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ABSTRACT

Purpose. The aim of this work is to show whether or not a relationship exist among the different volumetric strain
quantities and to assess also whether the volumetric quantities are related to the different types of volumetric strain
curves under failure-deformation process of hard brittle rocks.

Methods. Tests were conducted to determine the post failure stress-strain curves of different 83 rocks types under
uniaxial compression using a closed loop servo-controlled testing system in accordance to ISRM (International Society
for Rock Mechanics) suggested standards.

Findings. The result show that the volumetric strains quantities are related by power form law. It was established that
there is a connection between the volumetric strains quantities and the types of the volumetric strains curves. The
first type volumetric strain curves contains the Class I and progress to Class II while the type three volumetric strain
curves are entirely Class II rock.

Originality. No experimental results have been published, which describe the connection between the type of volu-
metric strain curves and volumetric strain quantities or attempt to relate the volumetric strain quantities with type of
post-failure stress-strain characteristic curves response of rocks under uniaxial compression. Most researchers in rock
mechanics studies have so far been focused on the crack damage stress (o.s) and uniaxial compressive strength (o.) of
characteristic stress levels during compression in which 6.4 = é.s and o.q = o, to study deformation behavior of rocks.

Practical implications. It was also observed that the difficulty in obtaining the post-failure curves increases from type one
to type two and type three volumetric strain curves respectively. It could guide personnel conducting tests using closed-
loop servo-controlled testing system, if dangerous situation or equipment damage could occur (especially with the third
type deformation process) so that testing is performed safely. It could also be useful in understand-ding the total process of
specimen deformation and estimation of the rocks brittleness (e.g. brittle for Class II and less brittle or ductile for Class I).

Keywords: post-failure curves, deformation process, elastic volumetric strain, volumetric slope, maximum total
volumetric strain, brittle rocks

1. INTRODUCTION AND BRIEF
LITERATURE REVIEW

material and classified the deformation steps in the brittle
fracture process (Fig. 1) as follows:
— closing of cracks (or crack closure) (stage I);

Deformation and fracture characteristics of brittle _ linear clastic deformation (or fracture initiation)

rocks have been studied by earlier researchers (stage I):

(Bieniawski, 1967b; Wawersik & Fairhurst, 1970; Martin & b,l f . tical

& Chandler, 1994). The common agreement among them | —stable fracture - propagation (or  critical - energy
was that the failure process occurs in stages. The stages re eislfris(tztlzie g?c,ture ropagation (or material failure)
were determined from stress-strain characteristic curves (stage IV) propag

obtained from axial and lateral deformation measure-

ments during laboratory uniaxial compression test.
Brace, Paulding, & Scholz (1966) and Bieniawski
(1967a) evaluated stress-strain behaviour of a deformed

After stage IV is reached sophisticated procedure is
needed to obtain further information on the post-failure
characteristic behaviour of the stress-strain curves.
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Figure 1. Normalized stress-strain curves, marble specimen
Sfor type 1 volumetric strain curves

In order to achieve this closed loop servo-controlled
testing system is used using output of the lateral strain
as the feedback signal. The post-failure regime is
shown in Figure 2.
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Figure 2. Post-failure stress-strain curves, marble specimen

Crack closure occurs during the early stage of load-
ing (crack closure corresponds to stage I, Figure 1). At
this stage, the stress-strain curve is slightly inclined
towards the axial strain. As a result, the pre-existing
cracks inclined to the applied load are closed (Eber-
hardt, Stead, & Szczepanik, 1998). At the crack closure
stage, the stress-strain curve is nonlinear and expresses
an increase in axial stiffness (i.e. deformation modulus).
The size of this nonlinearity depends “on the initial
crack density and geometrical characteristics of the
crack population” (Eberhardt, Stead, & Szczepanik,
1998). After the pre-existing cracks are closed, linear
elastic deformation takes place.

Unstable crack growth occurs at the point of reversal
of the volumetric strain curve (stage III, Figure 1). This
stage is known as the point of critical energy release or
crack damaged stress threshold (Martin, 1993).
Bieniawski (1967¢) defined unstable crack propagation
as the condition which occurs when the relationship
between the applied stress and the crack length ceases to
exist. Therefore, this is when the crack growth velocity,
takes over in the propagation process. The velocity of the
crack propagation increases from stage III and reaches its
maximum (terminal velocity) (Eq. 1) at stage IV:
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v; =0.38 \/E (1)
P
where:

E —the elastic modulus and p is the density of the
rock specimen.

In the opinion of Craggs (1960), as crack velocity in-
creases, the force needed to uphold crack propagation
decreases. Unstable fracture propagation starts when the
strain energy release rate attains a critical value (Kemeny
& Cook, 1986). The cracks continue to extend because of
the strain energy stored within the specimen.

The generation of cracks will lead to increase in the
volume of rocks. For that reason, the change in volume
signifies the extent in which the rock specimens are
damaged (Qiaoxing, 2006). Therefore, it can be implicit-
ly said that the volume change is related to the damage.
Many researchers have endeavored to compare the de-
gree of damage to the change of the inelastic volumetric
strain (Eberhardt, Stead, & Szczepanik, 1998; Lau &
Chandler, 2004; Pérez Hidalgo & Nordlund, 2013). Mar-
tin (1993) described the inelastic volumetric strain as the
crack volumetric strain that is attributed to axial cracking
and proposed using the calculated crack volumetric strain
to identify crack initiation. The calculated crack volumet-
ric strain is the difference between the total volumetric
strain (i.e. & +2&) and the elastic volumetric strain.
Expression in Equation 2 is used to estimate the elastic
volumetric strain:

2v
&, = 1_E o,

where:

v — Poisson’s ratio;

E — modulus of elasticity and o is the axial stress.

Kim, Lee, Cho, Choi, & Cho (2015) observed that
most of the damage (about 78% of the total damage)
occurred after the crack damage stress. They found that
the unstable crack propagation and crack coalescence
played a much larger role than initiation of new cracks
and stable crack growth in the development of signifi-
cant damage in rock. They assumed that damage accu-
mulation does not occur below the crack initiation
stress threshold. This position was based on the
fact that damage does not accumulate in an elastic
region of a material, that is, between crack closure and
crack initiation.

The crack damage stress o.¢ is the stress level at
which the maximum total volumetric strain is attained
(Palchik & Hatzor, 2002). Therefore, at the point of
crack damage stress o, the maximum total volumetric
strain is attained (i.e. 0.4 = &cq). The point at which
0ca = Eca defines the type one and type two volumetric
strain curves in which type one has negative total volu-
metric strain (Figure 1 with the post-failure characteristic
curves shown in Figure 2) and type two with positive
total volumetric strain (Figure 3 with the post-failure
characteristic curves shown in Figure 4). The type one
and type two volumetric strain curves have reversal at
crack damage stress level o.q.
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Figure 3. Normalized stress-strain curves, troctolite specimen
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Figure 4. Post-failure stress-strain curves, troctolite specimen

When the maximum total volumetric strain is attained
at the uniaxial compressive strength of the rocks, o, (i.c.
0.4 = o.) define the type 3 volumetric strain curve. In this
case, the bulk volume of rock decreases until failure
occurs (Figure 5 with the post-failure characteristic curve
shown in Figure 6).
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Figure 5. Normalized stress-strain curves, quartzite 2 speci-
men for type 3 volumetric strain curves
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Figure 6. Post-failure stress-strain curves, quartzite 2 specimen

Most researchers in rock mechanics studies have so
far been focused on the crack damage stress (o.s) and
uniaxial compressive strength (o.) of characteristic stress
levels during compression in which o = €0 and 6.4 = o,
to evaluate damage in rocks (e.g. Palchik & Hatzor,
2002; Cai et al., 2004; Katz & Reches, 2004; Palchik,
2009; Stefanov, Chertov, Aidagulov, & Myasnikov,
2011). This work will evaluate different types of volu-
metric strain quantities and their relationships. It will also
evaluate their relationships for different groups of volu-
metric strain curves types. This work will attempt to
provide answers to the following questions. Is there a
connection among the volumetric strain quantities? Is the
volumetric strain quantities related to the types of the
volumetric strain curves? Which type(s) of volumetric
strain curve(s) are more connected or can be linked with
the type of post-failure stress-strain characteristic curves
response (class I or class II)? To the author’s knowledge,
so far no experimental results have been published,
which describe the connection between the type of volu-
metric strain curves and volumetric strain quantities or
attempt to relate the volumetric strain quantities with
type of post-failure stress-strain characteristic curves
response of rocks under uniaxial compression.

2. METHOD

Complete stress-strain curves were determined under
unconfined uniaxial compression test using a closed loop
servo-controlled testing system in order to estimate the
mechanical properties of 83 different rocks types
from different origins (53 igneous, 10 sedimentary and
20 metamorphic). The testing procedures for the deter-
mination of complete stress-strain curves of the rocks
have been done according to ISRM suggested method
(Ulusay, 2015). The strength parameters were estimated
according to ISRM suggested methods (Ulusay, 2015). In
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this case the uniaxial compression strength (UCS) is the
stress level at specimen failure load. The elastic modulus,
E, is estimated as the average modulus of the slope of
linear portion of axial stress-strain curves (this is esti-
mated at about 30 to 70% at the axial stress level)
(Fig. 2). The Poisson’s ratio, v, is calculated as the ratio
of radial strain to axial strain at 50% axial stress level
(Fig. 6). Five tests were performed for each rock type
and the average value calculated.

The stress-strain curves were determined for the dif-
ferent 83 rocks types with UCS ranging from 640.9 MPa
to 43.7 MPa with an average value of 216.1 MPa and E
ranging from 150 GPa to 25 GPa with an average value
of 69 GPa; and v ranging from 0.4108 to 0.0824 with an
average value of 0.2315. The post-failure moduli were
used to characterise the rocks as Class I for negative sign
modulus and Class II for positive sign modulus. How the
post-failure moduli were estimated from the stress-strain
curves has been described elsewhere (Akinbinu, 2017).
The characteristic behaviour of Class I and Class II rocks
and their response under axial loading condition has been
described by Akinbinu (2016).

Stress-axial, radial and total volumetric strain curves
for the various brittle rocks up to strength failure were
constructed according to Martin and Chandler (1994) and
Bieniawski (1967a) to show the stages in the deformation
process and were grouped into the different volumetric
strain curves types (types 1 —3). The quantities relating
to the volumetric strain curve which include the maxi-
mum total volumetric strain &4 and elastic volumetric
strain were estimated to represent volumetric quantities
of the failure-deformation process of the brittle rocks. In
this study the slope of total volumetric strain and norma-
lized axial stress curve is also evaluated to represent
volumetric quantity of the deformation process. The
slope of the curves were determined from the linear part
of total volumetric strain and normalized axial stress
curves such that a tangent is drawn parallel to the linear
elastic deformation stage (i.e. from end of crack closure
to the end of linear elastic deformation stage, see Fig-
ures 1, 3,5). It can be defined as the total volumetric
strain per unit normalised stress.

The volumetric strain quantities were compared with
each other in order to see if there exists a connection
between them. The quantities were also compared for
each type of the volumetric strain curves grouped as type
one, type two and type three respectively. These defor-
mation process types or the types of volumetric strain
curves were also compared with shapes of the post-
failure regime linked to the difficulty in obtaining it. The
approach was to find out if the volumetric strain quanti-
ties are related to each other, whether the quantities are
related to the types of volumetric curves and what effect
the volumetric strain quantities have on the characteristic
shapes of the post-failure curves.

3. RESULTS AND DISCUSSION

The author use of crack damage stress (o.s) and maxi-
mum total volumetric strain (&) in which o= &4 to
characterise volumetric strain curves from normalised
pre-failure stress-strain curves has enables to divide the
type one volumetric strain curve into two types. The first
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type has a negative total volumetric strain and with a
point of reversal at crack damage stress. The second type
has positive total volumetric strain with reversal point at
crack-damaged stress. For rocks that exhibited the first
type of deformation process, the volumetric strain curve
is shown in Figure 1 while post-failure characteristic
curves is shown in Figure 2 as an example for the type.
The post-failure stress-strain curves for this type of
rocks are relatively easy to perform. The type 2 volu-
metric strain curve is shown in Figure 3 and characteris-
tic post-failure stress-strain curve is shown in Figure 4
as an example for the second type. For the second type
volumetric strain curve, the process of unstable crack
propagation (stage IV) has a small duration. Thus, the
rocks exhi-bited a higher velocity of microcracks prop-
agation. This made it difficult to control the post-failure
curves than the type one volumetric strain curves
because of the short duration of the crack damage stress
threshold to rupture.

For the third type of volumetric strain curves, the
crack induced stress and the structural failure of the
rock specimen occurred together (Fig. 5) with charac-
teristic post-failure stress-strain curve shown in Fig-
ure 6. There was no reversal of the total volumetric
strain so there was continued decrease in rock volume.
The control feedback, the circumferential strain, does
not continuously increase with the applied load after the
peak load. Instead, the deformation became self-
sustaining and as a result the microcracking of the ma-
terial continued on its own accord.

Furthermore, unstable crack growth occurs at the
onset of the crack initiation stress for the third type
volumetric strain curve. The critical energy release
rate or crack damage stress threshold started much
earlier for this type of curve than observed with oth-
ers. Under this condition, the relationship between the
applied stress and the crack length ceases to exist and
other parameters, such as the crack growth velocity (as
described in Equation 1), take control of the propaga-
tion process. These specimens exhibit high mi-
crocracking propagation velocity. The cracks contin-
ued to extend because the elastic strain energy stored
within the specimen is released. The elastic strain
energy accumulated in the system during loading and
available for rupture development in the post-failure
region was higher than the work that the specimen can
do at the post-failure phase.

The difficulty in obtaining the post-failure curves in-
creases as the total volumetric strain approaches a posi-
tive value. In other words, difficulty in obtaining the
post-failure curves increases from the first type to the
second type and finally the third type volumetric strain
curves. For the first and second types, the four stages of
deformation process are identifiable while only three
stages of deformation process are identifiable with the
third type (Figs. 1, 3, 5). The first type deformation pro-
cess contains the Class I while the second and third types
show entirely Class II characteristic behaviour.

The volumetric strain quantities were compared with
each other. The comparisons show that there exists a
relationship among the volumetric strain quantities
(Figs. 7-9).
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The volumetric strain quantities are related with each
other by power form law and can be expressed as
Eca=kO" and &= &, and &= kO™ power form func-
tions in which k and n can be termed as volumetric strain
constants and exponents. The correlation coefficients of
maximum total volumetric strain with slope of the nor-
malised stress-total volumetric strain and with the elastic
volumetric strain are significant, 0.89 and 0.92 respec-
tively. These strong correlation coefficients simply show
that these quantities are connected with each other and
therefore are mathematically related by power form law.
Similarly the elastic volumetric strain correlated with the
slope of normalised stress-total volumetric strain curve
with a coefficient of correlation of 0.79. The relationship
of maximum total volumetric strain with the slope of the
normalised stress-total volumetric strain curve can better
be described as &4 =0.102 / 0°%,
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This is to say that as the slope of the normalised
stress-total volumetric strain curve increases, the maxi-
mum total volumetric strain decay (decrease) by power
of 0.89 of the slope of normalised stress-total volumetric
strain curve. The relationship of maximum total volumet-
ric strain with elastic volumetric strain can be expressed
by the power form law &4 = E&.'%%°. So, as the elastic
volumetric strain increases the maximum total volumet-
ric strain increases by 1.026 power form of the elastic
volumetric strain.

In addition the volumetric strain quantities were
coordinated such that the quantities were compared for
each group of the different types of volumetric strain
curves. The volumetric strain quantities show relation-
ships with the different groups of the types of volumet-
ric strain curves. The maximum total volumetric strain
is related with the slope of normalised stress-total vo-
lumetric strain curve for each group of the different
types of volumetric strain curves by power form func-
tion. The curvature of the concave curve get deeper and
closer to the X — Y axis as the volumetric strain curves
changes from type one to type two and type three
respectively (Figs. 10 — 12).
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Figure. 10 Maximum total volumetric strain and slope for
type 1 volumetric strain curve
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Figure 11. Maximum total volumetric strain and slope for
type 2 volumetric strain curve

The coefficient of correlation increases from type one
to type two and type three volumetric strain curves,
0.749, 0.863 and 0.952 respectively (Figs. 10 — 12). The
relationship with the different types of volumetric strain
curves are described as &4 =0.0260%%2 £.,=0.09008
and &.4=0.1446°% for type one to type two and type
three respectively.
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Figure 12. Maximum total volumetric strain and slope for
type 3 volumetric strain curve

The constants or coefficient of the equations can be
termed as the “coefficient of volumetric strain stiffness
moduli”. The ratios of the “coefficient of the volumetric
strain stiffness modulus” for type one to type two and
type three volumetric strain curves are 1:3.5:5.5 respec-
tively. This “coefficient of volumetric strain stiffness
modulus” increases from type one to type two and type
three of volumetric strain curves respectively.

Similarly, the elastic volumetric strain is related with
the slope of normalised stress-total volumetric strain
curve by power form function. The curvature of the con-
cave curve get deeper and closer to the X — Y axis as the
volumetric strain curves changes from type one to type
two and type three respectively. The coefficient of corre-
lation increases from type one to type two and type three
volumetric strain curves, 0.581, 0.811 and 0.943 respec-
tively (Figs. 13 — 15).
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Figure 13. Elastic volumetric strain and slope for type 1

volumetric strain curve
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Figure 14. Elastic volumetric strain and slope for type 2
volumetric strain curve
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Figure 15. Elastic volumetric strain and slope for type 3 vol-
umetric strain curve

The relationship of the volumetric strain quantities with
the different types of volumetric strain curves are described
as &,=19.38070%, £,=78.1300" and &, =87.840°%
respectively. The ratios of the “coefficient of the volumetric
strain stiffness modulus™ for type one to type two and type
three volumetric strain curves are 1:4.0:4.5 for type one:
type two: type three volumetric strain curves respectively.
The ratios increase from type one to type two and type
three volumetric strain curves respectively.

The elastic volumetric strain is related with the maximum
total volumetric strain for type one to type two and type three
volumetric strain curves by power form function. The elastic
volumetric strain is related with the maximum total volumet-
ric strains linearly but power form law show slightly higher
correlation. The coefficient of correlations increases from
type one to type two and type three of volumetric strain
curves, 0.764, 0.966 and 0.983 respectively (Figs. 16 — 18).
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Figure 16. Maximum total volumetric strain and calculated
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Figure 17. Maximum total volumetric strain and calculated
volumetric crack for type 2 volumetric strain curve
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The relationship with the different types of volumet-
ric strain curves are described as 4= &L
Eea= E* and Eq = 410 respectively.

4. CONCLUSIONS

This research work has demonstrated that volumetric
strain quantities are related with each other and also sepa-
rately related with the types of the volumetric strain curves
grouped as type one, type two and type three by power
form functions. In all cases the coefficient of correlation
between the volumetric strain quantities and types of vo-
lumetric strain curves increases from type one to type two
and type three volumetric strain curves respectively. The
type one volumetric strain curve are Class I rocks while
type two and type three contained Class II rocks types. The
type one is ductile or less brittle while the type two and
type three are brittle and very brittle respectively under
axial loading condition. The difficulty in obtaining the
post-failure curves increases as the total volumetric strain
approaches a positive value. In other words, difficulty in
obtaining the post-failure curves increases from the first
type to the second type and finally the third type.
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OLTHKA BEJIMYMH OB’€MHOI JE®@OPMAIIII TA TAIIIB KPMBUX, 11O ii
OIIUCYIOTh, TP IE®OPMAILIL TA PYHHYBAHHI TBEPJIUX KPUXKHX ITOPIJ]

B.A. Axin0iny, E.O. Amxaka, J1.JIx. Ady

MeTta. BcTaHOBNICHHS Ta OIiHKA B3a€MO3B’SI3Ky MK PI3HHMH BEIMYMHAMHU Ta TUIIAMH KpUBHX 00’eMHOi nedopma-
1ii y mporeci 0fHOOCHOBOTO CTHCKY JKOPCTKUX KPUXKUX HOPiZ.

Metoauka. [ToBHI KpuBi HanpyxeHHs W nedopmaiii BU3HAYaIHCS TP HEOOMEKEHOMY OJTHOOCHOBOMY BHITPOOY-
BaHHI Ha CTHCK 3 BUKOPHCTaHHSIM CUCTEMH CEPBOKEPOBAHOIO KOHTPOJIIO i3 3aMKHYTUM KOHTYPOM JIJIsl OLIIHKM MEXaHi4-
HHUX BJIACTUBOCTEH 83 pisHux TumiB mopif (53 BuBepxkenux, 10 ocamoBux i 20 metamopdiunux). [Ipoueaypu Bunpooy-
BaHb /ISl BU3HAYEHHs ITOBHMX KPUBHUX Halpy)XeHb 1 aedopmaliiil Tipcbkux mopij, a TakoX IapamMerpiB iX MIITHOCTI
IIPOBOAMIIMCS BiJIOBiIHO 10 3amporonoBanoro ISRM metony.

PesyabTaTn. JlocmimpkeHHsS TOKa3aly, IO 3aJIeXKHICTh BETHYHH 00’eMHOi aedopMarlii ONMUCYeThCS CTETICHEBHM
3aKOHOM. BcTaHOBIIEHO, MO iCHYE 3B’SI30K MiXK BEMYMHAME 00’ €MHOI aedopMariii Ta TUIIAMH KPHUBHX, IO ii OMHCY-
1oT1b. [lepmmii Tun kpuBMX 00’ €MHOI nedopmarii BiamoBigzae mopogam kiacy I 3 mepexomom no knacy Il, y Toi gac sk
KPHBI TPETHOTO THITYy HOBHICTIO BiINOBIAAIOTH Opoaam kiacy 1.

HaykoBa HoBM3HA. Briepiie eKkcliepMMEHTAaJIbHHM IUIIXOM BCTaHOBJIEHO B3a€MO3B’SI30K MK THIIAMH KPUBHX
06’emuo1 aedopmaliii Ta 11 BenmuuuHoo. 3podiieHi nepiii cupoOu OB’ 13aTH BelHYHHYy 00’ €MHOT AedopMariii 3 KpHUBH-
MU HaIlpy>KeHHs — leopMallii mopij micis pyHHyBaHHS [IPU OJHOOCKOBOMY CTHCKY, y TOH 4Yac sIK MOINEpEeaHi pe3yib-
TaTH OTPUMAaHI Mifl 4ac CTUCKY.

IpakTnyna 3HavyuMicTh. CKIAIHICTE OTPUMAHHS KPUBHX JUISl CTAHY ITOPOJH ITiCINsi pyWHYBaHHS 30UIbIIYETHCS 3
repexosoM Bix 1 Tumy kpuBux 00’eMHOI medopmarii m1o 2 i 3 Ty, IO € BaXJIMBHUM acIlleKTOM JUIS Oe3IeYHOTr0
TECTyBaHHs TOpiA NepcoHanoM. Pe3ynbraT poOOTH NPENCTaBIAIOTH IHTEpEC Al PO3YMIHHS 3arajbHUX IIPOLECIB
nedopmanii 3paska Ta OLIHKM KPHXKOCTI TOpia (Hampukiax, Kpuxki mopomu kmacy Il i MeHm kpuxki abo OurbIn
IDTACTUYHI TOpoan Kiacy I).

Kntouosi cnosa: kpusi cmawny nicia pyluHysauHs, npoyec Oeopmayii, eracmuyna ob’emHa Oeghopmayis, Kpusa
00 ’emHoi deghopmayii, 3aeanvra MakcumanbHa 00’ emua oeghopmayis, Kpuxki nopoou

OIIEHKA BEJIMUMH OB bEMHOM JE®OPMAIIUU U TUTTIOB ONUCBIBAIOIIIAX
EE KPUBBIX ITPU JE®OPMALIMU U PASPYIIEHNUU TBEPJAbIX XPYIIKHUX ITOPO/I

B.A. Axkunbuny, 2.0. Amxaka, [1.JIx. Ady

Heab. YcraHoB/ICHHE U OLEHKA B3aMMOCBA3M MEXKIy Pa3IMYHBIMU BEIWYMHAMU M THIIAMH KPUBBIX 00OBEMHOI Je-
(dbopmanuu B mporecce OQHOOCHOTO CKATHS )KECTKUX XPYIKHX IOPOA.

Metonuka. [loaHble KpUBBIE HANPsHKEHUS U IeopMalii ONpeesuIuch P HEOrPAaHUYEHHOM OJHOOCHOM HCIIBI-
TaHUM Ha CXKaTHE C HMCIIOJIb30BAaHMEM CHUCTEMbI CEpBOYIPABISIEMOT0 KOHTPOJS C 3aMKHYTHIM KOHTYPOM JJISI OLIEHKU
MEXaHUYECKUX CBOMCTB 83 pa3nuyHbIX THIIOB Opo (53 u3BepxkeHHbIX, 10 ocanounsix u 20 metamopduueckux). [Ipo-
Heypbl HCIIBITAHUN /IS OTIPEIeNIeHNs TOJTHBIX KPUBBIX HANPSDKEHUH U JeopManuii FOpHBIX MOPOJ, a TAK)Ke IapaMeT-
POB UX IPOYHOCTU NPOBOAUINCH B COOTBETCTBUM ¢ IpeanoxkeHHbM ISRM meToaoM.

PesyabTatsl. MccinenoBanne mnokasany, 4YTo 3aBUCHMOCTD BEJTMUYMH OOBEMHON J1e)OpMaIii OIHCHIBACTCS CTEIICH-
HBIM 3aKOHOM. YCTaHOBJIEHO, YTO CYIIECTBYET CBSI3b MEXIy BEJIMYMHAMH OOBEMHOHN JeOpMalvy M THIIAMH OITHCHI-
BAIOIINX €€ KPUBHIX. [IepBEIi THI KPUBBIX 00BbEMHOH IedopMali COOTBETCTBYET IMOpoaaM Kiacca | ¢ mepexomoM K
xiaccey II, B To BpeMst Kak KpUBBIE TPETHETO TUIIA IIOJTHOCTHIO COOTBETCTBYIOT opoaam kiacca Il

Hayuynasi HoBM3Ha. BriepBble 5KCIEpHMEHTAIbHBIM ITyTEM YCTaHOBJICHA B3aMMOCBS3b MEXIY THIIAMH KPHBBIX
00bEeMHOM nedopManuu U ee BeIUIUHON. [IpeinpuHATHI EpBbIE MOMBITKH CBA3aTh BEIUYUHY 00BEMHON JedopMannu
C KPHUBBIMH HAIPSDKEHUS — Ae(OpMAaLK MTOPOJ TI0CIe pa3pyIleHUs P OJHOOCHOM CXKaTHH, B TO BpeMs Kak Ipebl-
JyUIUe Pe3ynbTaThl IOIy4eHbl BO BPEMsI CXKATHUSI.

IIpakTHyeckasi 3HAYUMOCTb. CIIO)KHOCTh MOTYYEHUS KPUBBIX I COCTOSIHHS MOPOABI IIOCTIE pa3pyIICHUs yBEIu-
YMBAETCS 10 Mepe Inepexoja oT 1 THra KpUBbIX 00beMHOI AeopManuu Ko 2 ¥ 3 THILY, YTO SIBJISIETCS BaYKHBIM acIIeK-
TOM Jy1s1 6€3011aCHOT0 TECTHPOBAHMS IOPOJI TIEPCOHANIOM. Pe3ysibraThl paboThl NPEICTABISIIOT HHTEPEC Il HOHMMAaHHMS
001X npoleccoB eopManyy 00pasia u OLEHKH XPYIIKOCTH 1Opo/] (HarpuMep, Xpynkue nopoas! kiacca Il u menee
Xpymkue wim 0oJjee macTHYHbIe TOpoas! Kinacca I).

Knrouegvle cnosa: kpugvle coCmMosHus nocie paspywenus, npoyecc oegopmayuu, 21acmuinas oovemnas oegop-
mayus, kKpugas obveMHou degpopmayul, 00WaAsk MAKCUMATbHASA 00beMHas dedhopmayus, XpynKue nopoosl
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