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THERMODYNAMIC ASPECT OF ROCK DESTRUCTION

Purpose. To evaluate the change in free energy in the transition from the nonequilibrium state of the rock to the equilibrium. This
process implements the process of dynamic brittle fracture on the structural defects of the rock as a micro-inhomogeneous medium.
Methodology. It included conducting, within the framework of statistical thermodynamics, a series of experimental studies on
the density and velocity of propagation of longitudinal and transverse acoustic waves in sandstone samples under different loading

conditions.

Findings. According to the experimental data on the velocities of propagation of longitudinal and transverse acoustic waves for
a number of sandstones at different loading modes, the values of mechanical and thermodynamic parameters characterizing the
state of rocks are established. A comparative analysis of the frequency dependences of free energy on the value of the Poisson ratio

is carried out.

Originality. A model of a thermodynamic system is proposed that describes the energy-activated process of transition of rock
from a nonequilibrium state to equilibrium during external perturbation by surface acoustic waves. The possibility of estimating the
degree of slow dynamic destruction by the Debye temperature is revealed. The mechanism of dissipation of internal energy on
structural defects of the system, with the transition of its part into thermal motion of structural elements, is substantiated.

Practical value. The technique for investigation of thermodynamic state of non-ideally elastic rocks by methods of nondestruc-
tive testing is developed. The correlation between the mechanical parameters of the rock and the characteristics of the process of
its transition from the nonequilibrium state to the equilibrium is established.

Keywords: rock, thermodynamic system, structure defect, acoustic wave, nonequilibrium process

Introduction. Most statistical models of rock fracture me-
chanics are based on a fairly common concept of the so-called
“weak chain” and thermodynamic Griffiths type destruction
criteria [1]. Within these models, the statistical characteristics of
strength are determined only by the random structure of the rock
as a solid, and the dynamic aspects are considered insignificant.

First of all, dynamic processes are implemented at the mi-
cro level as a microscopic brittle fracture. This is the thermo-
fluctuation origin of elementary carriers of destruction, their
clustering into defects, the inactive growth of cells to sizes,
starting with which the stress concentration at the defects
reaches the tensile strength at which the athermic process of
propagation of its front proceeds at velocities of sound [2].

However, microscopic-brittle fracture is rare. Much more
often, fracture is quasi-brittle when growth of the defect is
coupled with relaxation processes around the defect. In this
case, the destruction should be considered as an energy-acti-
vated process, and the integral strength characteristics will be
determined by the statistics of thermal phonon fluctuations.

Literature review. A quantitative study on the stages of brit-
tle fracture was carried out in (V. A. Petrov). In this case, the
elementary carrier of destruction is represented as dilation
[3] — a stable fluctuation region of increased dilation of the
crystalline lattice of a solid body, which is realized at the ex-
pense of anharmonic vibrations (S.N.Zhurkov). The elastic
energy accumulation caused by it in the local volume is di-
rectly proportional to the bulk modulus, and the rate of accu-
mulation is determined by the elastic energy gain over a mini-
mum time interval, which is inversely proportional to the De-
bye frequency of oscillation of the crystal lattice [4].

In paper (A.I.Malkin, F. A.Kulikov-Kostyushko and
T. A.Shumikhin), a clusterization of fracture carriers was con-
sidered based on a macroscopic approach and the rate of
change in free energy (F) due to the formation of a cluster of
frustrons was analyzed. The presence of external pressure
causes the fluctuation growth of the cluster, in which the num-
ber of frustrons can exceed the critical value, which leads to a
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decrease in the rate of dissipation of free energy [5], and the
cluster becomes an energy generator. In this case, with the
negative value of free energy, an autocatalytic mode of propa-
gation of the trunk crack is implemented, as a defect in the
structure, that is, the destruction of the material.

The paper [6] proposes a quasi-brittle fracture model based
on the kinetic approach and empirical regularities such as the
concentration criterion and Zhurkov’s formula for a material in
the form of a nested self-similar hierarchical structure. The con-
centration criterion is reformulated as a failure probability con-
dition for structural levels. The hierarchy scheme takes into ac-
count critical values of the concentration parameter. The failure
probabilities of hierarchy levels are calculated as functions of
time, temperature, material parameters, and loading condition.

Unsolved aspects of the problem. Analysis of the thermody-
namic state of the system in the transition from the nonequilib-
rium state to equilibrium is impossible without quantitative
evaluation of its thermodynamic parameters [7]. It is impossible
to investigate in detail the course of the fracture process, but its
impact on the change in the structural organization of the rock
is not important. The experimental data on the mechanical
properties of the rock, which can be obtained before destruction
and after its completion, are primarily aimed at constructing
equations of state of such media and do not take into account the
thermodynamic aspect of the process. In this case, the study on
the relationship between the mechanical parameters and the
thermodynamic state of the system with external perturbations
in the form of surface acoustic waves that activate the destruc-
tion process is a rather important scientific and practical task.

Theoretical calculations of the thermodynamic parameters of
the system during energy dissipation and its exchange between the
structural elements of the rock, as a non-uniform medium, will
allow checking the adequacy of the proposed model of the frac-
ture process [8]. In addition, the reliability of the method and
apparatus of acoustic control, provided the theoretical justifica-
tion of the main parameters of the propagation of elastic waves in
the rock mass can be the main geodynamic monitoring. This is to
obtain information on the response of rock in the geotechnical
system (GTS) to external perturbations, taking into account the
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initial state and energy exchange processes. We will assume that
energy exchange processes are realized between the structural ele-
ments of the rock with the change of the oscillatory spectrum
during the propagation of elastic waves of different nature and
frequency. For this purpose, the statistical thermodynamics re-
quires estimation of the change in free energy during the transi-
tion from the nonequilibrium state to the equilibrium, which real-
izes the process of dynamic brittle fracture on the structural de-
fects of the rock as a micro-inhomogeneous medium [9].

Dynamics of the process of rock destruction. Rock will be
considered as an environment consisting of a large number of
individual structural elements that have a scale factor and au-
tonomy. In this case, the structure will mean a set of stable ties
of the rock (as a system as a whole), which will ensure its integ-
rity and identity. The exchange of energy between the struc-
tural elements of such an environment determines its state and
the dynamics of the transition.

Consider the conditionally allocated local volume (V') of
the mountain in the gravity field, which is in the equilibrium
region. The internal state of the isolated volume, as an open
thermodynamic system with many degrees of freedom, is
characterized by temperature (7'), entropy () and external
parameters (X, X, ..., X,,).

The free energy of such a system is determined as follows

dF =-SdT - X dx,, (1)

i=1

ox,

1

oF
where X; is generalized forces X;= —[ ] .
T,x;!

According to the basic ideas of thermodynamics based on
Boltzmann-Gibbs statistics, [11] proposes the definition of the
free energy F(Z) of the nonequilibrium state Z as a state cor-
responding to the equilibrium with minimum potential ¥ (Z)
for the conditional equilibrium state , which is realized by act-
ing on the system of some “effective” field a

FZ)=¥(Z)- UZ, a),

where U(Z, a) is “effective potential” corresponding to the in-
put field a; F(Z) is the nonequilibrium free energy; W(Z) is the
equilibrium free energy of the system in the presence of an “ef-
fective” field.

The steady state of the mountain range in the GTS differs
from the statistical equilibrium in that the mechanical energy
is stored as a result of the energy input from the outside and its
dissipation [10]. For various reasons, let the open GTS receive
externally some ordered energy in the form of an “effective
field” with power P and entropy S, characterized by some ef-
fective T, temperature. The flow of such negentropy (entropy
with inverted sign) changes the thermodynamic state of the
system and is a measure of all physicochemical processes that
take place in it and is determined as follows [12]

=8, =P(T; =T"). )

In this case, the relation (1) for free energy with respect to
(2) will be as follows

dF ==(8,~P(T;} —T*l))dT—iX,»dx,-,
i=l

where S, is the entropy value corresponding to the initial state.
The non-equilibrium process of destruction of rock in a lo-
cal volume in a state of foreign equilibrium is a slow dynamic
process from the point of view of equalization of temperature
and establishment of thermodynamic equilibrium. As a result
of slow dynamics, such a system is far from equilibrium and
traditional thermodynamic positions cannot be used [7, 13].
The change in free energy in the transition from the initial
state to the new state, which corresponds to the completion of

the destruction process, taking into account that in the first

n
approximation J ZX dx; = pAV , will be equal to
i=1

AF ——SO(T—TO)+P[TT_T° —ln(;j]—pAV, 3)
eff 0

where Tj is the initial temperature; AV is the change in volume
associated with rock dilatation; p is external pressure.

In this case, the urgent issue is how the temperature can be
determined in a non-equilibrium system with “slow dynamics”.
Using the generalization of the fluctuation-dissipative theorem,
(P.C. Hohenberg, B. 1. Shraiman) introduced the concept of “ef-
fective temperature” for stationary nonequilibrium systems using
the magnitude of the response (correlations) and thermodynam-
ic temperature [14]. In this aspect, the “effective temperature”
can be considered as a measure of the oscillatory energy of the
structural elements of the rock under the action of acoustic
waves, and its value is equal to the Debye temperature (0,) cor-
responding to the Debye frequency (wp). Accordingly, the fre-
quency and temperature of Debye are defined as equation [15]

6miN 1/3,.
op=|—,—| U

ho,

0 =
D kB

; “)

where N is the number of structural elements of a solid; U is
average velocity of sound waves propagation; 7 is Planck’s
constant; ky is Boltzmann’s constant.

The average velocity of propagation of acoustic waves U is
determined by velocities of propagation of longitudinal (v,)
and transverse (v,) waves using the equation [16]

1
U:[ 3viv? ]3.
v} +207

The process of slow dynamic destruction of rock, as a solid
body, from the standpoint of energy intensity can be equated
with the sequential absorption of energy by plane defects, in real
conditions, in the presence of surface forces. Because planar de-
fects are mainly located and fixed on the surface, and the surface
structure differs from the rock structure in the bulk, they are a
source of excitation of surface energy and entropy states, which
are related to the local mobility of the rock structural elements.

Surface plane defects, from the point of view of the struc-
tural organization of the rock, can contribute to the emergence
of large amplitudes in the local area, which is equivalent to the
propagation of elastic perturbations in the form of Rayleigh
surface acoustic waves (SAW), which are a superposition of
longitudinal and transverse oscillations. The accumulation of
energy in the form of a Rayleigh wave as an “effective field”
and its absorption on the surface of a defective region that is
destroyed will determine the change in the frequency spec-
trum of oscillations of structural elements, and, accordingly,
the energy state of the array [14]. In this case, the effective Teff
temperature will be equated with the Debye temperature,
which corresponds to the Debye oscillation frequency of the
structural elements under the action of the SAW.

The Debye frequency is similarly defined by (4) as an

equation
A3
of = 6n’N /U
D V* R

where vy is the rate of spread of the Rayleigh SAW, N* is the

number of structural elements involved in the Rayleigh move-

ment, Vis the volume in which the Rayleigh wave propagates.
Dimensions V*, N* are depicted as
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where z(v) is a depth of penetration of Rayleigh surface waves,
which is a function of the Poisson coefficient of the medium;
(M) is average molar mass; o is a defect shape parameter; S is
the area of the defect; p is density of the rock.

The penetration depth z(v) is determined as an equation [ 15]

Z(v) = A(V)hpg,

where A is the wavelength of Rayleigh, (Az = 2nvz/®); A(v) is
the number at which the ratio of the displacement amplitude
in the normal direction u, to the displacement amplitude in
the normal direction on the surface u is e”! (e is the basis of
the natural logarithm) [15]

N

2k§
u, =Aq exp(—qz)—mexp(—sz) R
R

where k= /v, k;=®/v,;, k,= ®/v, are wave numbers of Ray-
leigh, longitudinal and transverse waves; o is cyclic oscillation
frequency; s? =k2-k?; q>=ki—k?.

The Poisson’s ratio for the known values of the velocity of
propagation of the longitudinal and transverse waves is deter-
mined as an equation (L. D. Landau, E. M. Lifshits)

—— 5
v
2 1- U
Uf
Results. On the basis of model representations we will carry
out theoretical estimations of change in free energy in equation

(3) taking into account the contribution of each of the additives
on the example of specimens of the Carpathian, Crimea, Polissia

series (Fig. 1) and model sandstones Navajo, Weber, Nugget in a
wide range of effective values of Poisson’s ratio of the medium.

We assume that the initial state of the rock, which was in a
state of foreign equilibrium, corresponds to the experimentally
determined velocities of propagation of longitudinal and
transverse waves at a pressure of 50—100 MPa. After the pro-
cess of rock destruction, the propagation velocities of the
acoustic waves change, respectively, to the values of Av,, Av,,
which, respectively, leads to a change in the Debye tempera-
ture by the value of AO, and Poisson’s ratio.

Poisson’s ratio of sandstone samples (v,;) without load re-
gime will be determined as an equation

2
) _( v, — Ay, j
v, —Av,
T AEEE—
o1 ( v, —Av, J
v, —Av,

Determination of the propagation velocities of the longitu-
dinal and transverse waves was performed in pulse mode by the
time (t) of the passage of the ultrasonic pulse through the rock
sample at different modes of applied voltage. The scheme of

the experiment is presented in Fig. 2
Determine the quantity v, by the following equation

Vo =

v, d

]_—’
v, T—2a

where d is thickness of the sample; v, is the velocity of ultra-
sound in the metal punch; a is the distance from the ultra-
sound transducer to the sample surface.

‘When a longitudinal wave drops to the surface of the sam-
ple at an angle greater than the critical angle, only a transverse
wave propagates in the sample. These conditions were imple-
mented using the wedge method, while at the boundary of the
“wedge-pattern” Snellus law is fulfilled [17]

c

Fig. 1. Samples of sand rocks of the Carpathians, Polissia and Crimea:

a, b, ¢, d — accordingly, sandstones 1, 2, 3, 4
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Fig. 2. Schemes of experiments on the determination of quantities v,(a), v, (b):
1 — sample example; 2 — metal punches; 3 — Ultrasound converters; 4 — wedge

sina  sinf}
22k
V12 Yy

where o is an angle of inclination of the wedge; [3 is a refraction
angle of the ultrasonic wave in sample, v, is the velocity of
ultrasound in the wedge material.

In this case, the value of v, is determined from the equation

2b v, d

[,2 - 2gin2
v —u2si
12 VL), —V;sinca

where o is an angle of inclination of the wedge; b is the dis-
tance from the center of the ultrasound transducer to the sur-
face of the sample.

Experimental values of the propagation velocities of longitu-
dinal and transverse waves in sandstone samples under different
conditions (without applied voltage and stress state) showed that
the values of v, v, are smaller in the non-stressed state [19]. The
values of v;and v,, their decrements (Av,, Av,) and Poisson’s ratio
(v, v of some of the sandstones studied are presented in Table.
1. The Debye values for stressed sandstone samples decrease
monotonically with increasing v, Changing the values of v;, v,
depending on the conditions in the same way leads to a decrease
in the average velocity of propagation of acoustic waves (Table 2).

The average velocity Av decreases when changing condi-
tions are in the range of 388—567 m/s, which corresponds to
the change in the Debye temperature, respectively, in the
range of 20—37 K, except for the Weber sandstone sample.

The entropy of the rock S, located in the region of the
foreign equilibrium of the GTS is defined as an equation [20]

Vo 1-v?
Sy =—241+4 ,
0 0 [ Geq E J (5)

D

-1=0,

where E = pU,2 is Young’s module; o,, is equivalent voltage
G = kG, Oy s tensile limit for uniaxial compression; k. is the
coefficient of structural-mechanical attenuation.

Theoretical calculations of entropy by the equation (5)
were carried out for experimental values of density and strength
limit of sandstone samples, which were, respectively, within
the range p = 2150—2460 kg/m? and 85—110 MPa, at the coef-
ficient of structural-mechanical attenuation k.= 0.5.

The change in rock volume associated with dilatation in
the process of destruction will be associated with the fracture

parameter of the array § <0.17.

To estimate the magnitudes of power, we use the ratio for
the flow of energy in the SAW per unit width of the acoustic
beam (Yu. V. Gulyaev, V. P. Plesskii)

’

Py =n——2— fuZvlp.
2[03 Uf}

2 2
Lr Y

In this case, the ordered energy of power P is expressed as
an equation

P= M(v)fuzzofpdz,
where f= o/2n is frequency; A :—7?; ; Dy is the deriva-
t

tive of the Rayleigh determinant D(kg,0)=k3 +s* —4k3gs =0;
M(v) is dimensionless Poisson’s ratio function, 4, is the size of
defect.

The phase velocity of the Rayleigh wave was determined by
the equation [18]

! !

2)? 2\2 2\

2| Ok | | Z4| 2| 2r 2| L& ||
Ui Ul U[

The power of energy in a Rayleigh acoustic wave depends on
the frequency of propagation. Theoretical estimations of the
value of P will be carried out for the frequency range 5 -10°—
108 Hz. At the propagation velocity v for the studied sandstones
(Table 2), the selected frequencies determine the wavelength
range g from 6 - 1073 to 2 - 10~ m, which is commensurate with
the size of defects at the macro and micro-levels of their struc-
tural organization. The theoretical calculations of the change in
free energy were carried out for a pressure of p >~ 22.5 MPa,
which, at an average density of rocks of 2300 kg/m?, corresponds
to a depth of 1000 m. Functional dependences of AF as a func-
tion of frequency for sandstones with different values of Pois-
son’s ratio v,gare presented in Fig. 3.

With increasing frequency, the value of AF increases, and
for different sandstones with different increments. A charac-
teristic feature of the obtained dependencies is the plateau re-
gion at a frequency greater than 107 Hz, which corresponds to
g <3 - 10 m. The difference between the maximum and

28 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, N° 1



Table 1

Experimental values of the velocities of propagation of the acoustic waves of their decrements and Poisson’s ratio of a number

of sandstones
Sample v, Mm/s v, M/s v Av,;, m/s Av,, m/s 7
Sandstone Weber 4550 3050 0.09 2100 1250 -0.09
Sandstone Nugget 4520 3020 0.10 760 410 0.04
Sandstone Navajo 4860 3210 0.11 760 430 0.07
Sandstone 1 3860 2460 0.16 680 370 0.12
Sandstone 2 4080 2420 0.23 800 360 0.17
Sandstone 3 4190 2315 0.28 800 320 0.24
Sandstone 4 4250 2040 0.35 820 260 0.32
Table 2
Rayleigh propagation velocities, average acoustic wave propagation velocities and the Debye temperature of a number of sandstones
Sample Lg, M/S v, m/s Av, m/s 0, K AB), K 0%, K
Sandstone Weber 2718 3759 1622 292 115 127
Sandstone Nugget 2694 3726 553 302 37 101
Sandstone Navajo 2874 3978 567 321 33 123
Sandstone 1 2224 3087 493 247 26 105
Sandstone 2 2218 3107 509 253 30 101
Sandstone 3 2141 3031 463 249 26 99
Sandstone 4 1907 2753 388 224 20 89
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Meta. OLiHUTY 3MiHU BiJIbHOI €Heprii Mpu Tepexoi i3
HEPiBHOBAaXXHOI'O CTaHy TipCbKOI MOPOAM B PiBHOBAXHUIA.
Lleit nmpoliec peajizye npolec AMHAMIYHOTO KPUXKOTO pyii-
HYBaHHS Ha CTPYKTYpHUX JedeKTax TipcbKoi MOopoaun sIK Mi-
KPOHEOIHOPITHOTO CepelOBUIIIA.

Mertoauka. Bkimiouana mpoBeIeHHS B paMKaX CTaTUCTUY-
HOI TepMOJMHAMIKU cepii eKCIepUMEHTAIbHUX JOCTiIXKEHb
IIUIBHOCTI Ta IIBUAKOCTI MOLIMPEHHS MO3A0BXKHIX i TTorepe-
YHMX aKyCTMYHMX XBWJIb Yy 3pa3Kax ITiCKOBMKIB 3a Pi3HMX
YMOB HaBaHTaKCHHSI.

PesyabraTi. 3a eKcriepuMeHTaIbHUMU JaHUMU IIBUIKO-
CcTell TIOIIMPEHHS MO3MOBXHIX i MOMEepeYHUX aKyCTUIHUX
XBUJIb JIJIST PSIAY MICKOBMKIB 3a Pi3HUX PeXXUMiB HaBaHTaXKEH-
HST BCTAHOBJICHO 3HAYCHHST MEXaHIYHUX i TEPMOIUHAMIYHUX
napaMeTpiB, 1110 XapaKTepU3YIOTh CTaH ripcbKux nopia. [Tpo-
BEIIEHO TIOPiBHSJIBHUI aHaIi3 YaCTOTHUX 3aJICXKHOCTEH BiJTb-
HOI eHeprii Bix BeanunHu koediuieHta [TyaccoHa.

HaykoBa HoBH3HA. 3arTporioHOBaHA MOJIETb TEPMOINHA-
MiYHOI CHCTEMM, 110 OMUCYE EHEeProakTMBOBAHMUIA Mpoliec

repexoy TipcbKoi MOPOIH Bil HEPiBHOBAXKHOTO CTaHY B PiB-
HOBaXKHUI, Mil Yac 30BHILLIHbOTO 30ypeHHSs TOBEPXHEBUMU
aKyCTUYHUMHM XBWISIMU. PO3KpUTa MOKJIMBICTB OIIIHKY Mipy
MOBUILHOTO AWHAMIYHOTO PYyWHYBaHHS 3a TeMIIEpaTyporo
Heb6asi. OOIpyHTOBAaHO MeEXaHi3M AucUMalii BHYTPilLIHbOT
eHeprii Ha CTPYKTYPHUX AedeKTax CUCTEMU, i3 TIEPEXOA0M i
YaCTUHU B TETUIOBUI PYX CTPYKTYPHUX €JIEMEHTIB.

IIpakTiyna 3naummictb. Po3poOieHa MeTomuka MOCHi-
ICKeHHST TePMOIWHAMIYHOTO CTaHy HeileaTbHO-TIPY>KHUX
ripChbKUX MOPiI METOJaMM HEPYHHYIOUOro KOHTpoJio. Bera-
HOBJICHO B3a€MO3B’SI30K MiX MEXaHiYHUMM TapaMeTpamu
ripChbKOI MOPOAU ¥ XapaKTepUCTUKAMMU MPOLIECY mepexony ii
i3 HEpiBHOBAXXHOTO CTaHY B PiBHOBAXHMUIA.

Kunrouosi cioBa: eipcoka nopoda, mepmoounamiuna cucme-
ma, degpeKm cmpykmypu, aKyCMu4Ha X6UAs. HePiGHOBANCHULL
npouec
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Ieab. OueHUTh, M3MEHEHUsS] CBOOOMHOI SHEPTUU TIpU
Tepexojie U3 HepaBHOBECHOTO COCTOSIHMSI TOPHOM TTOPOJIBI B
paBHOBECHOE. DTOT MPOIIECC Peayn3yeT Mpoliecc TMHAMUYe-
CKOTO XPYNKOTO pa3pylIeHUsT Ha CTPYKTYPHBIX aedeKTax
TOPHOI TTOPOIBI KAK MUKPOHEOIHOPOIHOM CPe/Ibl.

MeTtoauka. Bxitouana nposeieHue B paMKax CTaTUCTH-
YECKOil TepMOAMHAMMKM CEPUM SKCIICPUMEHTATbHBIX HC-
CJIEZIOBAaHUI TIJIOTHOCTM M CKOPOCTEH pacripoCTpaHeHUsI
MPOIOJIbHBIX M MOMEPEYHBIX aKyCTUUECKMX BOJIH B 00pa31iax
TTECYaHMKOB TIPK PA3IMYHBIX YCIOBUSIX HArPYKEHMSI.

Pesyabrarel. [1o skcniepuMeHTaIbHBIM 3HAUEHUSIM CKO-
pocTeil pacIpocTpaHeHUsT MPOIOJIbHBIX U TTOTIEPEYHBIX aKy-
CTUYECKUX BOJIH IIJIS1 psiia TIECYaHUKOB MPU PA3TUYHBIX pe-
KUMaxX HarpyXeHWs OoTpe/eIeHbl 3HAaUeHUST MeXaHUIeCKUX
Y TEPMOIMHAMUYECKUX MApaMeTPOB, KOTOPBIC XapaKTePU3H-
PYIOT COCTOSTHHE TOPHBIX TTopol. [IpoBeieH cpaBHUTETbHBIN
aHaJIM3 YaCTOTHBIX 3aBUCUMOCTE CBOOOIHOI DHEPIUU OT
BeJanYuHbI Koadbduumenta [1yaccona.

Hayunasa HosusHa. [IpenioxeHa Moaeab TepMOAMHAMM-
YeCKOI CHCTEMBI, KOTOpast ONMCHIBAET SHEPTeTUIECKYU aKTH-
BHUPOBAHHBIN MPOLIECC MEpexoaa TOPHOK MOPOIbl U3 HEpaB-
HOBECHOTO COCTOSIHUSI B PABHOBECHOE, BO BPEMsI BHEIITHETO
BO30YXIEHHUS TTOBEPXHOCTHBIMU aKyCTUYECKUMM BOJIHAMMU.
PackpbITa BOBMOXKXHOCTb OLIEHKM MEPhl MEIUICHHOTO JWHA-
MMUECKOTo paspylleHUs ¢ MOMOIIbI0 TeMnepatypsl [debast.
O060CHOBAaH MEXaHM3M IUCCHIIALIMM BHYTPEHHEU 3HEpPIHu
Ha CTPYKTYPHBIX Ie(eKTaX CUCTEMBI, C IEPEXOIOM €€ YaCTH B
TEIJIOBOE ABVKCHUE CTPYKTYPHBIX 3JIEMEHTOB.

IIpakTiyeckas 3HauymmMocTh. PazpabGoraHa MeTonMKa Mc-
CJIeTOBaHUST TEPMOAMHAMMUYECKOTO COCTOSTHUST HEUIeaTbHO-
YIPYTUMX FOPHBIX MOPOJA METOAAMMU HEPA3PYLIAIOLIETO KOH-
TpOJIg. YCTaHOBJIEHa B3aMMOCBSI3b MEXIY MEXaHUYECKUMU
rnapaMeTpamMy TOpPHOM TMOPOJbl U XapaKTepPUCTUKAMU IPO-
1recca repexoja ee U3 HepaBHOBECHOTO COCTOSTHUS B paBHO-
BECHOE.

KimoueBbie cioBa: ecopras nopoda, mepmoouHamuueckas
cucmema, deghekm cmpykmypul, aKycmu4eckds 804HA, HEPas-
HOBeCHbLIl npoyecc
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