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ABSTRACT

Purpose. Consider possible series methods of Mohr-Coulomb nonlinear criterion that takes into account stresses in
the plane of fracture. Investigate the influence of the average principal stress on rocks destruction when cylinder
modeling under axial and side load conditions. Determine the weakening effect on the internal friction angle in the
rocks under study using the examples of sample testing simulation.

Methods. To study the processes in rock samples, we used a finite-element method DESTROCK-FE for modeling
the deformation of rocks decomposes. The parameters of the deformation and fracture model are determined by
comparing the deformation curves obtained by the modeling and experimental approaches.

Findings. Modeling of rocks deformation under various loading conditions with a nonlinear criterion of fracture
variants, in which destructive stresses can grow limited or unlimited or even decrease with increasing pressure, is
performed. The design charts of axial and side deformations of the samples with a good approximation coincide with
the experimental ones. The model parameters, including those for triaxial load conditions, are determined with a
mathematic method using simulation laboratory tests under axial compression. Modeling with an upgrade fracture
criterion showed that the load-bearing strength of salt rock samples under side load is greater than with axial pres-
sure. Internal friction angle reduction with loss of strength reaches 15%.

Originality. The Mohr-Coulomb series criterion is proposed, which makes it possible to set the nonlinearity in
accordance with experimental data. Mechanical model parameters of rocks can be determined according to the results
of single sample testing using the finite-element method DESTROCK-FE of decomposed rocks. The simulation was
performed taking into account microdeformation, the influence of which is described by equations for a nonlinear-
elastic condition.

Practical implications. Cylinder modeling showed that the load-bearing strength of samples under side load is 10%
for sylvinite and 20% more for rock salt than at axial loading. The obtained results indicate the ability of the finite-
element method DESTROCK-FE of rocks destruction modeling while geomechanics survey conducting. Using this
method, based on single sample simulation results, tested at simple compression, the parameters of elasticity,
plasticity, viscosity, crisping can be obtained, suitable for deformation and fracture processes studies under various
loading conditions.

Keywords: rock, mathematic simulation of rock deformation and fracture, microdeformation, finite-element method,
fracture criteria, internal friction angle

1. INTRODUCTION

In most cases, fracture criteria are developed based
on the concept of interfacial fracture, orthographic to the
plane of maximum and minimum stresses action. All
fracture (plasticity) criteria for virgin formation describe
the surface in the stress space that limits the conditions
under which the rock is not destroyed. In addition to the
need of curve and experimental data coincidence, verifi-

cation of such criteria is performed on the demand of the
boundary surface protuberance in the stress space.

An important factor influencing the homogeneous
rocks destruction is the ratio of maximum and minimum
stresses o1 and 03. According to the tests results of strong
pyrogenic cubic rock samples K. Mogi found that in-
creasing the average stress o> from o3 to o leads to an
increase in destructive pressure by 25 —30%. In most
destruction criteria (Drucker & Prager, 1952; Ruppeneit,
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1954; Protod’yakonov, 1962; Ruppeneit & Liberman,
1965; Mogi, 1967; Wiebols & Cook, 1968; Bieniawski,
1974; Lade, 1977, Hoek & Braun, 1980; Matsuoka &
Nakai, 1982; Matsuoka & Nakai, 1985; Ramamurthy,
Rao, & Rao, 1985; Hoek, 1994; Sheorey, 1997; Shashenko
& Pustovoitenko, 2001; Maiolino, 2005; Mogi, 2007;
Benz, Schwab, Kauther, & Vermeer, 2008; Litvinskiy,
2008; You, 2009; Yu, Xia, & Kolupaev, 2009; You, 2013)
the average stress is not taken into account or taken into
account in the principal stresses space.

The scientific community is concerned that in most
cases this influence is not based on the destruction crite-
ria used in engineering calculations.

For the analysis of rock structures competence, the
Mohr-Coulomb (M — C) and Hoek-Brown (H — B) failure
criteria are popular, while the M — C criterion is linear,
and the H— B criterion is nonlinear in nature. The in-
fluence of the average stress on the ultimate stress limit
in these criteria is not taken into account in the experi-
ments. Empirical criteria that take into account the in-
fluence of the average principal stress by including the
third stress invariant and the Nadai-Lode parameter in
the equations are not widely used. Fracture criteria for-
mulated in terms of principal stresses cannot be applied
to rocks with natural or developing weakening.

Mathematical models with a help of which the de-
formation and fracture processes in a material are simu-
lated include, in addition to the fracture criterion, the link
between stresses and the reversible and irreversible de-
formations, as well as patterns of plastic, viscous defor-
mations and dilatancy development. It is obvious that the
simulated weakening development processes and the
ultimate stress limit magnitude depend not only on the
fracture criterion, but also on the links between stresses
and deformations.

M — C criterion is based on the physical idea of frac-
ture under the action of tangential stresses at fault sites.
The nonlinear nature of the crippling loadings on pres-
sure dependence, observed in experiments, in the applied
fracture criteria, including the H—B criterion, is de-
scribed empirically as an approximation of the curve,
compounding the Mohr limit circles, or the dependence
of the maximum and minimum stress at failure. We note
a special case of the nonlinear strength criterion proposed
by Litvinskiy (2008), in which the nonlinear strength
certificate is derived on the basis of physical ideas about
the Coulomb friction effect on the strength of fault sites
parts. In N. Barton’s work (Barton, 2013) on the dis-
turbed ground strength, the nonlinear nature of the
strength certificate is explained by the variability of the
internal friction angle. Generally, rocks fracture criterion
is characterized with indefinite increasing pressure in the
area of decomposed tangential stresses. Research (Bar-
ton, 1976; Singh, Raj, & Singh, 2011; Singh & Singh,
2012) has established that at high compressive stresses,
decomposed tangential stresses can be limited. In soil
mechanics, the fracture criteria of cap-models (Roscoe &
Burland, 1968; Ulitskiy, Shashkin, & Shashkin, 2010) in
which decomposed tangential stresses at high pressures
can decrease to zero.

In the rock mass with natural weakening or with frac-
ture processes started due to the mining influence with

38

weakening surfaces formation, the description of fracture
conditions with cambered planes in the stresses space is
impossible. To simulate rocks fracture, methods are
needed that take into account the processes of gradual
development of fracture along existing and emerging
surfaces of weakening strength. The finite-element
method DESTROCK-FE of rocks destruction modeling
possessed such capacities (Olovyannyy, 2012), in which
the deformation and fracture is calculated taking into
account the existing or developing of surface strength
weakening (along sites).

Previously, this method was used with a linear condi-
tion of shear strength M — C and cleavages fracture (Olo-
vyannyy, 2012). The problem of the average principal
stress influence and the non-linearity of the strength
certificate is considered in this work within the
DESTROCK-FE model using the upgrade strength crite-
rion M — C. The principle of method consists in the fact
that the strength criterion is applied to surfaces with
given directions. Destruction in separate parts can deve-
lop in one or several directions.

Now it is considered the possibility of construction a
fracture criterion on the basis of the M — C one that will
allow for a limited growth of destructive tangential
stresses with an increase in all-round pressure. The series
of the M — C criterion is that the linear variant includes
not only tangential and normal stresses at the site, but
also normal stresses in the fault sites. With regard to tight
rocks, this criterion includes the effect of average princi-
pal stress. This effect is estimated by cylinder defor-
mation modeling under axial and side load conditions.

The variability of the friction angle depending on
the fault and normal pressure requires verification and
is considered in this work when modeling the proto-
plasts deformation. The study was performed on the
basis of sylvinite and rock salt protoplasts deformation
modeling, taking into account the results of laboratory
tests. The model para-meters of deformation and strength
rocks properties are determined by the coincidence of the
deformation curves in the model and those obtained from
testing samples under simple compression.

2. CONCEPT OF FRACTURE CRITERION FORM

In the currently used criteria for rocks, including
H — B, the ultimate stress limit can grow indefinitely with
normal pressure. In Barton’s work in 1976, based on the
analysis of a large number of experimental data on rock
testing, it was concluded that Mohr’s compound curve
o1 = 3 o3 becomes parallel to axis o (Fig. 1). Singh, Raj,
& Singh (2011) taking into account his own tests and
analysis of thousands registered experiments for the
majority of rock types, it was established that the “criti-
cal state” occurs at o3(criticary = Oc.

For contact rocks with zero tenacity, series of the
M — C criterion are considered, in which the internal
friction angle decreases with increasing pressure o, (Bar-
ton, 2013). In such models, the ultimate stress limit can
be limited only by reducing the friction angle to zero. In
the soil mechanics, the fracture criterion of cap-models
(Roscoe & Burland, 1968; Ulitskiy, Shashkin, & Shash-
kin, 2010), in which decomposed tangential stresses at
high pressures can decrease to zero.
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Figure 1. Mohr’s compound curve according to the results of
a triaxial strength test according to (Barton, 1976)

The failure criterion M — C and all subsequent ones are
based on the idea that the effect of friction on ultimate
stress limit depends only on the normal pressure at the
fault site. In reality, fracture is realized in a certain flat
zone having a thickness. It is natural to assume that not
only normal and tangential stresses at the site, but also
normal stresses acting in the shear plane affect shear frac-
ture. Internal friction angle, as well as tenacity, can vary at
the sites of growing shear depending on the degree of bro-
ken material condition. These effects must be considered
when formulating the fracture criterion on shear surfaces.

A general view of the failure criterion M — C over the
fault sites is represented with a formula in which the
influence of friction depends not only on the normal
pressure on the site, but also on the stresses in its plane.
The failure criterion for the shear surface, taking into
account the presence of natural and growing weaknesses,
can be represented as:
|r|=Ca)n+0nQn(S)tg(¢)(a)n)), (1)
where:

o, and 7, — normal and tangential stresses at the site;

C — tenacity;

@— internal friction angle;

S — total principal stresses (tripled average pressure),
which includes stresses in the weakening plane,
S=01+0,+03;

, —the parameter determining the weakening over
the site (continuity), 0 < w, < 1.

In this criterion, the breaking shear stress depends on
the tenacity taking into account the broken condition and
normal pressure on the shear site, whose effect on friction
depends on the avarage pressure including the stresses in
the shear plane. With complete loss of strength, the tenac-
ity in the shear plane becomes zero, and the internal fric-
tion angle may vary within certain limits.

Based on the possible idea of the finite quantity of
breaking tangential stress, the formula Q,(S) will be
represented by a continuous piecewise function:

1 atS<gq;

q a
= | atS>q,
(Sj 1

0,(S) )
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moreover, g = & E.

The role of O,(S) function is as follows:

—when S <gq, the stresses in the shear plane do not
affect the action of normal stresses and on the shear re-
sistance. Here ¢ is the value that determines the influence
limits of predominantly normal pressure;

—as § — o 0,(S) — 0, the shear resistance decreases
with increasing all-round pressure S; in the limit, shear
resistance can only be determined with the tenacity.

The parameters a, £ and & can be determined from
the results of testing samples in the laboratory. The pa-
rameter a sets the nature of the ultimate stress limit de-
pendence on the average pressure. With an increase in
the average pressure, the value 0,0,(S) can grow conti-
nuously at a < 1, asymptotically tend to a constant value
at a =1, or approach zero at a > 1. As a — 0, the criterion
becomes the linear M — C criterion.

The threshold quantity g depends on the material de-
formation properties. The adopted dependence g =& E
contains the rigidity modulus as a parameter of rock pro-
perties, but, for example, not the break-down point under
simple compression, since the latter depends on the de-
gree of broken condition and is zero in friable materials.

The upgrade nonlinear criterion M — C (1) is substan-
tiated physically on the stress state destruction effect in
the vicinity of the shear site.

3. FUNDAMENTAL POSITION

OF THE FINITE-ELEMENT METHOD

OF ROCK DESTRUCTION WITH UPGRADE
MOHR-COULOMB CRITERION

Deformation and fracture samples processes mode-
ling is performed using a finite-element method
DESTROCK-FE of decomposed rocks (Olovyannyy,
2003; Olovyannyy, 2012). The main feature of this
method is a method of fixing fractures in a limited num-
ber of directions. When calculating from an infinite num-
ber of possible orientations of cracks development in the
elements, the fractures directions with increment of 45°
are considered. In 3D space there are 13 such directions.

Under the conditions of axial symmetry, nine direc-
tions are distinguished (Fig. 2). In the figure, each of the
systems (sites) is shown in three or four identical numbers:
1-1-1, 2-2-2, 3-3-3-3, 4-4-4, 5-5-5,
6-6-6-6,6-6-6,7-7-7-7,7-T-T.

z

Figure 2. The scheme of fixed directions of possible weakening
developing systems under axisymmetric deformation
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When calculating at each allocated site, the possibi-
lity of shear and fracture is estimated. Previously, the
linear criterion M — C was used to assess the possibility
of shear failure. In this study, to take into account the
nonlinearity of the of destructive stresses dependence on
pressure, this method is applied with the upgraded crite-
rion (1). In this version, the function Q(S) is designed to
take into account effect of pressure in the shear plane and
normal pressure in the process of Coulomb friction. In
this case, the coefficient of friction may depend on the
degree of shear sites broken condition.

Taking into account the strength reduction over the
sites, the fracture condition over the weakening surfaces
(1) was adopted in the variant with a limited strength
value (with a = 1):

|7,|=Ca, +0'ntg((p(1—§2 (1_a)n))) ,
ifo,>0; S<&E;
|r,| = Ca, +0, (fl %)tg((p(l—fz(l—wn))),

ifo,>0; S>&E;
o, =-w,0;,if 0, <0,

€)

where:

o — tensile strength;

&1 and & — the fracture criterion constants determined
in the laboratory experiments simulation with samples.

The parameter of current nominal strength (continui-
ty) w, is calculated at all possible sites of destruction for
each component of surroundings. Increase in strength at
fissure and shear on the site # is associated with brea-
king strain, respectively:

Aw, =M Ag, ; “4)
Aw, =—M ,|4y,|, (5)
where:

Ag, and Ay, — increments of tensile and shear break-
ing strains on the site 7 ;

M, and M, —local decline module, respectively, in
tension and shear, which describe the connection be-
tween the increments of breaking strains and decreasing
nominal strength.

Plastic and breaking shear deformations are accom-
panied with tensile deformations normal to the shear
site, which depend on the tangential and normal stresses
on the site:

(6)

where:

Kv — the parameter of volume change;

& —a parameter that determines normal pressure
effects on dilatancy.

Viscous properties of rocks are described with rela-
tions for a viscoelastic medium (Voigt solid). In this pa-
per, the processes in rock samples are investigated during
rapid tests, the effect of plastic flow is not considered.

Soft tenacious terrain has a porosity of up to 25% or
more. Some of the porosity is represented with microde-
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fects, when is deformed under the mechanical forces
action, appears as a hazardous inelastic medium com-
pared to the base material. This part of the mechanically
active porosity will be called the microdefect medium.
The microdefect medium is appeared in the initial sec-
tions of the deformation curves of compression samples.

To take into account the influence of microdefects, a
phenomenological model of the medium deformation has
been proposed (Olovyannyy, 2012). This medium is
viscous, its manifestations depend substantially on the
loading rate, the deformations are reversible, and the
compressive deformations are limited.

The viscoelastic deformations rate of the microdefect
medium in the directions of the principal deformations
i=1,2,3):
del = (el- —Eng )(l—exp(—nmddt)), 7
where:

e; — the breaking microdefect strain along the i-th di-
rection at a given stress level;

&'ma — the achieved level of deformation;

nma — microdefect viscosity coefficient.

The magnitude of the breaking microdefects degree
of compression is calculated as for a nonlinear elastic
medium. At a given level of stress:

jdnd
€md

_Epa
E

[1—(1
(0,-05K,(S-0;)) Z if €ma >0 (8)
md

e =
0; —0.5K, (

Emd

S—-o; .
) if €ma <0,

where:

ema — the largest possible degree of compression (ef-
fective power porosity);

E — the rigidity modulus;

E,q— the rigidity modulus of a microdefect medium
under tension.

Formula (8) describes a microdefect medium as non-
linear-elastic. On the compressive strain branch, the
rigidity modulus is changed from the modulus magnitude
under tension to the rigidity modulus of the base mate-
rial, which occurs when the breaking strain is reached.
On the tension branch the rigidity modulus is minimal.

4. SIMULATION OF SAMPLE TESTING UNDER
AXTIAL AND TRIAXTAL COMPRESSION

The study was performed using the results of rock
salt samples testing (height 100 mm, diameter 50 mm).
The tests were carried out with axial compression of
samples at a constant rate of 0.5 mm/min.

The cylinder deformation modeling was performed
using the described method of DESTROCR-FE defor-
mations and fractures calculating. The samples defor-
mation under axial loading with complete tenacity at the
contact of sample abuts with rigid sheet press is prohibi-
ted (radial displacements are forbidden, all contact points
move along the axis with the same speed). The parame-
ters of deformation and strength properties were obtained
with their variation based on a comparison of calculated
and experimental graphs (Fig. 3).
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Figure 3. Cylinder schemes loading during modeling

(63 < 62=<01): a— axis; b — side

The simulation was performed using the upgrade cri-
terion M — C (3) with the following values of the parame-
ters included in the strength criterion and the dilatancy
function (6): & =0.010, & =0.15, &= 1.6. Other model
parameters that determine elastic, plastic, crisp, viscous
properties are listed in the table. To assess the average
principal stress influence on the destruction, samples were
simulated under axis and side loading conditions (Fig. 3).

The graphs in Figure 4 indicate the curves proximity
obtained under axial loading in the experiment and in
modeling for both axial and side deformations.

Simulation showed that the maximum pressure on the
sample under side pressure (model side curves) is greater
than under axial loading (test axis and model axis curves)
by 10% for sylvinite sample and by 20% for rock salt
(Fig. 4). This result showed the appearance of a function
describing a fracture criterion, including the action of
normal stresses in fracture planes; however, the influence
of deformation patterns describing microdefects, plastici-
ty, crisp, viscosity, and oriented nature of developing
weakening cannot be ruled out.

Table 1. Calculated parameters of the model

Parameter Rock
ctets Sylvinite Rock Salt

Rigidity modulus, MPa 14300 9000
Poisson number 0.32 0.048
Compressive strength, MPa 35.2 17.8
Tensile strength, MPa 1.7 1.0
Internal friction angle 36.3 30.2
Lasting properties coefficient 0.40 0.61
Plasticity coefficient 13.2 1.0
The module of the local
decline in shear M, 349 47.0
The module of the local de-
cline at fracture M; 500 107.0
Coefficient of volume 0710 0.018
change Ky
La}rgest possible degreg of 0.22 0.19
microdefects compression, %
Modulus of microdefects
deformation, MPa 4000 1100.0
C.oefﬁ.c1ent of microdefects 11900 3200
viscosity, 1/h

(2)

Pressure, MPa

30
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Figure 4. Cylinder deformation graphs, obtained at testing and
mathematical modeling: (a) sylvinite; (b) rock salt

Variations of the internal friction angle showed that
for the studied rocks salt, its decrease on surfaces with a
complete loss of strength is not more than 15% (& = 0.15).
Destructive shear is accompanied with dilatancy. The
tensile deformation along the normal to the shear site
depends on the ratio of tangential and normal stresses.
With the normal pressure growth, the volume change
decreases. In formula (6) for volume change, & = 1.6.

The component of microdefects deformations signifi-
cantly affects the general nature of samples deformation
and fracture.

5. STRENGTH CERTIFICATE
ACCORDING TO THE TRIAXIAL LOAD
SAMPLES RESULTS SIMULATION

The linear strength criterion M — C character corre-
sponds to the experimental data in a limited range of
loads. Virtually all non-linear criteria, including the
H — B criterion, approximate experimental graphs of the
maximum and minimum stresses connection at the load-
bearing samples strength limit under triaxial compression
with an infinite growth tendency.
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The upgrage criterion M — C (3) with parameters a = 1
and & =0.010 describes a limited increase in ultimate
stresses limit. Using DESTROCR-FE with an upgrage
criterion M — C, we simulated the samples deformation
under triaxial compression conditions o) >o0,=03 at a
side pressure from 0 to 100 MPa. The calculations were
performed for sylvinite and rock salt samples with param-
eters determined from the results of axial loading of sam-
ples. The simulation was performed for tests carried out
according to the following scheme: at the first stage, the
sample is loaded with side and axial pressure with the
same rate of growth to a given value (o1 = 02 = 03); then
the axial deformation continues to grow at a constant rate
until fracture. Figure 5 shows the test graphs. The graphs
show that the initial growth points of the graphs are relat-
ed from origin of coordinates on the deformation axis due
to the triaxial compression and closure of microdefects
and with an increase in confined pressure.

(a)

Differential stress, MPa

2
Deformation side, %

4

Differential stress, MPa

—_
(e

0

-2

1.5 2 2.5
Deformation axis, %

-0.5 0 0.5 1
Deformation side, %

Figure 5. Measurement charts of axis and side deformations
in sylvinite samples (a) and rock salt samples (b)
at axial loading with required side pressure 0, 10,
20, ..., 100 MPa

Figure 6 shows the measurement charts of the maxi-
mum difference between axial and side stresses versus
side pressure. These charts represent the fracture criteria
for rocks salt with the upgraded M — C criterion with a
limited amount of ultimate stress limit.
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Figure 6. Measurement chart of maximum difference o1— 63
versus side pressure o3: 1 — sylvinite; 2 — rock salt

Figure 7 shows the cross cylinder sections with trou-
bles at the moment of complete loss of load-bearing
strength, illustrating the results of modeling with the
DESTROCK-FE method.

6. CONCLUSIONS

The Mohr-Coulomb (M — C) criterion is based on the
concept of shear destruction sites. The problem of the
non-linearity of the strength certificate is solved using
the upgrade M — C fracture criterion in terms of the fric-
tion effect on the rupture resistance. The upgraded crite-
rion takes into account the effect of normal stresses in the
plane of surface weakening. The proposed version of the
function describing the fracture conditions upon shear
makes it possible to take into account different ideas
about the mechanisms of ultimate stress limit and in-
creasing pressure connections. Depending on the adopted
parameters, ultimate stress limit with increasing average
pressure can grow continuously, asymptotically tend to a
constant value, or approach zero. The H — B criterion, the
Barton and Singh models and the cap-models can serve
as analogues of such models, respectively.

The study was conducted in a mathematic simulation
of samples testing using finite-element method of
DESTROCK-FE rock destruction. As a fracture criterion,
a version of the upgrade Mohr-Coulomb criterion with
limited growth of ultimate stress limit was used. To de-
termine the model parameters, the results of laboratory
tests of sylvinite and rock salt cylinder were used.

At different stages of samples loading accumulated
weaknesses, microdefects, elasticity, plasticity, viscosity,
crisp, scarification, etc. appear in different parts of the
samples. The models parameters describing these processes
are determined by varying them, based on minimizing the
deviation of the deformation curves in the experiment and
in the simulation, using a variant of the criterion with
limited ultimate stress limit. In the processes of defor-
mation and fracture natural microdefects play an important
role. The microdefect component of deformations is de-
scribed as for a nonlinear-elastic non-dispersive medium.

Studies of the average principal stress influence on
rocks destruction, performed on the example of cylinder
rocks salt tests modeling with upgrade criterion M — C,
showed that with side loading o> = o} ultimate stress limit
is more than with axial loading o> = 03 =0 with 10% in
sylvinite and 20% in rock salt.
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Figure 7. Cross sections with troubles at loading with re-
quired side pressure 10, 20, ..., 100 MPa: (a) sylvi-
nite samples (1 —10, 1 - 20, ... ); (b) rock salt sam-
ples (2-10,2-20, ...)

It was established that for the considered rocks salt
the internal friction angle on the fracture surfaces de-
creases slightly, by no more than 15%. The finite-
element method of rock destruction (DESTROCK-FE)
was refined in terms of taking into account the stresses
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effect in the surfaces weakening zone and the variability
of the internal friction angle, scarification and microde-
fects function.

The finite-element method of rock destruction
(DESTROCK-FE) implementation allowed us to obtain
simulation results comparable to laboratory studies. The
proposed upgraded Mohr-Coulomb criterion allows one
to describe fracture conditions corresponding to differ-
ent ideas about decomposed tangential and normal
stresses connection.
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HEJIIHIVHI KPUTEPII TA BIIJIUB CEPEJHBOI'O I'OJIOBHOI'O
HAIIPYKEHHSA HA PYUHYBAHHS I''PCBKUX OPLJ

A. OnoB’auuit

Merta. Po3risiHyTr MOXIIMBI BapiaHTH Moaudikanii HemiHiiiHOTo KpuTepito KynoHa-Mopa, 1mo BpaxoBye Hampy-
JKEHHS B IUIOIINHI pyHHYBaHHA. JOCIIIUTH BIUTMB CEPEAHBOTO TOJIOBHOTO HANPY)KEHHS HAa PyHHYBaHHS TipCHKHX MOPIix
TIPH MOJICTIOBaHHI HWTIHAPUIHOTO 3pa3Ka B YMOBAaX OCHOBOTO Ta OI9HOTO HaBaHTa)XeHHs. OIIHUTH BIUIUB OCIaOJICHHS
MIITHOCTI B TOCTIIKYBaHUX TipCHKUX MOPOIAX 10 TIOBEPXHSIX HAa KyT BHYTPIIIHBOTO TEPTS HA MPUKIIAIaX MOJICITIOBAHHS
BHITPOOYBaHHS 3pa3KiB.

Metoauka. [Iist 1OCTIKEHHS IPOLECIB Y 3pa3kax TiPCbKUX MOpiJ BUKOPHCTAHUI CKIHYEHO-EJIEMEHTHUI METOJ| MOoJie-
JroBaHHsI iepopMyBaHHs ripchkux mnopin, mo pyinytoTtees, DESTROCK-FE. Tlapamerpu mozeni aeopmyBaHHs 1 pyiHy-
BaHHSI BU3HAYAIOThCS IIPH MOPIBHSHHI KPUBUX Je(hOpMyBaHHS, OTPUMAaHUX MOJIEIBHUM Ta EKCIIEPUMEHTAIEHUM IILISIXOM.

Pe3yabraTu. BukoHano mozentoBaHHs nedopMyBaHHsS 3pa3KiB TipCbKHX MOPIJ Yy PI3HUX yMOBaX HaBaHTaKEHHS 3
HEJIHIMHMM BapiaHTOM KPHTEpil0 pyWHYBaHHs, B SKOMY PYWHHYIOYi HalpyX€HHS MOXYTb 3pOCTaTH OOMEXeHO abo
HEOOME)KEHO Ta HaBITh 3HW)KYBATUCS 3 POCTOM THCKY. Po3paxyHKOBI rpadiky 0ChOBHUX 1 O1YHHX JIedopMariiil 3pa3kiB 3
JIOCTaTHBOIO JOCTOBIPHICTIO 30iraroTbcsi 3 eKCIEepUMEHTalbHUMH. [lapamerpu Mopeni, B TOMY 4YHCII JUIS YMOB
00’€MHOr0 HaBaHTAKEHHS, BU3HAYAIOTHCSl YMCEIBHUM METO/IOM 32 JOIIOMOTOI0 MOJIEIIOBaHHS J1a0OpaTOPHUX BUIIPO-
OyBaHBb IIpU OCHOBOMY CTHICHEHHi. MOIENIOBaHHS MITIHAPUYHUX 3pa3KiB MMOKa3ayio, 0 Hecyda 3[JaTHICTh 3pa3KiB B
yMoBax OiqHOro HaBaHTaxkeHHS Ha 10% g cubBiHiTY 1 Ha 20% 1715 KaM’stHOT couti OimibIe, HK P OCBOBOMY HaBa-
HTa)XEHHi. 3HIDKEHHS KyTa BHYTPIIIHBOTO TEPTS MPH BTPATi MIIHOCTI MO TUIONIMHAX 3CYBY 1 BIJPUBY IS PO3TISTHYTHX
CoJISIHUX Topix csirae 15%.

HaykoBa HoBH3HA. 3anponoHoBaHo MonudikoBanuii kpurepiii Kynona-Mopa 3 ypaxyBaHHSIM BIUIMBY MIIIHOCTI
IIPOMIXKHOTO TOJIOBHOTO HAIPY>KEHHSI, 1[0 JI03BOJISIE 33/IaBATH HENIHIMHICTD BiJMOBIIHO 0 €KCIEPUMEHTAILHHUX JIAHUX.
[Tapamerpu MexaHi4HOT MOZIENI TIPCHKUX MOPiJ MOXXYTh BU3HAUATHCS 32 pe3yJibTaTaMH BUIIPOOYBaHHS OJHOTO 3pa3ka
i3 3aCTOCYBaHHSIM CKiHYEHO-EJIEMEHTHOT MoJieli Tipchkux mopia, mo pyiHytoTbes, DESTROCK-FE. MonentoBanHs
BHUKOHAHO 3 YpaxyBaHHSIM MiKpOAE(EKTiB, BIUIUB SKUX OIMHUCYETHCS PIBHSIHHAMM JUIA HETIHIHHO-TIPYKHOTO CEpEe/IOBUINA.

MpakTuuna 3HaunMicThb. OTpUMaHi pe3ynbTaTy CBiAYaTh PO 3/1aTHICTh CKIHYEHO-EJIEMEHTHOTO METOY MOJEIIO-
BaHHA pyiHyBaHHs ripchkux nopin DESTROCK-FE BupinryBatu reomexaHiuHi 3aBJaHHs. 3a JOMOMOTOIO IIbOTO METO-
Iy 3a pe3yJibTaTaMH MOZENTIOBaHHS OJHOTO 3pa3Ka, BHIPOOYBaHOTO NPH OJHOOCHOBOMY CTHUCHEHHI, MOXYTh OyTH
OTpHMaHI TTapaMeTpH TPYKHOCTI, UIACTUYHOCTI, B’I3KOCTi, KPUXKOCTI, PUIATHI U 3aCTOCYBAaHHSA y JOCIIIKESHHIX
mporieciB nepopMyBaHHS i pyHHYBaHHS B Pi3HIX YMOBaX HaBaHTaKECHHS.

Knwwuosi cnosa: zipcoka nopoda, mamemamuune MOOeNO08aHHS, OeQopmysants i pyUHYSaHHs 2IpCbKUX NOpIo,
MikpoOdepexmui deghopmayii, Memoo CKiHUeHUX eneMenmis, Kpumepii pyunyeants, Kym eHympiuHb020 mepmsi
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HEJMHEWHBIE KPUTEPUU U BJIUSTHUE CPEJTHETO I'VIABHOI'O
HAINIPA’)KEHUSA HA PASPYHIEHUE I'OPHBIX IIOPO/{

A. O10BAHHBIN

Heas. PaccMoTpeTs BO3MOXKHBIE BapHaHTHI MOTUGHUKAIIMK HelMHHEHOTO Kputepusa Kymona-Mopa, yauTHIBaIOIIETO
HalpsHKEHUS B INIOCKOCTH paspylICHUA. I/ICCJ’ICHOB&TI) BJIMAHUEC CPEAHCIO I'NIaBHOT'O HAIIPSAXKCHHUA HA pa3pylmi€HUE rop-
HBIX ITOPO/J] IIPU MOJIETUPOBAHUN LMIIMHIPUYECKOr0 00paslia B YCIOBHSAX OCEBOr0 U OOKOBOTO HarpyxeHus. OLeHHUTh
BIIMSIHHE OCJIa0JICHUS IMMPOYHOCTH B UCCJICAYEMbBIX I'OPHBIX MOPOAaX IO MOBEPXHOCTAM Ha YIroJl BHYTPEHHETO TPCHUS Ha
IIpUMepax MOJICIMPOBAHMS UCTIBITaHUS 00pa3LoB.

Metoauka. [{i1s1 ucciaeoBaHus IPOLECCOB B 00pa3liaXx TOPHBIX ITOPOJ] MCIOJIB30BaH KOHEYHO-3JIEMEHTHBIH METO]
MozenupoBaHus nedopmupoBanus paspymatormxcs ropabix nopox DESTROCK-FE. ITapamerpsr monenu nedopmu-
POBaHMSA U Pa3pyLICHHs ONPENEISIFOTCS IPH CPABHEHUH KPHUBBIX 1€(hOPMUPOBAHUS, MOTYIECHHBIX MOAEIBHBIM U 3KCIIe-
PUMEHTAIBHBIM ITyTEM.

Pe3yabTaThl. Beimonneno MonennpoBaHue AeopMHUPOBaHMSA OOPa3LOB TOPHBIX MOPOJ B Pa3sIMYHBIX YCIOBHSX
Harpy’>ke€HHsi ¢ HEJIMHEHHBIM BapUaHTOM KPUTEPHUs pa3pyLICHUs], B KOTOPOM Pa3pyLIAIOIINE HANPSKEHUS] MOTYT PacTh
OIPaHMYEHHO WM HEOTPAaHMYECHHO, WM JaXKe CHIDKAThCS C POCTOM JaBlieHUs. PacueTHble rpaduki oceBbIX 1 OOKOBBIX
nedopmanuit 00pa3noOB ¢ 1OCTATOYHOI JOCTOBEPHOCTBIO COBNAAAIOT C AKCIIEpUMEHTANIbHBIMU. [lapamerpsl Mosenu, B
TOM YHCJIC IJIA yCﬂOBI/lﬁ 06’])6MHOFO Harpy>KeHus, onpeacjaIAroTCa YUCJICHHBIM METOAOM C IMTOMOUIBIO MOJCIIUPOBAHUSA
71a00paTOPHBIX HCIBITAHUI TP OCEBOM CxKaTUH. MoAeInpoBaHue HWIMHIPUIECKIX 00pa3IioB I10Ka3ajo, YTo Hecymias
CIOCOOHOCTH 00pa3loB B YCIOBUSX OOKoBOro HarpyxeHus Ha 10% mnst cunbBuHHMTa M Ha 20% Uit KaMEHHOM conu
Ooutblie, YeM TPH OCeBOM HarpyxxeHuH. CHH)KEHHE yIila BHyTPEHHEr0 TPEHHs MPH MOTepe MPOYHOCTH MO IUIOIAAKaM
C/IBUTA M OTPBIBA /ISl PACCMOTPEHHBIX COJIIHBIX TIOpoJ focturaer 15%.

Hayunas nHoBu3HAa. [IpemiokeH MonupumpoBaHHE KpuTepuii Kymona-Mopa ¢ y4eToM BIHSHHUS TPOYHOCTH
MIPOMEXYTOYHOTO TIIABHOTO HAINpPsDKEHMS, TIO3BOJIIONINN 331aBaTh HEMMHEHHOCTh B COOTBETCTBUH C 3KCIIEPUMEHTANb-
HBIMH JaHHBIMH. [lapamMeTpbl MeXaHMYECKOW MOJEIH TOPHBIX TOPOJ MOTYT ONPENEISATHCS 0 Pe3yIbTaTaM NCIIBITAaHHS
OIIHOTO 00pasa ¢ IPUMEHEHNEM KOHEYHO-3JIEMEHTHON Mozenn paspymaromux ropusix mopog DESTROCK-FE. Mo-
JeJTMPOBaHKE BBIIOIHEHO C YY€TOM MUKPOJE()EKTOB, BIMSHHE KOTOPHIX ONMUCHIBACTCS YPAaBHEHHSAMHM Ul HETHMHEHHO-
YOPYIoi Cpebl.

IMpakTnyeckast 3HAYUMOCTB. [losTydeHHBIE PE3yNIbTAThl CBUAETEILCTBYIOT O CIIOCOOHOCTH KOHEYHO-3JIEMEHTHOTO
MeToAa MoaenupoBanus paspyuierus ropusix nopox DESTROCK-FE pemates reomexannueckue 3aaaqu. C IOMOIIbIO
9TOT0 METOoJIa MO Pe3yJIbTaTaM MOJISIMPOBAHKS OJHOTO 00paslia, HCIBITAHHOTO IPH OJHOOCHOM C)XKaTHH, MOTYT OBITh
TIOJTy4€HBI ITapaMeTpbl YIPYTOCTH, IJIACTHYHOCTH, BSI3KOCTH, XPYIKOCTH, IPUTOHBIC JUIS IPUMEHEHHS B MCCIIEI0Ba-
HUSIX MPOLIECCOB 1e(hOPMUPOBAHUS U Pa3pyLICHUS B PA3IMYHBIX YCIOBUSIX HArPYKEHHSL.

Knrwouegvle cnoga: zopnas nopooa, mamemamuyeckoe Mo0eiuposanue, 0epopmuposanue u paspyueHue 20pHbix
nopoo, Mukpooepexmuuie dedhopmayuul, Memoo KOHEUHbIX INEMEHIMO0B, KPUMePUU paspyuierus, Y20 HympeHHe20 mpeHusl
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