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ABSTRACT

Purpose is to develop modeling methods of long-term rock sample deformation and failure under various loading
conditions with the help of finite-element method of failure rock modeling (DESTROCK-FE).

Methods. DESTROCK-FE model describes rock as the non-linear viscoelastic-plastic breaking down medium. Creep
strains are represented as viscoelastic ones, and viscoplastic strains are represented as the total of viscoelastic and failure
strains. Destruction strains have been described by means of a model of the limited number of the oriented relaxation
surfaces being calculated in accordance with shear and burst failure criteria. The calculations involved finite-element
method for cylindrical samples. Numerical experiments have been carried out for following conditions: long-term
creep under the permanent load; unloading strain after long-term creep strains; load relaxation in terms of the preset
strain; and long-term strain in terms of gradual pressure increase. The research has involved rock-salt samples.

Findings. A model of rock as the non-linear viscoplastic failure medium has been added by a model of multi-
defective medium. It has been determined that general nature of rock creep curves under permanent load, unloading,
and stress relaxations, obtained by means of calculations, correspond to the available scientific notations. The fin-
dings mean that the development of rock models should not involve successfully structural Maxwell element deter-
mining endless time-dependent strain growth. The strain velocity growth at the last stage of rock sample strain is
stipulated by short-term and long-term accumulation of relaxations and failure.

Originality. It has been proved scientifically that viscous strains are described with the help of viscoelastic medium
consisting of two Kelvin-Voigt elements as well as elements of short-term and long-term failure.

Practical implications. DESTROCK-FE modeling of one sample tested in terms of uniaxial compression has helped
obtain parameters of elasticity, viscosity, and brittleness suitable for solving geomechanical and engineering prob-
lems in the context of mining.
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1. INTRODUCTION

Rocks are viscous, i.e. they are deformed in time expe-
riencing permanent load (i.e. creep strain) and lower
stresses experiencing permanent strain (i.e. stress relaxa-
tion). Stress state varies within neighbouring rock mass
during mining; in this context, strain process of the rocks,
having viscous characteristics, takes much time. There are
many models of viscous medium describing viscous ef-
fects with the help of analytical methods; however, we
believe that the problem of rock mass modeling remains
topical. The models, describing viscous strain down to
failure, rely upon the experiments carried out during rela-
tively short time periods. Generally, such models involve

Maxwell element or (if analytical dependences are meant)
a positive degree time parameter determining possibility of
endless strain growth (Zhao, Liu, & Dong, 2011; Zhao,
Chen, Zhao, Jie, & Ning, 2012; Zou, Wang, & Lai, 2013).

Abstract concepts, concerning long-term strain na-
ture, in terms of the actual stresses resolve themselves
into the following. When permanent stresses, being of
less than long-terms strength, are acting, strain velocity
decays and the strains are constrained (Fig. 1, curve 7). If
the load excesses long-term strength, the strain experi-
ences unlimited growth (Fig. 1, curves 2 and 3).

A, B, and C periods are distinguished under long-term
action of permanent load in the process of creep strain
progress (Fig. 1, curve 2).
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Figure 1. Graphs of time-dependent rock strain in terms of
permanent load

A — strain velocity loss (i.e. decaying or transitional
creep);

B — strain velocity is constant (i.e. stationary creep);

C — permanently accelerated velocity resulting in
failure.

In the context of stresses, being close to failure ones,
strain takes place with permanently increasing velocity
(Fig. 1, curve 3). If unloading happens after sample is
under strain during certain time period then recovery
strains are observed. If initial loading is less than long-
term strength (Fig. 2, curve /) then immediate elastic
strains &° recover and complete recovery takes place with
time. If the initial stresses excess long-term strength then
elastic strains recover as well as certain part of viscous
component of the strain (Fig. 2, curve 2). Resulting from
viscous characteristics, relaxation effect begins to appear
in rocks when decrease in the real loads is observed in
terms of the recorded strains.

t

Figure 2. Graphs of time-dependent rock strain in terms of
unloading

The paper considers viscous strain as viscoelastic
one. Viscoplastic strain stage originates as the result of
total viscoelastic strain as well as plastic strain and fail-
ure resulting in strain acceleration. Volume strains are
determined by means of failure processes, and processes
of plastic strain.

Using DESTROCK-FE model, (Olovyannyy &
Chantsev, 2018) paper lists the results of numerical ex-
periments concerning rock-salt sample strain under the
short-term laboratory tests. In this context, sample strain
was modeled for following conditions: long-term creep
in terms of permanent load; strain unloading after long-
term creep strains; stress relaxation in terms of the preset
strain; and long-term strain in terms of gradual pressure
increase. The key feature of the DESTROCK-FE model
is a procedure to calculate rock failure with the help of
finite-element method.

The failure is calculated as the decreased shear adher-
ence and tension strength in an element in terms of the
limited lines (Olovyannyy, 2012). Nine lines are singled
out in terms of axial symmetry (Fig. 3).

V4

Figure 3. Scheme of the stipulated lines of possible relaxation
developments in terms of axisymmetric strain

In the Figure 3, each of the systems (areas) is shown
with the help of three or four equal 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'-7'-7.

2. CREEP STRAIN IN TERMS
OF DESTROCK-FE MODEL

DESTROCK-FE model describe creep strain as the
total of viscoelastic, plastic, and breaking strains. Vis-
coelastic strain is a recovering part of viscous strain.
Structural rheological Kelvin-Voigt model visualized
strain of viscoelastic material. Kelvin-Voigt element
involves paralleled elastic component (1) and viscous
component (2) (Fig. 4a).
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Figure 4. Structural rheological model of viscoelastic Kelvin-
Voigt solid (a) and a model of viscoplastic failure
solid with two Kelvin-Voigt components as well as
failure components in terms of shear and failure (b)
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Elastic component is characterized by elasticity mod-
ulus E,; viscous component is characterized by viscosity
coefficient 7. Strain (g)-stress (o) ratio within the com-
ponent is described by equation:

(1)

In terms of permanent load (oy), Kelvin-Voigt solid
experiences its strain tending over time to oo/E; value
according to the law:

GO t
g=—1-exp| —— ||,
EI( p( HD

where:
6 — retardation period.

o=Eec+mé=E (e+06¢).

)

ve _ 90

Ve =

1
strain for the stress level.

It follows from (1) and (2) that the velocity of vis-
coelastic strain component can be determined by the
current stresses as well as by the accumulated viscoe-
lastic strains as:

=07 (govoe (a)—gve),

value may be considered as equilibrium

€)

where:

&" — the accumulated viscoelastic strain;

&x" — equilibrium viscoelastic strain being tended to
during long period of time in terms of the stress level.

Viscoelasticity equation, involving two degrees, is
used to achieve better convergence of analytical and
experimental graphs of strain dependence upon the time
in terms of numerical calculations (Fig. 4b). In this case,
velocity of viscous strain is:

de™ - e — ve
; = 11(8g)(0')—glv )+921(8<£02)(O')—82 ), 4)
where:

addends one and two describe 1° (i.e. fast) and 2™
(i.e. slow) degrees of viscoelastic strain (& = k6)).

In accordance with the specified scheme of structural
state, while modeling, both fast creep and slow creep are
considered independently. Paper (Zou, Wang, & Lai,
2013) applies Burgers model to describe creep strain of
clay. The model contains two Kelvin-Voigt elements,
and Maxwell element. It is possible to mention a number
of models by other authors containing Maxwell element,
which describes endless strain growth. Basically, the
proposed model does not contain series-connected Max-
well element. In terms of DESTROCK-FE model, possi-
bility of strain acceleration results from accumulation of
relaxations and failure. Complete model of viscous
strains contains two viscoelastic Kelvin-Voigt elements,
and two failure elements: 7, in terms of shear, and o; in
terms of failure (Fig. 4b). The failure components deter-
mine instantaneous failure conditions as well as long-term
accumulation of relaxations.

According to the isochronic strain graphs (Kartashov,
Matveev, Mikheev, & Fadeev, 1979; Glushko &
Vinogradov, 1982), if stresses are less than those of long-
term strength, viscoelastic strains of many rocks are

20

linear ones. Isochronic graphs of salt rock and oil shale
(Fig. 5), mentioned in paper (Kartashov, Matveev, Mi-
kheev, & Fadeev, 1979), are linear within the certain
load range. Argillite, aleurites, and sandstone sample
tests (Glushko & Vinogradov, 1982) means that if stress
load of the samples is not more than 0.60. (o, is compres-
sion strength) then stress-strain connection is almost
linear for any time moment.
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Figure 5. Isochronic graphs of salt rock strain (a) and oil
shale strain (b) (Kartashov, Matveev, Mikheev, &
Fadeev, 1979)

Linear nature of the steady-state creep within a wide
load range is supported by results of long-term tests of
rock-salt samples (Zou, Wang, & Lai, 2013) (Fig. 6).

In terms of load, when linearity is preserved, a value of
the equilibrium viscoelastic strain for the stress state can
be determined in shares of instantaneous elastic strain:

)

Taking into consideration (4), the velocity of viscoe-
lastic strain component is described using the expression:

el =K,

g0 (K&{)ge —ng)+ o5 (K&ﬁ)ge —556) : ©6)
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Figure 6. Relationship between the steady-state creep strain rate
and the deviatoric stress (Zou, Wang, & Lai, 2013)

In this context, K, :Kgi) +K£§). In terms of our

2 .
e) =0.5K,, (Olovyannyi, 2016)

papers consider K,. as an elastic viscosity coefficient
(each rock has viscous characteristics. Over a long peri-
od of geological processes, viscoelastic strains achieve
equilibrium values and effect formation of stress state
within the rock masses. Together with Poisson’s ratio,
such characteristic of viscous properties as an elastic
viscosity coefficient effects significantly stresses within
the rock masses).

Characteristics of viscous strains may vary within de-
fective medium and within solid material. In terms of the
represented form (6), viscoelastic strains are not connec-
ted directly with disturbances. The connection exists
indirectly through elastic strains, which shear decreases
while breaking-down. The fact can be supported by creep
graphs of the undisturbed rock-salt samples, and dis-
turbed ones in terms of gradual loading mode (II’inov,
Kartashov, Karmanskiy, & Kozlov, 2010). The research
has shown that rock structure disturbance results in the
decreased creep strains. In the context of strains, being
similar as for strength, it depends upon the decrease in
elastic strains acting within the disturbed rocks. In for-
mulas for viscoelastic strain, i.e. (5) and (6), the fact is
considered indirectly by each stage of the process.

Within the rock masses, rocks are almost everywhere
under the conditions of confining pressure. To compare
with shear strains, volume ones are minor. Equations
(1) — (6) describe deformation strains.

It is reputed that in the majority of cases, viscous
shear strains are either proportional to elastic ones or
near them. It is important for further conclusions that
viscous volume strains are minor, and thus may be ig-
nored; i.e.:

0 _

calculations, K, M

gi+e +e°=0, (7
where:

e1'%, €" and &3 — the components of normal viscoe-
lastic strains in terms of rectangular coordinate system.

If proportionality takes place then following ratios
are reasonable for components of both viscous and elas-

tic strains:

21
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where:

kve — the proportionality coefficient.

After summing upon left- and right-hand members of
the inequalities, we obtain:
36 - (o + oy 4 ) = ke (261 -85 -28). @)

Using circular permutation of indices 1, 2, and 3, we
obtain two more similar expressions. Taking into consi-
deration incompressibility condition (7), the equations
help determine viscoelastic-elastic deformation ratio as
follows:

1
gzye = Ekve (zgie _55 —g;j);

ve _ e
71']' _kve?/ijs

(10)

where:

e, gf, &, yif and €, y;° — the components of elastic
strains and viscoelastic strains respectively; and i, j, and k
are numbers of axes of rectangular coordinate system
(1, 2, and 3 values are taken).

Numerical modeling calculates shear strain incremen-
tal in terms of three planes. Components of elastic de-
formations &¢, y;¢, depending upon actual stresses, are
calculated at each calculation interval within each ele-
ment of the medium. Assuming that k. = K., values of
equilibrium viscoelastic deformations &, y." are calcu-
lated according to (10) formulas.

Taking into consideration (2), the increments of vis-
cous deformations during time interval Az are calculated
on formulas:

1
Ag}¢ :(EKW (251? —& —glf)—g;’eJx

x| 1—ex —ﬁ ;
o= ||
At
Ay = (Kve%? —756)'[1—%1)(——9 D

Deformation increments on formulas (11) are calcu-
lated independently for degree one and degree two.

(an

3. VISCOPLASTIC AND MICRO-
DEFECT STRAINS, AND FAILURE

The problem of creep description within the acceler-
ated strain area (i.e. viscoplasticity) is solved by means
of viscous, plastic, and failure deformation adding.
Scheme of structural rheological model (Fig. 3b), invol-
ving both viscous and breaking components, provides
general idea of strain laws. The modified Mohr-Coulomb
criterion is applied to determine possibility of failure
over the surfaces (Olovyannyy, 2018), taking into con-
sideration Barton’s concept of shear strain limitation
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during rock disintegration (Barton, 1976; Barton, 2013;
Shen, Shi, & Barton, 2018). The criterion formulates
fracture conditions within the areas of shear and separa-
tion in the following way:

[ = Con vy anlp(1-62(1-a)) ]
o, >0; S<GE;

|Tn|:Ca)n +0o, [fiEJ tan[(ﬂ(1_§2 (l—a)n))], (12)

1
o, >0; S<&E;

Oy = W0y0y,

where:

S = 01 + 0, + 03 — the total of basic stresses;

E — elasticity modulus;

o, — tension strength;

C — adhesion;

@ - internal friction angle;

, — strength loss parameter (i.e. continuity);

¢ and & —the constants being determined during
modeling laboratory experiments with samples;

a — parameter identifying nature of the fracture criterion.

The first two equalities in criterion (12) represent
failure conditions over sites in terms of share; the latter
one — strength condition in terms of tension. The failure
condition in terms of share (12) if a=0 is Mohr-
Coulomb failure criterion (M-C) added by a possibility to
change friction angle depending upon loosening degree
over shear area. If @ = 1, then the condition is non-linear
criterion with the limited increase in breaking shear
stresses in accordance with Barton; if 0 <a < 1, then we
have non-linear criterion with the unlimited increase in
breaking shear stresses; and if @>1, then non-linear
criterion with the limited increase and further decrease in
the breaking shear stresses in terms of confining pressure
increment is meant.

The parameter, identifying failure possibility within
the area, i.e. load degree, is calculated taking into ac-
count (12) and using the formulas:

C= |Tn|

{Ca)n +0, tan|:g0(1—§2 (l—a)n ))J}
o, >0; S<&E;
o - ] RGE)

S
Cao, +0, (gﬁEJ tan [¢(1 -5(1-a, ))]

o, >0; S>&E;
c="9n_, o, <0.

@, 0

If the load degree exceeds relative long-term strength,
i.e. C> (, then processes of plastic strain and failure are
in progress. Certain part of the material strength is lost as
the result of plastic strain, shear, or failure. Strength
increment is calculated depending upon increments of
breaking or failure strains:

22

Aa)z—M)/‘Ay,”,] M, A, (14)

where:

Ay,? — increment of plastic shear strains and breaking
ones;

Ag, — increment of breaking tension strain;

M, and M, —the local decrease moduli during shear
and tension respectively.

Both shear and breaking strains are followed by the
increase in volume resulting from normal line tension
strains towards failure surface:

Ae, =-K,F,(,.0,) A}/,‘,” , (15)
where:
F\(ty, 0, — a dilatancy function:
T
F, (>0 iZ (16)

): |Tn|+(1.6—KV)O'n ’

where:

7, and o, — shear strains and normal strains;

K, — a volume dilatation parameter.

Processes of long-term failure (i.e. strength loss) are
considered with the help of long-term strength function:

0= Al exp(1-C)-1], (17
where:

A — a constant value being determined using a condi-
tion of the specified duration before fracture (i.e. =T
years if C = (); calculations assume that 7= 100 years.

If time increment is not equal to zero at the calculation
stage (At>0) then strength loss takes place within the
element area being analyzed (i.e. adhesion value is down):

C+o, tan(pAt

AC =
ac(49+ 1)

(18)

Tension results in the decreased tensile strength in
accordance with the decreasing continuity:

(4]

:_[ac(9+l)] .

Failure in a shear mode factors into the increased
breaking shear strains over corresponding area as well as
dislodging strains connected with it:

Aw (19)

A
A}/fll :M—a)sign(rn);
¢ (20)
Asff =—‘A7,‘f FV(O',T).

In the context of a failure in a tensile mode, viscoe-
lastic failure strains grow towards normal line to a corre-
sponding area:

A4
Ag,‘f ——
M

e2y)

n
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Increments of plastic, viscoplastic, brittle (i.e. those
braking during bursting), viscoelastic, and microdefect
strains are calculated at each calculation stage for each
component as well as strength increments for each of the
separated lines. At the following stage, calculation is
performed taking into consideration increments of sec-
ondary forces within the nodes of network of elements
determined relying upon nonelastic strain increments.

When samples are tested under the conditions of uni-
axial compression, nonlinear section of strain graphs is
observed at the initial loading stage. The section reflects
microdefect effect, i.e. microfissures, pores, and mi-
croinclusions (Fig. 7). Additions have been introduced
to consider effect of the microfissures and pores for such
a medium strain description (Olovyannyy, 2018). Mi-
crodefect medium (i.e. microinclusions) is a certain part
of defective material, which strain rules differ from the
basic material strain rules. Characteristics of the micro-
defect medium are as follows: the medium is viscous
and its manifestations depend heavily upon loading
velocity; and the strains are reversible and compressive
strains are limited. At a phenomenological level, behav-
iour of such a medium is described with the help of
viscoelastic medium strain equations.

Increments of viscous strains of microdefect medium
in terms of i line of the key stresses over time period At
are calculated on formula:

Agpyg = (Ei ~Emd )(1 —exp(~1g 4t)), (22)
where:

€; — ultimate strain of the microdefects in the context
of the strain level;

i . . .
Emd — achieved strain level;

nma — coefficient of the microdefect viscosity.

The value of ultimate strain of microdefects in i line
of the key stresses is calculated like for the nonlinear
elastic medium:

i
[0;-05K,(S-0;)] 1-(1-?)%
m
Emd ’
€=1¢,>0 (22)
[0,-0.5K, (S -0 )]’ <o
Emd
where:

&mq — maximum possible compression strain (i.e. effi-
cient mechanical openness);

E — elasticity modulus;

E,q—elasticity modulus of microdefect medium
during tension.

(22) and (23) formulas describe microdefect medium
as nonlinear-elastic one. Elasticity modulus is minimal
within the tension branch. Within a compression strain
branch, elasticity modulus varies from modulus during
tension to elasticity modulus of material when ultimate
compression strain is achieved.

23

4. NUMERICAL EXPERIMENTS OF
LONG-TERM SAMPLE DEFORMATION

The research has been carried out with the use of
model parameters obtained as a result of rock-salt sample
tests in terms of axial compression of cylindrical sample
with 100 mm height, 50 mm diameter, and constant
0.5 mm/min velocity. Parameters of the model have been
selected in the process of the sample deforming simula-
tion. The modified Mohr-Coulomb criterion with a =0
parameter has been applied as a failure criterion (12).
Figure 7 represents graphs of stress-strain analytical
dependences and experimental dependences.

—
(e

Stress, MPa

W

‘ : -0
-0.5 -0.3 -0.1
Deformation side, %

0.1 0.3 0.5 0.7

Deformation axis, %

Figure 7. Graphs of deformation of cylindrical rock-salt sample
resulting from experiments (1) and modeling (2)

DESTROCK-FE method has been used during nu-
merical experiments of long-term deformation in the
context of various conditions of rock sample loading.

4.1. Creep deformations

Figure 8 demonstrates graphs obtained as the result
of simple deformation modeling in terms of constant
axial loads.

15 MPa

10 MPa

S MPa

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time, hour
5 MPa
10 MPa

Deformation, %

Figure 8. Analytical graphs of the sample creep in terms of
constant pressure

The obtained time-dependent deformation curves in
terms of constant loads involve areas deceleration,
steady-state creep, and deformation acceleration corre-
sponding to scientific notations (Fig. 1).

4.2. Recovery during unloading

The graphs, represented in Figure 9, demonstrate reg-
ularities of sample deformation during unloading. Re-
covery of elastic deformations during unloading is ob-
served as well as recovery of viscous deformations.



A. Olovyannyy, V. Chantsev. (2019). Mining of Mineral Deposits, 13(4), 18-27

(a)
08
yMPa
06 /’
157
04
\
107 T
T—
025 —
o\"n g T S T
g < — | —
E 0 5 —
] ~—10 __——1
g 15|
02 —]
19.5 MPa
-04
0 50 100 150 200 250 300 350 400 450 500
Time, hour
(b)
1.0 %
0.8
0.6
/// 10 \
04 V
— 5’\\
L 202 ]
LR U \
§ <
é 0 *%i
E N\ Sntl o’
o =
A ©-02 \ LT
04 15 MPa
-0.6
0 500 1000 1500 2000 2500 300C
Time, hour

Figure 9. Analytical graphs of the sample creep in terms of
constant pressure up to 100 hours (a) and up to
1000 hours (b) with its following unloading

And conservation of the accumulated irreversible de-
formations during a long period. The curves, resulting from
the modeling, correspond to theoretical models (Fig.2).

4.3. Stress relaxation

Situation of a sample state is modeled with constant
axial deformation conservation of the pre-loaded sample.
The three alternatives have been considered: cylindrical
sample is loaded with constant deformation velocity up to
the specified deformation levels being 0.2, 0.3 and 0.4%
remaining under the specified state during a long-term
period. Figure 10 shows analytical graphs of changes in the
pressure exerting on the load during the extended period.

4.4. Gradual loading

Figure 11 demonstrates results of the numerical ex-
periment aimed at gradual sample loading. The sample
deformation has been modeled with such different side
loads as 0, 5, 10, 15 MPa. Axial 5 MPa load was speci-
fied at stage one. Then, after each 50 hours, the load was
increased by 5 MPa. Load at stage one and following
stages was increased with 100 MPa/h velocity. The cy-
cling loading lasted up to the sample failure.
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Figure 10. Analytical graphs of stress relaxation in terms of
constant sample deformation conservation
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Figure 11. Deformation graphs in the context of gradual axial
and triaxial sample loading in terms of 5 MPa axial
pressure increase and 50 hour phase period

The results of laboratory experiments in terms of
cyclical sample loading in combination with numberical
modeling are used to obtain deformational and strength
parameters of rocks (Zou, Wang, & Lai, 2013). Paper
lists patterns of strength weakening in rock-salt sample
sections during long-term loading at a failure moment
(Fig. 12). Disturbances were only observed within a
midsection of the sample (the mentioned does not specify
conditions under which the result was obtained).

50mm

25mm

Figure 13. The sample patterns before creep test and after it:
(a) top of the sample; (b) central part of the sample;
(c) bottom of the sample (Zou, Wang, & Lai, 2013)
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In the context of numerical modeling, the weakening
in longitudinal sections, shown in Figure 13, differs de-
pending upon the loading conditions.

(b)

(a)

(© (d)

Figure 14. Analytical weakening patterns in the sample sec-
tions in terms of axial pressure: (a) when fast loa-
ding takes place as well as total loss of carrying
ability; (b) when constant 18 MPa pressure takes
place at an intermediate stage; (c) when constant
18 MPa pressure takes place at a moment forgoing
total loss of carrying ability; (d) in the context of a
numerical experiment when microdefect defor-
mations are not available as a moment forgoing to-
tal loss of carrying ability

5. CONCLUSIONS

Numerical experiments of long-term modeling of
rock samples have been carried out with the use of
DESTROCK-FE method. The model parameters were
determined relying upon optimum coincidence of
experimental and analytical graphs of the sample
deformation in the context of parameter selection. Since
DESTROCK-FE model describes each process of
short- and long-term deformations and failure, the mod-
el parameters can be determined using any laboratory
experiments with a correlation between the results car-
ried out under any conditions which can be specified by
means of boundary conditions while formulating a
problem. The paper determined the model parameters
relying upon rock-salt sample tests during short-term
experiments under compression with a constant defor-
mation velocity.

The requirement of specificity of conditions on the
contacts between a sample and press tables during mo-
deling place restrictions on the experimental set up. The
specificity of conditions can be achieved in the context of
complete sample surface-press table adhesion on the
contacts. Under such conditions, non-uniform stress field
arises as well as centres of strength weakening within the
uniform material. The numerical experiments were car-
ried out for samples in the context of full sample end-
press plate contact.

The paper lists the results of numerical experiments
carried out for following conditions: long-term creep
when load is constant; deformation when unloading takes
place after long-term creep deformation; stress relaxation
under the specified deformation; and long-term defor-
mation under gradual pressure increase. Results of the
numerical experiments correspond to scientific notations.
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Scientific sources often use description of creep de-
formations of rock materials with the help of models,
involving Maxwell element; it means that deformation
process may be endless at constant load. Long-term
modeling examples (up to 10000 hours) show that under
certain load levels, creep deformation may tend asymp-
totically to a constant value. Comparable situation occur
in the context of laboratory experiments. If material fail-
ure is not in progress then deformations are limited. The
unlimited deformation growth results in failure. The
assumed model does not describe viscous deformations
within the area with acceleration. In the context of the
assumed model, both acceleration and the unlimited
deformation growth result from the progress of plastic
and breaking deformations.

The research has been performed with the use of fi-
nite-element model of rock failure (DESTROCK-FE).
The activities continue (Olovyannyy & Chantsev, 2018;
Olovyannyy, 2018) materials illustrating DESTROCK-FE
possibilities to model processes of rock deformation and
failure under different conditions with the use of sample
examples during laboratory experiments.
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YUCEJIbHI EKCIIEPUMEHTH TPUBAJIOI'O
JE®OPMYBAHHS 3PA3KIB I''PCBbKHUX ITOPIJ

A. OmnoB’sauii, B. Yannes

MeTa. PO3BUTOK METOJIIB MOZIEIFOBAHHSI TIPOLIECIB TPUBAIOTO Ae(OpMyBaHHS Ta pyHHYBaHHS 3pa3KiB ripChbKUX MO-
pil y pi3HUX YMOBaxX HaBaHTAKEHHS 3a JOMOMOIOI0 KiHI[EBO-EIEMEHTHOTO METOy MOJEIIOBAHHS TPChbKUX MOPIJ, 10
pytiaytotecs (DESTROCK-FE).

Metoauka. Monens DESTROCK-FE omnucye ripcbky nopojy sik HeJliHiHHE MpYXHO-B’A3KO-IUIACTHYHE CEPEIOBH-
e, o pyiHyerbes. Jledopmariii moB3y4ocTi mpeacTaBiieHi K B I3KONPYKHI, a B sS3KOIUIacCTHYHI Jedopmarii sk cyma
B’SI3KONPY>KHHX 1 pyiiHyrounx nedopmauiii. Jledopmaii pyliHyBaHHSI ONMcaHi MOJEILIIO OOMEXEHOT0 YHCIIa OPIEHTO-
BaHMX MOBEPXOHb OCIA0IEHHs, 10 PO3PAaXOBYIOTHCS BIAMIOBIIHO JI0 KPUTEPiiB pyHHYBaHHS Ha 3CyB Ta po3puB. Po3pa-
XYHKHA BUKOHaHI METOJIOM KiHIICBHX CJIEMEHTIB JUIS HTIHIPUIHHUX 3pa3KiB. UucenabHI eKCIIEPUMEHTH MPOBEACHI IS
HACTYIIHUX YMOB: TPUBajJa IOB3YYiCThb IPH MOCTIHHOMY HaBaHTaXCHHi; Ae)OpPMYBaHHS MpPU 3HATTI HABAHTAKCHHS
MCIA TPUBANUX JedopMalliii TOB3YYOCTi; peNlakcallisi HalpyXeHb MpH 3a1aHiil pedopmarii; Tpusane nedhopMyBaHHS
TIPH CTYIIIHYACTOMY 3pOCTaHHI TUCKY. Y AOCIHIIPKEHHIX BUKOPUCTOBYBAJIHICS 3pa3Ky KaM’ sTHOT COJIi.

PesyabTaTn. Moens TipchKoi MOpoau SK HENiHIHHE IPYKHO-B A3KO-TUIACTHYHE CEPEOBHIIE, [0 PYHHYETHCS, 10-
MIOBHEHE MOJIEIUII0 MIKpOAe(EeKTHOTO cepefoBuIla. BecTaHOBIICHO, 110 3arajibHUM XapakTep KPUBUX MOB3Y4OCTi ripch-
KHX TOPIJ] IPU MOCTIHHOMY HaBaHTaKEHHI, IPU PO3BAHTAXKEHHI Ta peiakcallii Harpy>KeHb, OTPUMaHi y po3paxyHKax,
BIJIMOBIIAIOTh ICHYIOYMM HAYKOBHMM YSBJICHHSM. Pe3ynbraT cBiguath Ipo Te, IO MpH M00YyI0BI MOJeNei ripChKUX
HOpiJ HeMae HeOOXIJAHOCTI BKJIIOYATH IOCIIIOBHO CTPYKTYPHHUI eneMeHT MakcBesula, sSIKMil BU3HaYae€ HECKiHUCHHE
3pocTanHs Jedopmarii B yaci. 3pocTaHHs MBUIKOCTI NeopMalliii Ha ocTaHHIN cTaiii fedopMyBaHHs 3pa3ka 3yMOBJIe-
HE KOPOTKOYACHHUM 1 TPHBAIUM HAKOITHMYCHHSM MOCNIA0JICHb Ta PYIHYBaHHSIM.

HayxoBa nHoBu3Ha. [loBenieHo, o B’s3Ki Aedopmaliii OnmucyoThCsl MOIEIUTIO B’ SI3KONPY>KHOTO CEpeOBUIIA, CKIIa-
neHoi 3 n1Box eneMeHTiB KenpBina-doiirra nf eemMeHTIB KOPOTKOYACHOTO 1 TPUBAJIOTO pyHHYBaHHs/

IpakTuyna 3Ha4YHMicTh. 3a pesynbratamu MonemoBanHs DESTROCK-FE omgHoro 3pa3ska, BunmpoOyBaHOTO TpH
OTHOOCHOBOMY CTHCKaHHI, MOXKYTh OYTH OTpPHMaHi IMapaMeTpH MPYKHOCTI, TNTACTHIHOCTI, B’SI3KOCTI, KPUXKOCTI, III0 €
MIPUIATHAMU [UTS BUPIMICHHS TEOMEXaHIYHUX Ta IHKCHEPHUX 3a[1a4d y TIpHUUIH CIIpaBi.

Kntouogi cnosa: zipcoki nopoou, mamemamuyne MoO0eno8ants, oepopmayii nogzyvocmi, perakcayis HAnpyiceHs,
DVUHYBAHHA, MEMOO KiHYeBUX eleMeHMIg

YUCJIEHHBIE OKCIIEPUMEHTDI JJIMTEJIBHOT' O
JE®OPMHUPOBAHMUS OBPA3IIOB I'OPHBIX ITOPO /1

A. Onossuusblii, B. Yanues

Heasn. PazButre METOI0B MOJENHPOBAHUS IPOLECCOB UTUTEIHHOTO Ae(OpMUPOBAaHHUS W paspylIeHHs oOpa3IoB
TOPHBIX TOPOJ B Pa3IMYHBIX YCIOBHUSIX HAIPY’KEHHs C MTOMOIIBI0O KOHEYHO-3JIEMEHTHOIO METO1a MOJICJIMPOBAHUS Pa3-
pyumaromuxcs ropusix nopoa (DESTROCK-FE).

Metoauka. Monens DESTROCK-FE onucsiBaeT ropHyto mopojly Kak HEIWHEHHYIO YIPYTro-BsA3KO-IUIACTUYECKYIO
paspymaromnytocs cpeny. Jedopmanuy moa3ydecT MPeACTaBICHBI KaK BI3KOYIPYTHE, a BA3KOIUIACTHYECKUE Iedop-
MaI¥ KaK CyMMa BSI3KOYIPYTHX ¥ pa3pyliarommx aepopmanuii. Jledhopmanmy pa3pyiieHUs OMUCAHBI MOJIEIBIO OTpa-
HUYEHHOT'O YHCJIa OPHEHTHPOBAHHBIX MMOBEPXHOCTEH OCIIA0JICHHH, PACCUUTHIBACMBIX B COOTBETCTBHU C KPUTCPHSIMU
pa3pyIIeHus] Ha CABHUT W Pa3pbiB. PacdeTs! BHIOTHEHB METOJOM KOHEYHBIX AJIEMEHTOB IS HWIMHAPUIECKAX 00pas-
oB. UncneHHbIE SKCIEPUMEHTHI MPOBEISHBI IJIs CIEAYIOUINX YCIOBUH: IIUTENbHAS IMON3YYECTh IPH MOCTOSHHON
Harpy3ke; neopMUpOBaHUE TPU CHIATHN HATPY3KH IMOCIE MPOIODKUATENBHBIX NedopMannii OI3ydecTH; pelaKcamnus
HaIpsDKEHUH TPH 3aJaHHOM AeopMalu; JIUTENIbHOE 1e()OPMUPOBAHIE MIPU CTYIIEHYATOM pOCTe JaBieHus. B uccre-
JOBAHUSAX MCTIOIB30BATHCH 00pa3bl KAMEHHOH COJIH.

PesyabTarhl. Moa€enb ropHO NOPOAbl KaK HEIMHEWHas yIpyro-BsA3KO-IUIACTHUYECKas pa3pyluarouiascs cpena Ao-
MIOJIHEHA MOJIENIBI0 MUKPOJIEEKTHON CpeAbl. Y CTAHOBJIEHO, YTO OOILIMIA XapakTep KPUBBIX MOJI3YYECTH TOPHBIX TIOPOJ
IpU TIOCTOSHHON Harpyske, MU pasrpy3ke U pesakcalMy HalpsDKEHHUH, TMOTydYeHHBIE B pacueTax, COOTBETCTBYIOT Cy-
IIECTBYIOIUM HAay4YHBIM NPEICTaBICHUSIM. Pe3ynbTaThl CBUAETEIBCTBYIOT O TOM, YTO IPU IMOCTPOECHUHN MOJENEH Trop-
HBIX TTOPOJ] HET HEOOXOIMMOCTH BKITFOUYATh MOCIICAOBATEIFHO CTPYKTYPHBIA 3JIeMeHT MakcBelna, KOTOPBIH OIpeIes-
eT OECKOHEYHBIH POCT nedopManuu Bo BpeMeHU. PocT ckopoctr aedopMariuii Ha OCIeqHed CTaqun 1e(pOPMHUPOBAHUS
00pa3ia 00yCcI0BICH KPATKOBPEMEHHBIM H JUTUTEIFHBIM HAKOIUICHUEM OCTa0JICHUH U pa3pyICHUEM.
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Hayunasi HoBu3Ha. /[oka3aHo, 4To Bs3kue JedopMannyl OMUCHIBAIOTCS MOZENIBIO BSI3KOYNPYTOH Cpenbl, COCTaB-
JIeHHOU H3 JBYX 2neMeHTOB KenbBruHa-Doiirra 1 21eMeHTOB KPaTKOBPEMEHHOT'O H JTUTENILHOTO Pa3pyIICHHSI.

IIpakTnyeckas 3HaunMocTsb. [To pesynsraram monenupoBanus DESTROCK-FE oxxoro o0pasia, HCOBITAHHOTO
IIPA OJJTHOOCHOM C)KaTHH, MOTYT OBITh IOJIyYEeHBI MTapaMeTphl YIPYTOCTH, TUIACTUYHOCTH, BSI3KOCTH, XPYIKOCTH, TPH-
TOJIHBIE JUTS PEIICHHs] TEOMEXaHNYECKIX M MHXEHEPHBIX 33/1a4 B TOPHOM JeJIe.

Knroueevie cnosa: copnvie nopoovl, mamemamuyeckoe MOOeauposanue, Oepopmayuu noazyiecmu, peraKcayus
HanpsAdjiceHull, paspyuieHue, Memoo KOHEUHbIX INEeMEHMO8
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