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Abstract

Purpose. The opportunities offered by rock mechanics as a science are not fully and efficiently applied in the design and
assessment of underground constructions performed in salt massifs, especially in the efficient design and long-term lifetime
of the geometrical elements that characterize the exploitation method with rooms and pillars. It can be asserted that such a
conventional limitation of the possibilities of rock mechanics, is due to some gaps, the lack of a fundamental theoretical —
experimental theory regarding the three-dimensional behavior of the rock mass.

Methods. The mechanical behavior of the salt was studied under triaxial conditions. The conventional triaxial method
was supplemented with a three-dimensional analysis o— ¢ of salt massif and of rooms and pillars exploitation complex
by cubic triaxiality. The deformation behavior of the salt was studied through the assessment of both cylindrical triaxial
and cubic triaxial.

Findings. Analytically, based on the cubic triaxial experiments according to the octahedral concept, deformation and rheo-
logical properties of salt, results that a salt massif can be characterized in terms of the natural stress state value, by three
types of zones: stable, transition and unstable.

Originality. Based on the octahedral geomechanical parameters, an analytical model for the characterization of salt massifs
has been proposed, a model that has been verified both by laboratory research by the instrumentality of modelling and also
by in situ measurements. In this context, it resulted that for the analyzed salt with the highest resistance, the octahedral
strength does not exceed 5.6 MPa and, therefore, it is dangerous to use in the salt mines field design values of 2 to 5 times
higher than the real value.

Practical implications. The determination of stress — deformation natural state is related to the highlighting of the contour
or limits of the zones situated in a certain state (in triaxial context) with the consideration of the determinative anisotropy,
namely, of strength and deformation anisotropy, as well as of the rheological behavior of in situ salt.

Keywords: octahedral concept, triaxiality, stress state, pillar, salt, rheology, interaction

1. Introduction

Ensuring the stability of the underground voids created
after the exploitation of the solid salt, requires some complex
studies in order to know the geomechanical characteristics,
the salt behavior on the micro and macroscopic scale, as well
as the rocks in which the deposit is quarried. A particular
importance in this regard, is the study of dilatancy phenome-
non and especially the involvement of the time factor in
order to assess the rheological characteristics and parameters,
sizes through which the period of maintaining the stability of
the underground structures during the exploitation period,
but also after, can be appreciated [1]-[5].

In the stability computations of the salt massif, its essen-
tial particularities must be evaluated, namely the rheological
properties, the nonlinear character of its stress — deformation
(o— ¢) behavior, the dilatancy phenomenon under the action
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of shear stresses. If the state equation (the behavior equation)
does not describe the three stages of creep, then, in order to
be able to solve mathematically the stability issue, the stress —
deformation state must be established the first, and after
which the condition of long-term strength is required. As a
long-term strength condition, the criterion that characterizes
satisfactorily the salt strength under an instantaneous load
can be used. In this case, in the salt strength condition, the
value of long-term strength will be introduced instead of the
instantaneous characteristics (at t = 0) [6]-[9].

In the current context, it is found that the opportunities
of rock mechanics regarded as science, is not fully applied
effectively in the issues of designing and assessment the
stability of underground constructions achieved in salt mas-
sifs, but especially as regards the needles for an efficient
and lasting design of the geometric and strength elements
that characterize the exploitation method with rooms and
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pillars. Such conventional limitation of the possibilities of
rock mechanics, is attributed to the deficiency of a funda-
mental theoretical — experimental theory with reference to
the three-dimensional behavior of massif. Both the uniaxial
and triaxial cylindrical tests, provide data regarding the
strength of massif, salt deformation behavior, but these are
insufficient to obtain the information necessary for the
geomechanical characterization in the context of three-
dimensional analysis, the evaluation of salt massif — exploi-
tation method interaction, assessment of the rheological
behavior in this interaction, assessment and correlation the
secondary stress — deformation state with the pillars and
floors stability, type and depth exploitation, the application
of analytical modelling using the numerical computation
methods, for example, finite elements method or boundary
elements method [3], [10].

In order to be able to use appropriately the offered theo-
ries by the rock mechanics through which the studied issue
can be as real as possible identified, it is necessary to ap-
proach it in the octahedral manner. We consider that the use
of octahedral concept leads us through theory and experiment
to the possibility of characterizing the salt massif by assess-
ment the compressive and shear octahedral strength, the
rheological deformation characteristics (viscous-elastic,
viscous-plastic) by approaching laboratory research in the
context of cubic triaxiality, assess the correlations between
the distribution of stress — deformation state (natural stress
state; secondary stress state) of pillars and floors, with the
possibility to insure their stability and taking into account the
basic factors that determine an optimum extraction velocity.
Such a design can be performed only based on analytical —
experimental research (laboratory or in situ) and using nu-
merical computation methods [3], [11].

As a methodology, it must be developed in a logical se-
quence and finished with a program by evaluating the main
geomechanical characteristics and rheological behavior of
salt rock; characterization of salt massif depending on natural
stress state; creating a model for the analysis of secondary
stress — deformation state of exploitation system that will
ultimately lead to the assessment of optimal geometrical
parameters of pillar — room elements.

2. The octahedral concept and cubic triaxiality

Octahedral characterization of stress — deformation state
of salt can be expressed through relationships (1) (Fig. 1):

1
Toct =§\/(01—0’2 )2 +(02 —03)2 +(3 —0“1)2 ;

1
om =§(O'1+O'2 +U3);

l\/(gl—gz)z +(& —6‘3)2 +(£3—51)2;

Yoct :5

M

1
&m :§(€1+82 +&3).

Normal stresses o1, o2 and o3, main normal deformations
&, & and g, as well as the rates of main normal stresses

o1, 09, 03, respectively the rates of main normal defor-

o o o

mations &, €,, &3 are determined as components of stress
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state tensor [T, |, deformation state tensor [T, |, respectively
J oy
means of cubic triaxial test. Thereby, the cubic triaxial
equipment (Fig. 2), designed and performed in the Rock
Mechanics Laboratory from the University of Petrosani,
confers the possibility to control and measure continuously,
but also simultaneously the stresses and deformations, in

such a way as to establish the involved parameters in octahe-
dral concept.

stress state rate tensor (TU T;

) and strain state tensor (

(b)

(oy: 0y 8458,)

Figure 1. The principle of cubic triaxial test: (a) stress — defor-
mation tensor; (b) the 12 components in the orientation
of the main axes

3. Parameters that can be established
by cubic triaxial test

The use of cubic triaxial equipment offers much more
real possibilities for studying the deformation behavior of
salt, in the sense that significantly different results are ob-
tained comparatively to those resulting by conventional
methods. Thus, the main parameters involved in the analysis
of the stability of room — pillar system through the octahedral
theory can be established, namely: octahedral shear strength;
instantaneous elastic — plastic characteristics; characteristic
curve (e — om); time — deformation rate and load rate de-
pendence; the influence of intermediate component of sec-
ondary stress state (o») on the stability; specifying the rheo-
logical behavior and the model that can be considered in the
assessment of the secondary stress — deformation state.
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Figure 2. Cubic triaxial equipment: (a) measuring system; (b) and (c) fixing system of salt samples

Such an assertion is confirmed by the following case
study performed on the rock salt type, that (Fig. 3): from
petrographic point of view it has a macro or microcrystalline
appearance, polluted with diagenetic dispersions consisting
of clays, marbles, sandstones and crystalline limestones etc.
in the form of disseminations, impregnations, banded inclu-
sions or enclaves of different sizes (inclusions of sterile, over
0.5 m in diameters, may occur in the form of banded interca-
lations or brecciated fragments, resulting from halokinetic
deformations of rock salt); the texture is varved, and its
structure is homeo — or heteroblastic.

In the mass of the salt disseminated and conglomeratic
elements formed of hard, exotic rocks (crystalline green
schist, quartzites, limestones and Mesozoic crystalline lime-
stones) appear.

The type of studied rock salt has a hardness of 2.5-2.6 to
3 on the Mohs scale. In relation to the above, a study in terms
of Poisson coefficient () value using conventional methods
(Fig. 4) and by proposed method, namely cubic triaxiality
(Fig. 5), has been considered to be necessary too. defor-
mation state.

Figure 3. Micro stereoscopic analysis: (a) microcrystalline salt associated with argilite minerals; (b) large salt crystals developed with an
irregular contour; (c) partially laminated — fibrous salt phenocrysts; (d) presence of partially fibrous salt macrocrysts
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Figure 4. Variation of Poisson’s coefficient by the classical meth-
odology for analysed salt
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Figure 5. Variation of Poissons’s coefficient in case of cubic
triaxiality for analysed salt

The results showed that the value of Poisson’s coefficient
(1) obtained by conventional method [7], [12]-[14] is not a
constant value, but it varies according to the stress (Fig. 4). In
the case of triaxial cubic test, the value of Poisson’s coefficient
(1) is a constant (Fig. 5), and the change of this coefficient
from the value 0.12 for the elastic area to the value of 0.43 for
the plastic area is direct, clearly indicating a transition of the
deformation behavior of the type of studied salt from the
elastic area to the plastic one. The octahedral shear strenght
(met) is a characteristics that can be established by cubic
triaxiality; this strenght offers the possibility of calculating the

plastic flow rate (scp) and viscous-plastic flow rate (&vp),

specifying the maximum limit of the octahedral stress at which
the salt state can be identified with its flow state.

Establishing and knowing this strenght offers the
possibility to separate or distinguish the viscous-plastic
deformations from the elastic-viscous ones of the tested salt
(Fig. 6), situation for which zctmax = 6 MPa, and the viscous-
plastic flow rate is given by the slope of the straight line of
the curve. It should be noted that the octahedral shear strenght
(woct) OF the most resistant studied salt not exceed the value of
5.6 MPa and as a result, in the design is irrational to use
values of 2 to 5 times higher than the true value.

Characteristic curve ot — om (Fig. 7) gives us the
possibility to specify the existant stress condition and the
stability perspective offered by the massif can be analyzed;
allows to establish the structural safety of the room — pillar
exploitation system, in the sense that if it will be established
that the octahedral strenght value (zct) Which tends to zero,
then, from the point of view of the natural stress state the
massif offers a stability, and if 7 tends towards a maximum
value (zoct) then the massif is incompetent and as a result,
adequate sizing measures are required, by using safety
factors corresponding to such conditions.
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Figure 6. Establishing of octahedral shear strength (zoct) through
cubic triaxiality for studied salt
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Figure 7. Characteristic curves zoct — om for studied salt

Characteristic curve we—om (Fig.7) gives us the
possibility to specify the existant stress condition and the
stability perspective offered by the massif can be analyzed;
allows to establish the structural safety of the room — pillar
exploitation system, in the sense that if it will be established
that the octahedral strenght value (zc;) which tends to zero,
then, from the point of view of the natural stress state the
massif offers a stability, and if 7 tends towards a maximum
value (zoc) then the massif is incompetent and as a result,
adequate sizing measures are required, by using safety factors
corresponding to such conditions. Determining the 7ot — om
correlation allows a new definition of the strenght of salt
massif, that is “the limit strenght”, as a stress state for which
Poisson’s coefficient () reaches certain values, namely:

—if £ <0.2, then we talk about elastic strenght;

—if 0.2 < £<0.5, then we talk about flow or plastic strenght.

4. Octahedral concept in the assessment
of the secondary stress — deformation state

4.1. Rheological behavior characterization
of a salt massif in the context of interaction
with pillar — room — floor exploitation system

The involvements of the time parameter in the analysis of
stress — deformation state of pillars and floors as the increasing
of exploitation depth, and in the same octahedral framework,
are considered to be reproduced by the rheological model re-
sulting from the serial linking of the Maxwell, Kelvin, viscous-
plastic and elastic — plastic models (Fig. 8) [3], [9], [15], [17].
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Figure 8. Rheological behavior of studied salt rock in the
context of salt massif — exploitation system interaction:
(a) proposed rheological model; (b) creep curve of pro-
posed rheological model

The constitutive equation of the model was established at
the form:
t
{o}=1] D(t—t')i{gT —ng} ,
e ot

where:
=gk gh:
& — viscous-elastic deformations for et < 7octf:

R |
211G, G m

1
&P — the viscous-plastic deformations for zoct > 7oct 1:

Sij = jj —§5ij Om;
1—exp[—Gztj 1—exp(—G3tJ
jsij 1 )., ).

2™ g6, 2G,
Afterwards, the matrix [D(t —t")] can be created, of the form:

7,
V] oct f
gijp = [1— e

Toct

2

, , 2
736(?_t,)+K(t—t) K(t-t )_73G(t—t’) 0
[D(t-t)]= K(tft’)ng(f_t,) 3G(f'_t,)+K(tft') o |
0 0 G(t-t)
where: _ _

K(t - t") — the elastic stiffness matrix, of the form:

| K(t—t')%dt'.
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5. Results and discussion

5.1. Natural stress — deformation state

The studied salt type has also been analysed in the geo-
mechanics laboratory from the point of view of physical,
strength and deformation characteristics (Fig. 9 and 10).

Figure 9. Salt samples used to determine the strength and deformation
characteristics and to study the rheological behavior

Based on the values of uniaxial compressive breaking
strength, this type of salt can be classified in the class of low
strength rocks, according to existing classifications from
literature [1], [11], [12], [18], [19] showing the following
values of cohesion and internal friction angle established
either by shear and triaxial tests: ¢ = 2.65 MPa and ¢ =11°
respectively, Cyiaxial = 7.9 MPa and @uiaxial = 10°, typical of
such rocks. Triaxial compressive strength, axial symmetrical
or cylindrical has average values ranging between
22.1 - 29.58 MPa, depending by increase of lateral stresses
ox = oy in the field of 2.5 to 7.5 MPa; this fact reveals a small
and non-linear increase of this strength in relation to the
application of lateral stresses.

Analysing the strain behavior according to all obtained
parameters from the static load tests, we can say that this salt
has an inelastic behavior type, respectively viscous - plastic,
fact confirmed both by the dilatancy parameters (Fig. 11).

Both for compression and deformation tests, it was
proved that salt strength depends on deformation rate; break-
age or fracture occurred only when a certain deformation rate
was exceeded. At the same time, the appearance and orienta-
tion of the cracks revealed that the salt rock is requested by
an inhomogeneous stress state, especially characterized by
the occurrence of a tensile stresses (also revealed by in situ
observations) in the quasi — orthogonal direction with respect
to the compression axis.

The appearance and manifestation of these stresses is
partly due to the variation, size, shape and orientation of the
constituent grain of the polycrystalline salt medium. The
assessment of natural stress — deformation state represents a
difficult issue, especially in the obvious situation of hetero-
geneous salt formation [3], [11], [17], [20].

From a theoretical point of view, the difficulty consists in
the fact that in assessment of this natural state, the presence
of two types of areas must be taken into account: (1) the area
(or zone) where the salt rock is to the limit of stress — defor-
mation state; (2) the area where such stress — deformation
state is not reached and the salt rock has a reserve of strength
(resilience).
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The appearance and manifestation of these stresses is
partly due to the variation, size, shape and orientation of the
constituent grain of the polycrystalline salt medium. The
assessment of natural stress — deformation state represents a
difficult issue, especially in the obvious situation of hetero-
geneous salt formation [3], [11], [17], [20].

From a theoretical point of view, the difficulty consists in
the fact that in assessment of this natural state, the presence of
two types of areas must be taken into account: (1) the area (or
zone) where the salt rock is to the limit of stress — deformation
state; (2) the area where such stress — deformation state is not
reached and the salt rock has a reserve of strength (resilience).

Based both on the octahedral characteristics and rheolog-
ical behavior (Fig. 12 and 13) it was analytically prevail to
establish some correlations between o; and o, through which
the salt massif can be characterized from the point of view of
the distinguished zones (Table 1).

Table 1. Natural stress state in salt massif

The zone
of rock Natural stress state
salt massif
Stable on = 3G, et 1
0=0;%
zone 2(G+Gg)
iti 37oct f +G
Transition oo =0, — oct 16, fthexp[fGl 2 ¢
zone JE(Gl +Gg) 2
Unstable 0y = H o,
zone 1-2u
(@)
Level of Ldoading S"ellgth
loadi egree e
Sample 1 oacing A [daN/cm?]
Gre meg = 147 daN/cm? | 025 36.75
r=h/d=2 Il 0.3 441
I 0.5 73.5
[\ 0.6 88.2
V 0,7 102
Vi 0.8 117.6
(b)
Creep curve - Sample 1 (salt rock)
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Figure 12. Loading degree of salt sample (a) and the correspon-
ding creep curves (b)
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Figure 13. Interpretation of laboratory results from rheological
tests performed on salt samples: (a) — variation curve
of deformation rate depending on loading degree;
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days; (c)—variation curve of deformation depending
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5.2. Secondary stress — deformation state

The parameters established in the manner specified
above, completed with the laboratory researches through
modelling, allowed the formulation of the effects of second-
ary stress — deformation state around the room — pillar sys-
tem (Fig. 14) and also the criteria according to which the
secondary stress — deformation state can be evaluated
(Table 2) using the finite element method.
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Figure 14. Effects of secondary stress — deformation state on the
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Table 2. Secondary stress — deformation state in octahedral concept

The zone (area)
of salt rock massif

Secondary stress — deformation state

Toot =0 .
oct Em — Maximum
Brittle fracture zone om >0 ; L
Yoct — Mimimum

—e3>> (g + &)

Toct < Toct f
F_Iow zone — o <0
viscous state

—e3>(e1+87)

Toct = Toct f
Plastic zone —

. opn >0
plastic state m

—&3 < (81 + 82)

Toct < Toct f

Elastic zone — 0 _ &m — Maximum
; Om > ;
elastic state

Yoct — Mimimum
—&3 = (81 + 82)

From the Figure 14, the formation of three areas is noted:
brittle fracture zone evidenced on a distance of about 0.2 to
0.5 m around the pillar, flow zone or viscous zone, and the
inelastic zone — plastic field.

These last two areas for the correctly sized pillars are
reaching for up to a distance of about 1.5 m around them, and
finally in the elastic deformation zone or elastic state. Based
on the specified we can indicate the hypothetical situations
that a pillar can reach until breaking namely: competent
pillar and pillar in a state of flow [3], [11], [19].

6. Conclusions

The correctness of approaching the problem in the sense
of obtaining a well-defined solution by applying the finite
element method, implies an experimental and in situ labora-
tory verification, so as, at the basis of the computing
scheme, the general representation of the analyzed phe-
nomenon is present; for the time being, this has been done
only on the basis of a relatively small number of laboratory
experiments, the obtained data from observations and the
results obtained by the author and provided from different
researchers who have studied so far the behavior of salt
from Romanian salt mine.

The analyzed salt has a heterogeneous crystalline struc-
ture, constituting a rock that can become plastic at low pres-
sures and temperatures; the salt texture is partially oriented.
The micro stereoscopic analysis revealed the following: the
presence of the sintectonic transformations, in the sense that
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majority initial cubic crystals have a fibrous habitus, with the
orientation in the direction of maximum folding pressures;
the orientation of the fibrous crystals agrees with the orienta-
tion of the salt — argillaceous — bituminous breccia fragments
present in the rock salt.

In the case of rocks and, implicitly, of the salts gems,
which are naturally located in massif in a state of triaxial
stress, the mechanical behavior is required to be studied under
the conditions of triaxiality. The triaxial test reflects that the
break of rocks, respectively of rock salt, strongly depends on
the two components of stress (normal and shear components)
for which a certain mode of break (brittle or ductile) finally
corresponds, in contraposition to the methods where the break
or flow depends very little on the mean normal stress.

Analyzing the deformation behavior based on the ob-
tained parameters from the static loads tests, it was found that
the studied salt type has a non-elastic behavior of elastic —
viscous — plastic type, fact confirmed by the dilatancy pa-
rameters. In both compression and deformation tests, it was
found that the salt resistance is dependent on the deformation
rate; the break or fracture occurred only when a certain de-
formation rate was exceeded. At the same time, the appear-
ance and orientation of the cracks revealed that the salt is
required by a heterogeneous stress state, characterized in
particular by the manifestation of tensile stresses in the qua-
si-orthogonal direction with respect to the compression axis.
The appearance and manifestation of these stresses is partly
due to the variation, size, shape and orientation of the con-
stituent granules of the polycrystalline salt medium.

On the basis of the researches and specifications, were
both the experimental results obtained in laboratory and
acknowledge that the value of deformation shear stress (7zoct)
that occurs in salt determine, in general, structural stability of
the excavations performed in salt mine. Such acknowledge is
contrary to the classical concept that “depth alone” would be
the deciding factors in ensuring the stability. This hypothesis
has been confirmed in the literature, in the sense that it signal
certain instability phenomena produced in salt mines of little
depth, considered much more dangerous than in salt mines
placed much deeper. Analytically, based on the triaxial cubic
experiments, depending on the octahedral concept, defor-
mation properties of salt and rheological ones, it has resulted
that the salt massif can be characterized form the point of
view of natural stress state value, through three types of
zones: stable, transient and unstable.

An important and own conclusion of the author is that the
determination of natural stress — deformation state is related
to the highlighting of the contour or limits of these areas
located in a certain state (in a triaxial context) taking into
account of determinative anisotropy, namely the strength and
deformation anisotropy, as well as of the in situ rheological
behavior of salt.

Determining the secondary stress state around an under-
ground excavation is a complex issue of Geomechanics and
therefore of the mining field. Its assessment is very difficult
because of the interaction of the instrumentation with the
rock massif, but also expensive [3], [9], [11]. By means of in
situ measurements, we can obtain information and concrete
data necessary for the accurate knowledge of the problems
that occur in underground and also allow for example a com-
parison between the stress state of the pillar and the results
obtained analytically. This information obtained from the in
situ measurements also allows the development of the mo-
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delling technique and the validation of the theoretical studies
regarding the stress states that are manifested in underground
excavations regarding the spatial problems - three-
dimensional ones.

Because through observations and measurements made in
situ, the cumulative effect of all the decisive factors is ob-
tained in an implicit form, the choice of the measurement
methodology acquires a special importance. This one, in
addition to the fact that it must ensure the correct and faithful
assessment of the stress — deformation state (loads, displace-
ments), must allow to make clarifications on the effect that
would have a change of one of the decisive factors on stress —
deformation state (loading and manifestation displacements
regime) on the underground construction safety degree.
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OkTaeapuyHa KOHUenUis i Ky0iuHa TPUBiCHICTH B OLiHLI BTOPMHHOI0 HANIPY?KEHOI'0 CTAHY

M. Tognepac

Merta. BuBueHHs1 0cOOIMBOCTEH BUKOPUCTAHHS OKTa€APUYHOI KOHIIEIIIiT MOBEAIHKH TiPCHKHX IOPIJ i COISHOTO MAacHBY IUISIXOM OIliH-
KH MIIJHOCTI Ha CTHCK 1 3CYB OKTaelpa Ta PeoJIOTIYHHX XapakTepucTHK aedopmanii. OiHka B KOHTEKCTI KyOiYHOT TPUBICHOCTI KOpemsmil
MDK PO3MOJIIOM Hampy)XeHO-1e(hOPMOBAHOTO CTaHy LIJIMKIB i CTEJIMH 3 MOXKIUBICTIO 3a0e3MeueHHs 1X CTIMKOCTI, 110 BIUIMBA€E HA IHTEHCUB-
HICTh BHJIy4YEHHS KOPHCHOI KOTTATMHH.

Metoauka. BukonyBammcs netporpadivHi JOCTIKEHHS 3pa3KiB KaM’ sHOI COJIi 13 BUKOPUCTAHHIM MiKpockomii. MexaHika MOBEiHKA
COJISTHOTO MacHBY BHBYAJacs B YMOBaX TPUBICHOTO CTHCKY. Bukopucrano KyOiduHe TpHuBicCHE 001aHaHHI, PO3po0JIeHe 1| BHKOHAHE B J1a00pa-
TOpii MEXaHIKU TipcbKuX mopina 3 YHiBepcutety [letpocani. Tpanumiiiauii TpuBicHHA MeTo OyB TOMTOBHEHUI TPUBUMIPHIM aHATi30M COJISI-
HOTO MacHBY IpHU CKJIaJHIl eKCIUTyaTallil KaMepHO-CTOBIOBOI CHCTEMH PO3pOOKH 3 ypaxyBaHHsAM KyOiuHoi TpuBicHocTi. [ledopmarii coms-
HOT'O MacHBY OLIiHIOBJINCS B KOHTEKCTI HMIIHAPHYHOT i KyOi4HOI TPUBICHOCTI.

PesyabraTu. [IpoBeneHo ananiz pedopmariii coystHOro miacta i HOro peosiorivHUX BJIACTMBOCTEH HAa OCHOBI KyOi4HOTO TPHBICHOTO
EKCIIepUMEHTAIBHOTO JIOCII/KEHHS 3 YpaxyBaHHAM OKTaeIPUYHOI KOHIIEMIii, 10 JO3BOJIMIIO OXapaKTepU3yBaTH HOTO 3 TOYKH 30pYy BEIH-
YIHU NPUPOTHUX HAIPYKEHHX CTaHiB B TPHOX Pi3HHUX 30HAX: CTAOiIbHIHN, MepexinHii Ta HecTabutpHIN. BeTaHoBNneHO, Mo kKoedilieHT nedo-
pMarlii HaIpyKEHOTo CTaHy OKTae[pa COJi B LIJIOMY BH3HA4Ya€ CTPYKTYPHY CTaOLIBHICTH PO3POOOK B CONISTHUX IIaxTax. [IokasaHo, mio st
coJti 3 HalBHIMM OIOPOM MIIHICTh OKTaeqpa He mnepepuinye 5.6 MITa, 1m0 poOuTh HeOe3MEYHHM 3aCTOCYBaHHS B COJSHHX LIaXTax po3pa-
XYHKOBHX BEJTHYHH MEXIi MIITHOCTI B 2 — 5 pa3iB OiiIblle peabHOT BEIMINHH.

HayxoBa HoBHM3HA. PO3p00ieHO aHAITHYHY MOJIENb XapaKTEePUCTHKH COJISTHOTO MAacHBY, 10 MOOY/IOBaHa HAa OKTACAPUYHUX | reoMexaHiy-
HHUX TapaMeTpax Ta MigTBeppKeHa JabopaTOpPHUMHM JOCITIKSHHSAMH, MOJCTIOBAHHSIM 1 HaTypHMMH BUMipaMH. BUsBIEHO mopir moaity Iy
B’SI3KO-€JIACTHYHOT AedpopMaltii B MOPIiBHSHHI 3 B’3KO-IUIACTUYHOIO, 110 JO3BOJIMJIO OL[IHUTH LIBUIKICTh B’I3KO-TUIACTUYHOTO COJIBOBOTO MOTOKY.

IMpakTnuna 3HaYMMicThb. BU3HaueHHs IPUPOAHOTO CTaHy Halpy)keHb Ta AedopMariil 3 ypaxyBaHHIM BU3HAYAIbHOI aHI30TPOMil Mill-
HOCTI 1 gedopmarii, a TaKoXK PEoJIOTiYHOT MOBEAIHKU COJI B IIACTI HEOOXITHO IJIS OI[IHKM CTIHKOTO CTaHy MHiI3eMHUX CIIOPYX 1 eIeMEeHTIB
CHCTEM PO3POOKH COJISTHUX TIACTIB.

Kniwouosi cnoea: oxmaeopuuna Konyenyis, mpusichuil, HanPysiceHull CMaH, Yiiuk, Cinb, peonoeis, 63a€Mo0is
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OKTaI)lel/l‘leCKaﬂ KOHICNnuus u Kyﬁﬂ'—leCKaﬂ TPEXOCHOCTDb B OILICHKE BTOPUYHOI'0 HANIPAKECHHOT0 COCTOAHUSA

M. Tognepac

Lean. N3ydenne ocoOCHHOCTEH HCIOIB30BaHUS OKTad[PUUSCKO KOHIIETIIMU ITOBEJCHHS TOPHBIX IOPOJ M COJISTHOIO MAacCHBa ITyTeM
OLICHKU IIPOYHOCTH Ha CXKATHE U CIBUT OKTa’Jpa, PeoJOTHUECKUX XapakTepucTHk nedopmarmu. OneHka B KOHTEKCTe KyOMUecKoi Tpexoc-
HOCTH KOPPEIIIMU MEXIy paclpeleleHleM HalpshKeHHO-1e(pOPMAIIIOHHOTO COCTOSHUS LIENTMKOB ¥ TIOTOJIOYHH C BO3MOXKHOCTEIO oOecrre-
YECHUS UX yCTOMUYMBOCTH, BIUSIONICH HA HHTEHCUBHOCTD U3BJICUCHHUS IIOJIE3HOIO HCKOIAeMOro.

Metoauka. Bemonssnucs nerporpaduyeckue ucciaeaoBaHus 00pa3oB KAMEHHOM C MCIIOJIB30BAHMEM MHUKPOCKOIUH. MeXaHHKa IoBe-
JIEHUs COJITHOTO MacCHBa M3ydyalach B YCIOBHAX TPEXOCHOTO cxkaTusl. Mcmonp3oBaHO KyOHueckoe TpexocHOe 000pyIoBaHHE, pa3paboTaH-
HOE ¥ BBHIIIOJIHEHHOE B J1a0OPAaTOPHK MEXaHUKU TOPHBIX MOpo] U3 YHuBepcurera [letpocanu. TpaguunoHHBII TPEXOCHBIA METOA OBbLI 10-
MOJTHEH TPEXMEPHBIM aHAIU30M COJITHOTO MACCHBA MPHU CI0KHOM KCIITyaTallll KaMEPHO-CTOJI00BOM CUCTEMBI Pa3paboTKU C yUeTOM KyOu-
4yecKoi TpexocHocTu. JleopMaluy CoIsTHOTO MacCHBA OIIEHUBAINCH B KOHTEKCTE IIMIMHIPUUECKOH M KyOHIEeCKOH TPEXOCHOCTH.

PesyanTatsl. [IpoBenen aHamm3 nedopmariii COISIHOTO IUIACTa U €r0 PEONOTHYECKHX CBOMCTB Ha OCHOBE KyOHUYECKOTO TPEXOCHOTO
9KCIEPUMEHTAIBHOIO UCCIEI0BaHUS C YUYETOM OKTa3pUYEeCKOH KOHIETIUH, YTO ITO3BOJIMIO 0XapaKTepU30BaTh €ro ¢ TOUKU 3PEHUS BENU-
YHHBI €CTECTBEHHBIX HANPSHKEHHBIX COCTOSHMI B TpeX Pa3yIMUHbBIX 30HAX: CTAOWIBHOM, IEepeXoJHOH M HeCTaOWIBLHOW. Y CTaHOBIEHO, YTO
k03¢ GUIHEeHT AedopManiy HAIPSHKCHHOTO COCTOSIHHS OKTadZApa COJM B IEJIOM ONpPEAENsieT CTPYKTYPHYIO CTaOMIBHOCTH pa3paboToOK B
consHbIX maxTax. [loka3aHo, 4To A COMM C caMbIM BBICOKUM CONPOTHUBICHHEM MPOYHOCTH OKTa’pa He mpeBblmaeT 5.6 Mlla, uto nemaer
OTIaCHBIM MPHMEHEHHE B COJITHBIX LIIaXTaX PACUETHBIX BEIMYMH Mpefiesia MPOYHOCTH B 2 — 5 pa3 OoJblie peanbHOH BETHYHHBL.

Hayuynass HoBu3HA. PazpaboTana aHamuTHUYecKass MOJENIb XapaKTEPHCTHKU COJSTHOTO MACCHBA, MOCTPOCHHAs HAa OKTadAPHYECKHX H
TeOMEXaHWYeCKHX MapaMeTpax U MOATBepKAeHa Tab0paTOPHBIMHU HCCIEJOBAaHUSIMH, MOJAECINPOBAHIEM U HATypPHBIMU HU3MEPEHUSIMHU. BoIsiB-
JIeH MOPOT Pa3/IeNICHHs AJIs BSA3KO-3IaCTHYHOH JiehOpMAaIliH 110 CPABHEHHUIO C BSI3KO-IUIACTUYHOM, YTO MO3BOJIMIIO OLIEHUTh CKOPOCTH BSI3KO-
TUTACTHYHOTO COJIEBOTO TOTOKA.

IIpakTnyeckas 3HaUMMocTh. ONpesieNieHNe eCTEeCTBEHHOTO COCTOSIHUSI HalPSDKEHUH U tedopManii ¢ y4eToM ONpeAesIoe aHH30-
TPONUH NPOYHOCTH M JehOpMaIUH, a TAKKE PEOJOTUUSCKOTO MOBEICHUS COJIM B IUIACTE HEOOXOIMMO ULl OLEHKH YCTOWYHBOTO COCTOSTHHS
TIOJ3EMHBIX COOPY’KEHHH 1 3JIEMEHTOB CHCTEM Pa3pabOTKH COJISTHBIX ILIACTOB.

Knioueswie cnoga: okmasropuieckas KoOHYenyus, mpexoCHOCHb, HANPAJNCeHHOe COCMOAHUE, YelUK, COlb, Peono2us, 83aumooeticmaue
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