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Annotation. In this article, the grounds for considering of rocks massif as a nonlinear medium with dissipative
properties have been shown that as a result of the combined influence of normal and tangential stresses around the
workings, synergistic effects are observed with the formation of similar structures, which leads to the appearance of a
quasi-stationary damped stress wave, and this, in turn, makes it possible to predict the nature of changes in the stress-
strain state of the rock massif in space-time continuum. A mechanism is proposed to explain the known wave nature of
changes in rock pressure around disturbances in the rock massif and self-organization processes that occur in it, leading
to a steady state as a result of self-destruction of macroscopic nonlinear dissipative systems, which include
geomechanical systems. This mechanism is that as a result of exposure geological and technogenic factors the massif
goes from one quasi-stationary equilibrium state with the minimum potential energy to another. If the increase in entropy
characterizes the growth of chaos in the system, then the self-organization of the system is characterized a decrease in
chaos are shown. Those, entropy are one of the most important parameters characterizing the processes of the system
self-organization. The parameters characterizing the degree of the system self-organization can also include: the fragility
of rocks, coefficient of loosening, coefficient of structural weakening. Taking into account the influence of the mining
operations speed, a theoretical justification for diagnostics the physicomechanical properties and the stress state of
sedimentary rocks have been developed by using the dynamic and kinematic characteristics of acoustic and electric
fields. The theoretically established relationship of the stress state of massif of quartz-containing rocks with its elastic
and electrical parameters follows taking into account the damped wave nature of the processes around the mine
workings. Obtained results indicate the principal possibility of quantitative assessment of stress components acting in the
rock massif using determined physical parameters of the massif.
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Introduction. Rocks, geological sections are characterized by a high degree of
heterogeneity, the presence of large and small blocks, and various fracture systems.
Efficiency and safety of operation of underground and surface structures substantially
depend on the level of our knowledge about the geomechanical state of their
environment and about the regularity by which various physical processes take place
in the rock massif, how synergistic and structural phase transitions occur in natural
and man-made systems. The speed and intensity of these processes determine the
speed and intensity of underground structure’s deformation. At the same time, the
range of deformation can fluctuate from elusive changes to instantaneous gas-
dynamic phenomena (emissions, rock bursts, etc.), as well as earthquakes.

One of the specific features of geosystems is their ability to self-organize (self-
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construct) under the influence of the energy of the processes occurring on the Earth
[1 — 3]. The question of the self-organization of open natural systems, covering living
and inanimate nature, including geosystems, was raised by the second law of
thermodynamics.

In [4], the process of a fracture development zone around a borehole drilled in
clay rocks was investigated, and the walls of this borehole were strengthened by
applying a Polimer coating. The authors established a complex sequence of cracks
development around the borehole and proved the important role of pore pressure,
which gradually dissipated as the fracture zone developed. However, from the
standpoint of the possible occurrence of dissipative structures around the borehole,
this process has not been studied and remained outside the attention of researchers.

D. Sahar and co-workers investigated the problem of determining stress
components in a rock massif using the parameters of the so-called break-out or
fracture zone around the borehole. This method is widely used to restore the stress’s
components acting in a rock massif to the start of mining works. The authors
investigated the stress-strain state around the borehole, which was destroyed due to
exceeding the tensile strength of the massif surrounding this borehole. The authors
found that the depth at which the break-out began, and its value are dependence on
the stress in the massif surrounding the borehole [5].

In [6], an interesting phenomenon of rock massif destruction spread far from the
front mining work. They called this phenomenon a domino effect, which contributes
to the spontaneous maintenance of cracks growth under the condition that adjacent
parts of the massif are in contact with the boundary state. In fact, the authors
confirmed the possibility of the process of self-organization emergence during the
irreversible deformation of the rock massif and identified another form of dissipative
structures of strength loss in the form of a chain effect.

In the literature there are a large number of such experiments descriptions.
However, their common flaw repeats what was formulated in the previous analysis:
almost all publications are limited only to the identification of dissipative structures
and do not determine their evolution. From the kinematics standpoint of dissipative
structures, such data adds little information. However, it is obvious that dissipative
structures in space and in time appear unevenly. There is also a large spatial variation
in the places of occurrence of microseismic activity, which indicates the random
nature of dissipative structures evolution.

The study of the rock massif structures as a form of self-organization of the
geophysical environment will provide the most objective information about the
properties and state of the rock massif, geomechanical systems and the stability of
underground structures.

Methods. To solve this problem, we used methods of continuum mechanics, rock
mechanics, mathematical physics, empirical and analytical methods, as well as
analysis and synthesis of results. The reliability and validity of the results obtained is
confirmed by the use of proven theoretical research methods, as well as by taking into
account the results of experimental studies.
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Results and discussion. Taking into account the results obtained when
considering the processes occurring in the vicinity of the mining working of a circular
section [2] in this article, taking into account the speed of mine working operations
and experimental data, the following expression was obtained:
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where oy — the initial stresses on the mining working contour; V — the speed of mining
work; r — the distance from the mining working contour to the deep into the massif; a
— the attenuation coefficient of a quasi-stationary wave; t — time, s; t — the relaxation
time, s; Ry — working radius, m.

Similar processes are also observed not only in the radial direction r around the
mining working, but also along its generatrix L, therefore the change in stresses along
mining workings is described by law:
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Thus, the effect of compression and tension zone displacement along the
generatrix of extended underground objects, which can be defined as quasi-wave, is
substantiated.

A mechanism is proposed to explain the known wave nature of changes in rock
pressure around disturbances in the rock massif and self-organization processes that
occur in it, leading to a steady state as a result of self-destruction of macroscopic
nonlinear dissipative systems, which include geomechanical systems. This
mechanism is that as a result of exposure geological and technogenic factors the
massif goes from one quasi-stationary equilibrium state with the minimum potential
energy to another.

For a nonequilibrium state of a system for which an inequality holds ds/dt>0, its

entropy can be defined as follows:
S=-kH+§S

where k — the Boltzmann constant; S, = kInw; o — probability density function; H -
Boltzmann function, equal to

Ht)=| [ f(r,V,t)In(r,V,t)drdV.
(r)(v) ’

f(r,v,t) — distribution function over coordinates r, velocities V and time t, and for
stationary states dH/dt=0, and for non-stationary dH/dt<0.
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If the increase in entropy characterizes the growth of chaos in the system, then the
self-organization of the system is characterized a decrease in entropy.

Those, entropy is one of the most important parameters characterizing the
processes of the system self-organization. The parameters characterizing the degree
of the system self-organization can also include:

— the fragility of rocks

where o, — tensile strength of rocks; o, — compression strength of rocks;
— coefficient of loosening

bm

where p~ — the measured electrical resistivity; p'; — electrical resistivity of the
undisturbed massif; p , — electrical resistivity of the broken massif;
— coefficient of structural weakening [7]

K, =[L— 0.5, exp(-0. 2577)]’70

where 1 — coefficient of variation of rock massif strength, determined by the formula
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where |, — the average distance between cracks; |, — the characteristic size of the
standard rock sample; no — coefficient of variation laboratory tests of rock samples
results.

The effectiveness of technological solutions and the rhythm of equipment
operation depend on the degree of knowledge of the geological conditions, stress-
strain state, properties of the massif, structural heterogeneities, such as the boundary
between rocks, tectonic disturbances in the formations, karst, voids and cracks. One
of the decisive conditions for reducing the cost of mining and improving the safety of
work is the timely monitoring of geotechnical structures stability, properties and
stress-strain state of the rock massif, which from the point of view of efficiency and
informativity should be based on express methods of mining geophysics.

In order to assess the degree of informativeness dynamic and kinematic
characteristics of acoustic and electromagnetic fields for diagnosing the stress state of
a rock massif, is considered sedimentary rocks that can be considered dielectrics. As
is known, under normal conditions, the dielectric is electrically neutral, i.e. contains
the same number of positive and negative charges. The introduction of a dielectric
into an electric field strength changes this field. The electric field vector E and the
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induction vector D will no longer be parallel, and their difference will give a
polarization vector P.

As a result of solving the system of equations describing the propagation of
acoustic waves in seismoelectrically active layered rocks, taking into account the
initial stress state, we obtain in the first approximation an expression for the
velocities and attenuation coefficients of longitudinal waves and electric field

strength:
V. = il(1i023/3K) g 1— 50277171 _ d12
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where A; — the elastic parameters of the medium, Pa; K — compression module, Pa; !

— initial stresses perpendicular and parallel to stratification, Pa; p — density of rocks,
kg/m®; ® — cyclic frequency of acoustic oscillations, s™; n; — viscosity coefficients,
Pa-Sé 7i — the relaxation time, s; a, b, d —electric constants; P — polarization vector,
C/m~.

The velocities of longitudinal and transverse waves depend on the elastic,
electrical and piezoelectric properties of rocks, and the dependence on the stressed
state remains the same as in rocks that are not modified by an electric field.

The experimental values of the energy density of acoustic and electromagnetic
waves can be determined from the following expressions

W, = Z(AiE )zTiE;

n

w =S (AT



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexniuna mexanika. 2019. No 146 147

where A"%;T"® — respectively, the amplitude and duration of acoustic and

electromagnetic pulses for longitudinal waves.
Taking into account the expressions for the bulk density of acoustic waves

W, =pVie? = puiew’,

and bulk density of electromagnetic waves

W, =¢gg,E?,
will get
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From here, after simple transformations, taking into account the wave nature of
geomechanical processes around the mining working, we obtain the expression
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from which the theoretically established relationship of the stress state of massif of
quartz-containing rocks with its elastic and electrical parameters follows, which
indicates the principal possibility of quantitative assessment of stress components
acting in the rock massif using determined physical parameters of the massif.
Similarly, the remaining components of the main stresses can be determined.

In the formulas obtained, it is also possible to take into account the speed of
mining work, replacing strength and elastic parameters with expressions of the form:

X, =X,(0.11InV +1),

where X, — the strength or elastic parameters of rocks.

The dependence of stresses on the mining works velocity at various depths is
given in Table 1.

From the table it follows that with increasing depth and mining works velocity
operations within the specified limits, the stresses increase.

Table 1 — The dependence of stresses on the mining works velocity at various depths

The mining Depth of mining working H, m
works velocity | 300 | 500 | 600 | 700 | 800
V, m/s Stresses o, MPa
3 1.1 166.5 194.25 222.0 277.5
4 1.39 170.85 199.32 227.8 284.75
5 1.6 174.0 203.0 232.0 290.0
6 1.8 177.0 206.5 236.0 295.0
7 1.94 179.1 208.95 238.8 298.5
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Conclusions. The grounds for considering of rocks massif as a nonlinear medium
with dissipative properties have been shown that as a result of the combined influence
of normal and tangential stresses around the workings, synergistic effects are
observed with the formation of similar structures, which leads to the appearance of a
quasi-stationary damped stress wave, and this, in turn, makes it possible to predict the
nature of changes in the stress-strain state of the rock massif in space-time
continuum.

Taking into account the influence of the mining operations speed, a theoretical
justification for diagnostics the physicomechanical properties and the stress state of
sedimentary rocks has been developed by using the dynamic and kinematic
characteristics of acoustic and electric fields. The theoretically established
relationship of the stress state of massif of quartz-containing rocks with its elastic and
electrical parameters follows taking into account the damped wave nature of the
processes around the mine workings. Obtained resulys indicates the principal
possibility of quantitative assessment of stress components acting in the rock massif
using determined physical parameters of the massif.
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AHoTauif. Y faHin cTaTTi Ha nmigcTasi po3rnagy MacuBy ripCbKuUX NOPIA K HENiHIMHOTO CepefoBMLLa, Lo BOMOAiE
AUCUNATUBHUMM BACTUBOCTAMM, MOKa3aHO, IO B pesynbTaTi ChifIbHOrO BMMWBY HOPMAmnbHUX | TaHreHUianbHUX
HanpyXeHb HaBKONO BUPODKW CMOCTEpIralTbC CUHEPreTUYHi eeKTM 3 YTBOPEHHAM MOAIGHMX CTPYKTYp, WO
NPWU3BOAUTb O BUHWKHEHHS KBA3iCTALiOHAPHOI 3racatoyoi XBWMi HampyXeHb, a Le, Y CBOK Yepry, Aae MOXNUBICTb
NPOrHO3yBaTW XapaKTep 3MiHW HanpyXeHO-AeOPMOBaHOMO CTaHy MOPOAHOTO MacuBy B MPOCTOPOBO-TUMYACOBOMY
KOHTWUHYYMi. 3anpOnoHOBaHO MeXaHi3M, L0 MOSICHIOE BiJOMWA XBUIbOBWA XapakTep 3MiHWU TPCbKOro TUCKY HAaBKOMO
nopyLUeHb Y NOPOAHOMY MacwBi i NPoLieciB camoopraHisaLii, Lo BUHUKAKOTb Y HbOMY; Lie MPU3BOAMTb [0 CTIMKOrO CTaHy
B pe3ynbTaTi CamopyiHyBaHHS MaKpPOCKOMIYHWUX HENIHIMHUX AUCUMNATUBHUX CUCTEM, 40 SKUX BIHOCATHCS reOMeXaHiuHi
cuctemu. Lle mexaHism nonsrae B TOMY, WO B pesynbTaTi BNAWBY FPHWYO-TEONOrYHUX | TEXHOTEHHUX (haKTopiB
BinOyBaeTbCA Nepexig MacKBy 3 OOHOMO KBA3ICTALOHAPHOMO PIBHOBAXHOTO CTaHy 3 MiHIMAMNbHOK NOTEHLNHOK EHEPTIE
B iHIWe. MMoKa3aHO TaKoX, LU0 SKLIO 3pOCTaHHS EHTPOMII XapaKTepU3ye 3pOCTaHHS Xaocy B CUCTEMI, TO CamoopraHisaLio
CUCTEMM XapaKTEpW3ye 3MEHLUEHHS1 xaocy. TOOTO €HTponis € OgHWM 3 HaWBaXNWBILWMX NapameTpis, Lo
XapaKTepu3ylTb MpOLEcH camoopraHisauii cuctemn. [Jo napameTpis, WO XapaKTepusyloTb CTYMiHb caMoopraHisaLi
CUCTEMU, MOXHa TaKOX BIOHECTW: KOEMILIEHT KPWUXKOCTI ripCbKMX nopig, KoedilieHT posnyLleHHs, KoedilieHT
CTPYKTYPHOTO ocnabnenHs. 3 ypaxyBaHHAM BMAWBY LUBWUOKOCTI BEAEHHS FpCbkux POBGIT po3pobrneHo TeopeTuyHe
0BrpyHTYBaHHS! [iarHOCTUKM (i3NKO-MEXaHIYHNX BNACTUBOCTEN i HAMPY)XEHOro CTaHy 0CcafoBMX MPCHKMX NOPif, LWSXOM
BUKOPUCTAHHS OMHAMIYHUX | KIHEMATUYHUX XapaKTEPUCTUK akyCTUYHIX | eNeKTPUYHMX NoniB. TeopeTUYHO BCTAHOBIIEHUI
3B'A30K HANPYXEHOro CTaHy MacuBy rpCbKKUX MOpif, WO MICTATb KBapL, 3 MOro NpYXHUMU i ENEKTPUYHUMI NapameTpamu
3 06nikoM 3aracar4oro XBunbOBOrO XapakTepy MPOLECIB HAaBKONO FipCbkix BMPOBOK. OTpuMaHi pesynbTaTi BKasyloTb
Ha MPUHLMNOBY MOXMMBICTb KIMbKICHOT OLiHKM KOMMOHEHT HanpyXeHb, WO OiloTb Y Macusi ripcbkux nopig, 3a
nonepeaHLO BU3HAYEHUMM (i3UYHUMM NapaMeTpamm Macuay.

KntoyoBi cnosa: MacuB TripCbKMX MOpPid, CUHEPreTUuHi npoueck, reomisnyHUA MOHITOPUHT, HaNPYKEHO-
[ecthopMOBaHMI CTaH.

AHHOTauuA. B gaHHON CcTaTbe Ha OCHOBaHMM PACCMOTPEHWS MACCMBA FOPHbLIX NOPOA Kak HENIMHENHOM Cpefbl,
obrnagatowlen auccunaTBHLIMIA CBOMCTBAMM, NOKA3aHO, YTO B Pe3ynbTaTe COBMECTHOTO BIMSHUS HOPMarbHbIX M
TaHreHUMarnbHbIX HanpsKEHWA BOKPYr BblpaboTkM HabniopaloTcs CuHepreTuyeckue addektol ¢ obpasoBaHuem
NoAoGHbIX CTPYKTYP, YTO NPUBOAMT K BO3HUKHOBEHMIO KBA3UCTALMOHAPHOW 3aTyXaloLien BOMHbI HaNpsiKeHWid, a 3To, B
CBOIO 0Yepeb, [JaeT BOIMOXKHOCTb NPOrHO3MPOBATh XapaKTep U3MEHEHUS HanpPsKEHHO-4eOPMUPOBAHHOTO COCTOSHUS
MOPOAHOr0 MaccyBa B NPOCTPAHCTBEHHO-BPEMEHHOM KOHTUHYYMe. [peanoxeH MexaHn3M, 0BbACHSIOLLMIA N3BECTHbIN
BOMHOBOW XapaKTep W3MEHEHUs FOPHOMO AaBREHUs! BOKPYr HapyLIEHWA B NOPOAHOM MacCWBE U BO3HMKAIOWMX B HEM
NPOLECCOB  CaMOOpraHu3aumu, MpUBOASALLMX K  YCTOMYMBOMY COCTOSHMIO B pesyrbTaTe  CaMOpaspyLUeHus
MaKpPOCKOMUYECKUX HEMUHEMHbIX OUCCUNATMBHBIX CUCTEM, K KOTOPbIM OTHOCATCA EOMEXaHUYECKE CUCTEMbI. ITOT
MEXaHU3M 3aKMvaeTcsd B TOM, YTO B pesynbTaTe BO3AEMCTBUS TFOPHO-FE0NIOMMYECKMX W TEXHOTEHHbIX (hakTopoB
NPOMCXOANT Mepexod MaccvBa W3 OOHOTO  KBA3WCTALMOHAPHOrO PABHOBECHOTO COCTOSIHUS C  MWHMMAIbHOM
noTeHLWansHo aHeprien B apyroe. MokasaHo Takke, YTO eCNW BO3paCTaHWe SHTPONUM XapakTepusyeT pocT xaoca B
CUCTEME, TO CaMOOPraHW3aLmMio CUCTEMbI XapaKTepusyeT yMeHblueHue Xaoca. T.e. SHTPOMMS SBMSETCA OQHUM W3
BaXHEMUMX MapaMeTpoB,  XapakTepusylowux MpoLecckl  camoopraHusaumu  cuctembl. K napametpam,
XapaKTepu3yloLWmnM CTeneHb CaMOOPraHW3aLun CUCTEMbI, MOXHO TaKkKe OTHECTU: KOI(PMULIMEHT XPYMKOCTU FOPHbIX
nopoa, KoIPULMEHT paspbixneHns, Ko3ULMEHT CTPYKTYpHOro ocnabnenns. C y4eTomM BAUSHUSA CKOPOCTW BEAEHMWS
ropHblx paboT paspabotaHo TeopeTuyeckoe O0OOCHOBAHWE AMArHOCTUKM  (PU3MKO-MEXAHUYECKUX CBOWCTB U
HaMpSHXKEHHOTO COCTOSHUSI OCAZOYHbIX TOPHbIX MOPOA MyTEM WCMONb30BaHUS AMHAMWYECKUX W KMHEMATUYECKMX
XapaKTEPUCTUK aKyCTUYECKUX U SMEKTPUYECKUX NOMen. TeOopeTuYeckn YCTaHOBIEHA CBA3b HAMPSXKEHHOr0 COCTOSHUA
MaccuBa KBapLECOAEPKaLLMX FOPHbIX MOPOA C €r0 YNPYruMm W ANEKTPUYECKMMI NapamMeTpamm C Y4ETOM 3aTyxatoLLero
BOMIHOBOrO  Xapaktepa MpoLeCccOB BOKPYr TOPHbIX BblpaboToK. [lonyyeHHble pesynbTaThl  yKasblBalT Ha
MPUHLMNMANBHYI0 BO3MOXHOCTb KONMYECTBEHHOM OLEHKN KOMMOHEHT HanpshKEHWN, OENCTBYIOLMX B MacCuBe TOpHbIX
nopoa, No NpeABapuTENbHO onpeaeneHHbIM (U3NYECKUM NapaMeTpam Maccuea.

KntoueBble cnoBa: MacCB TOpPHbIX MOPOL, CUHEPTETUYECKME MPOLECCH, TEOMPUINYECKUA MOHUTOPUHT,
HanpsXeHHO-Le(hOpPMUPOBAHHOE COCTOSHUE.
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