOHEUHBIX 2JIEMEH-
TOB B NIpOrpaMMHOM KoMIlIekce Ansys. Pe3yabrarsl
HUCTIBITAHUI Ha TIPOYHOCTh 00Pa310B yIJIsl B YCIOBU-
X OOOOIIEHHOIO CXaTusl TIPUHSITO B KadyecTBe
CBOWCTB in-situ.

Pesyabratbl. YCTaHOBJIEHO, 4YTO WCITOJIb30BaHUE
KJIaCCUYECKUX Ae(DOPMAITMOHHBIX MOJIETICH — YIIPYTOM
Monenn u moxenu Jdpykepa—IIparepa — mpu 4ucieH-
HOM MaTeMaTUIECKOM MOJICTMPOBAHNN TeOMEXaHNIe-
CKHX TIPOLIECCOB HAaeT ITOTPEITHOCTh NP OIMMCAHUU
MOBEICHUS TeoMaTepraioB B OOBEMHOM I10JIe HATIpsI-
xkenuit 30—15 % otHocuTenbHO 3KcHepuMeHTa. [Ipu
95TOM MOJEIMPOBAHUE C UCIOJb30BAaHUEM YIPYTOM
MOJIEJIM HE TOJBKO JAeT CYIIECTBEHHYIO KOJTUYECTBEH-
HYIO OIIIMOKY, HO M HE OTpaXkaeT KaueCTBEHHO 3aBUCH -
MocTu Momyist KOHra u Moaysist 00beMHOTO CKaThsl OT
CpeHMX HaNpsDKeHWI Ha Beex aTarnax Harpy3ku. st
aJIeKBaTHOTO MMUTUPOBAHUS MOJEIN TeoMaTepruaIon
JTIOJKHBI YIUTHIBATH AHU30TPOITHIO MOIYJIST YIIPYTOCTH,
MOYJISI CIBUTA M KO3 (PUIIMEHTA TTOIIepeyHOoM medop-
MaIuy, a Takke (QYHKIIMOHAJIBHYIO 3aBUCUMOCTD JTH-
JIaATAaHCUU OT TUTACTUYECKO# aedopMauni u Koadpdu-
LIMEHTA XECTKOCTH.

Hayunass HoBu3Ha. MoauduiiipoBaHa MOIeTb
Hpykepa—IIparepa myrem yueTa aHM30TPOIIMU CBOMCTB
yost. Ilo 3aBUCMMOCTH ,,CpeIHUE HampsDKEHUs —
cpenHue aedopMauMu® TOTpPEelIHOCTh pacuera s
yrpyroit Moneu coctasisieT 33 %, mist 6a30Boii MoJie-
mu JIpykepa—IIparepa — 15 %, a miss MoauduIpo-
BaHHoi monenu Jpykepa—Ilparepa — 0,14 %.

IIpakTHyecKas 3HaYMMOCTh. Vcrioab3oBaHMe pe-
3yJIbTaTOB HMCCJICIOBAHUS TO3BOJISIET MOBBICUTH TOY-
HOCTh TIPOTHO3a HaMpPSZKEHHO-Ie(OPMUPOBAHHOTO
COCTOSTHUSI TCOMEXaHNIECKUX OOBEKTOB.

KiioueBble cyioBa: memoo0 KOHeUHbIX 21eMeHMOo8, MO~
deauposanue 2eomamepuanos, ynpyeas mooeab, mMooenb
Apykepa—Ilpaeepa, nanpsaicenus, depopmayuu

Pexomendosano 0o nybaixauyii dokm. mexH. HAyK
0. B. Bosnow. [lama naoxodxucenus pykonucy 18.09.17.
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