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Abstract: In mining technical literature, the prevailing idea is still that rockbursts in open pits and underground
mines are caused by gravitational forces produced by the overburden rock mass, put forward in the 20th century
by S.G. Avershin and .M. Petukhov. This concept is the basis for the rules of safe mining at rockburst-hazardous
deposits, including modern guidance documents of Rostekhnadzor. Numerous studies of the behavior of a rock
mass as a geological medium, the phenomena causing rockbursts in underground workings, the mechanisms of
manifestation of rockbursts and rock-tectonic bursts change many ideas. They have now become urgently needed
to explain the causes of particularly powerful geodynamic phenomena in mines — rock-tectonic bursts, technogenic
earthquakes — phenomena that were practically not observed in the 20th century. Intense geodynamic events in
mines (rock-tectonic bursts, technogenic earthquakes), comparable in energy level to natural earthquakes, have
once again shown their analogy with natural earthquakes to be studied by seismology. M.A. Sadovsky et al. estab-
lished the law of self-similarity of seismic process at different scale levels. Based on this law, the relationships
established for seismic focuses proved to be applicable to dynamic manifestations of rock pressure at mines. In
this paper, further details of this analogy are developed. It shows which forms of dynamic manifestations of rock
pressure correspond to which sizes of structural heterogeneity of rock mass. Based on the law of self-similarity of
seismic processes at different scale levels, we showed that the energy characteristics of the rock pressure manifes-
tations at mines obey the laws established in seismology.
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HoBasi koHuIenuusi MeXaHM3Ma rOPHO-TEKTOHUYECKHUX yIapOB U
JAPYTUX JUHAMUYECKHUX SIBJIEHUH /1JI51 YCJIOBUI PYIHBIX MECTOPOKAEeHU I

JloBuukoB A. B.

T'opueiit uactutyT Konbeckoro HayuHoro nentpa Poccuiickoil akagemun Hayk, Anatutel, Poccus

AHHOTAanUs: B ropHO-TEXHUYECKON JIUTEPATYpPE 0O CHX MOP MPEBATUPYET MPENCTABICHUE O TOM, YTO TOPHBIE
yZAapbl B PyAHUKAX U IIAXTAX BBI3BIBAIOTCS I'PABUTALMOHHBIMU CHUJIAMH BECA MACCHBA IOKPBIBAIOIINX IOPOJI, BbI-
neuHyTOoe B mpouwuioM Beke C.I'. ABepmnasiM 1 .M. IleTyxoBbiM. Ha 3TOM npecTaBieHN OCHOBBIBAIOTCS Ipa-
BUJIa OE30IIaCHOTO BEJICHHS FOPHBIX PadOT Ha yAapOOIaCHBIX MECTOPOXKACHHSIX, B TOM YHCIIE COBPEMEHHBIE HH-
CTPYKTHBHBIE JOKYMEHTBI PocTexHan3zopa. MHOrOUHCIEHHBIE UCCIIEN0BAHNS CBOMCTB MIOBEIECHUSI MaCCHBA IOp-
HBIX TIOPOJ] KaK T€0JIOTHYECKOM Cpeibl, IBJICHH, BBI3BIBAIONINX TOPHBIE yIaphl B TOA3EMHBIX BEIPa0OTKAX, MEXa-
HU3MOB IIPOSBIIEHNSI TOPHBIX U TOPHO-TEKTOHWYECKUX YAapOB U3MEHSIIOT MHOTHE NpeicTaBieHus. OHM OKa3aIuch
B HACTOsIEe BPEMsI HACTOSTEIBHO HEOOXOAUMBIMH I OOBSICHEHUS IPUYMH 0COO0 MOIIHBIX F€OANHAMHYECKHX
SIBJICHUM B PYJHUKAX — TOPHO-TEKTOHUYECKUX YJApPOB M TEXHOTCHHBIX 3E€MJICTPSICEHUN — SIBICHHUM, KOTOPHIE B
MPOIIIOM BeKe MpaKTHUECKH He Habmoaanuck. CHIIbHbBIE Te0IMHAMUYeCKUe COOBITHS B pPyIHUKaX (TOPHO-TEKTO-
HUYECKHUE yJIapbl, TEXHOT€HHBIE 3eMJIETPSICEHHsI), COTIOCTABUMBIE 110 SHEPTeTHYECKOMY YPOBHIO C 3€MIICTPSCCHH-
SIMHM, B OYEPEIHOM pa3 NOKa3aIu aHAJIOTHIO ATHUX SIBJICHHUM C €CTECTBEHHBIMU 3EMIIETPSCEHUSMM, UCCIIETOBAHUSAMU
KOTOpPBIX 3aHMMaeTcs ceiicmororus. M.A. CaJoBCKHM € COaBTOpaMu ObLT yCTAaHOBJICH 3aKOH CaMOINog00us cei-
CMHMYECKOI'0 IPOoIIecca Ha Pa3HbIX MacIITaOHBIX YPOBHX. Ha oCHOBaHMM 3TOro 3aKOHA COOTHOIIEHHSI, YCTaHOB-
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JIGHHBIE JIJISl OYaroB 3eMIICTPSICEHUH, OKa3aJ10Ch BOBMOXHBIM MPUMEHSATH I TUHAMUYECKUX MPOSIBICHUI rop-
HOTO JaBJICHUS B pynHUKaX. B HacTosmiel paboTe pa3BUBAIOTCS JALHEUITHE ASTAlId dTOW aHAIOTHH. B HEdl mo-
Ka3aHO, KAaKUM pa3MepaM CTPYKTYPHOU HEOAHOPOIHOCTH MAacCUBA COOTBETCTBYIOT T€ UM UHBIC ()OPMBI JHHAMU-
YECKUX IMPOSIBIICHUI TOPHOTO JaBiieHUs. Ha ocCHOBaHMYM 3aKOHA CaMOIOI00Us CEHCMHUYECKUX MPOLIECCOB Ha pas-
HBIX MAacIITaOHBIX YPOBHSX MMOKA3aHO, YTO YHEPTeTHUECKUE XapaKTEPUCTUKH MPOSIBICHUN TOPHOTO JAaBJICHUS B
PYIHUKAX IMOAIUHSIOTCS 3aKOHOMEPHOCTSIM, YCTAHOBIEHHBIM B CEHICMOJIOTHH.

KiroueBble cj10Ba: rOpHO-TEKTOHUYECKUH yap, MacCUB, CTPYKTYpHBIE HEOIHOPOAHOCTH, KiacCU(DUKALHSL, Cel-
CMHUYECKHIH MOMEHT, MOAYJb CABUTA.
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Introduction

A rockburst is instantaneous failure of a
rock mass alongside a fault or a newly formed
technogenic (mining-induced) fracture, causing
failure/collapse of pillars and workings, as a rule,
over large areas. The new concept is that the in-
stantaneous rock failure during rockburst occurs
due to the concentration, around mine workings,
of gravitational tectonic stresses existing in the
earth crust due to recent orogenic processes. Un-
der the influence of large-scale mining operations,
the structural-block medium of rock masses due
to the concentration of gravitational tectonic
stresses sharply changes to new geodynamic equi-
librium; the change is manifested in the form of
rockbursts, rock-tectonic bursts and technogenic
earthquakes.

Theoretical treatment

The concept is based on the differences in
the natural stress state of mineral/mineralized
rock masses. In mineralized (ore deposit) rock
masses of magmatic or metamorphic origin, a fea-
ture of the rock gravitational-tectonic stress con-

dition is prevailing (in magnitude) horizontal

stresses (due to recent orogenic processes) over
vertical gravitational stresses (caused by overly-
ing rock weight). On contrary, in rock masses of
sedimentary origin (coal, salt deposits), due to the
relatively weak deformation-strength properties
of the rocks and long-lasting rheological pro-
cesses, gravitational stress condition of the rocks
is characterized by prevailing vertical gravita-
tional stress component, caused by overlying rock
weight.

Meanwhile, in the modern Russian mining
and technical literature, the prevailing idea is still
that rockbursts and rock-tectonic bursts in mines
are caused by gravitational forces due to overly-
ing rock mass weight. Theoretical substantiation
of these ideas is given in studies of S.G. Aver-
shin [1], .M. Petukhov et al. [2, 3] and others.
The concepts on gravitational nature of forces
causing rockbursts in mines underly modern in-
structional documents of Rostekhnadzor [4],
which regulate mining operations at rockburst-
hazardous ore deposits. The instruction [4] does

not even mention tectonic stresses occurring in
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rock masses. As a result of this, some provisions
of the instruction [4] are erroneous and doubtful.

Another basis of the concept is the idea of
rock mass as a geological environment of hierar-
chical block structure, developed by academician
M. A. Sadovsky. In accordance with these ideas,
rock masses are a hierarchy of geological and
structural blocks, as if embedded in each other
and separated by inter-block intervals — faults and
cracks of different structural levels. There are
many rock mass quality designation classifica-
tions, but, in our opinion, the most suitable is the
classification adopted for foundations of hydrau-
lic structures [5]. This classification is most ap-
propriate for ore deposit rock masses for at least
two reasons:

a) the foundations of hydraulic structures in
terms of length in horizontal and vertical planes
(hundreds of meters, first kilometers) are similar
to the dimensions of mine fields, which are simi-
lar in size to intersecting structural heterogenei-

ties (fractures, tectonic deformations, faults);

b) the classification is designed for rock
masses, i.e., very strong rocks of igneous or met-
amorphic origin.

Since disjunctive dislocations of different
scales should correspond to block structures of
appropriate scale, we proposed the following clas-
sification of block structures for mine fields,
based on the above classification of structural dis-
locations in
(Table 1) [6].

Dynamic manifestations of rock pressure in

hydraulic engineering

mine workings (rockbursts, rock-tectonic bursts,
and other manifestations) can be considered as a
response of the geological environment to techno-
genic intervention. This response depends on
many factors, and above all, on the scale of the
technogenic impact, structural-block heterogene-
ity of the rock masses, rock properties, natural
stress state of the rock masses, and other factors.
The dependence of the forms of rock pressure
manifestations on the dimensions of mine work-
ings in case of gravitational-tectonic stress state
of the rock masses is shown in Fig. 1.

Table 1
Classification of block structures formed by faults
Block structure designation | Rank (order) of faults con- | Extent of faults confining Average cross block
fining the block, and block the block dimension
structures
. | Hundreds and thousands of 500 — 1000 km
Tectonic block i
ilometers
Regional geological-and- I Tens and hundreds of kilome- 50 — 100 km
structural block ters
Il Several kilometers and first 5-10 km
tens of kilometers
Local geological-and-struc- v Hundreds and first thousands 500 — 1000 m
tural block of meters
V >10m 50-100m
. Vi 1-10m 5m
Fracturing block structure VIl — VI <1im <im
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Fig. 1. Model of development of rock pressure dynamic manifestation forms with increasing scale of mining operations
in conditions of gravitational-tectonic stress state of rock masses

Table 2
Forms of extreme dynamic manifestations of rock pressure corresponding to the scale of geological structures activated
by mining
Rank (order) of | Scale of mining operations (work- | Characteristic size | Form of dynamic manifestations of rock
geological struc- ings), activating the structure of mine workings, pressure
ture m
VI - VI Blast-hole, borehole 10°-10! Exfoliation of walls, core disking
Vi Single working, twinned working 102 -10° Pressure bump, flaw formation, rockburst
Systems of development workings Rock-tectonic burst, rockburst, technogenic
V-1V 10% - 106
and stopes earthquake

Thus, the proposed classification of struc-
tural block heterogeneity of rock masses allows
ranking blocks of the most common sizes for
mines. It enables practical implementing the con-
cept of M. A. Sadovsky on the model of the hier-
archical-block geological environment as applied
to the problems of mine exploitation.

Analysis of materials. Theory develop-
ment

Any dynamic manifestations of rock pres-
sure are changes of the geological environment to
new geodynamic equilibrium under the influence
of mine workings and stresses occurring in this
environment. Magnitude of the change depends

on the size of mine workings in the rock mass, the
rock stress state, the dimensions of geological and
structural (block) heterogeneity of the rock mass,
and other factors. In the previous, XX century, too
little attention was paid to the analogy of rock-
bursts and seismic phenomena in the earth's crust,
since rockbursts in Russian mines had relatively
low energy level [7]. And only in the end of the
last century — the beginning of this century, when
severe rock-tectonic bursts with the released seis-
mic energy magnitude of £ = 10%° J began to hap-
pen in mines of Russia, South Africa, Poland, and
other countries, analogy of these phenomena with
earthquakes was revealed [8, 9, 10].
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To characterize energy of earthquakes, in
seismology and mine seismicity, the concept of
seismic moment in the focus is used [9]:

Mo = GS§, (1)
where Mo is seismic moment, N-m; G is shear
modulus of rocks mass, MPa; S is fracture area,
m?; § is amount of displacement in the focus, m.

When describing low-energy rockbursts in
mines, such event parameters as the fracture area
S and the displacement value dwere not previ-
ously determined. And only when rock-tectonic
burst energy in mines got close the level of natural
earthquake energy, researchers began measuring
these parameters, by analogy with earthquakes.
Table 3 presents the mentioned parameters for
some of the severest rock-tectonic bursts in Rus-
sian mines [11]. Fig. 2 shows the geometric illus-
trations of mechanism of these rock-tectonic
bursts.

No other examples were found in domestic
mining literature, since these parameters were not
measured when examining consequences of the
events in mines.

Given the law of self-similarity of seismic
processes at different scale levels, established by
M. A. Sadovsky et al. [12], dynamic manifesta-
tions of rock pressure in mines can be considered

as seismic events in a rock mass. Extrapolating
Table 3 data, these events can be characterized by
the following parameters (Table 4).

Table 4 presents data obtained on the basis
of the law of seismic processes self-similarity at
different scale levels. In particular, it is known
[13] that in the event of large earthquakes of in-
tensity 7-8, the length of the faults reaches tens to
hundreds of kilometers, and displacements along
the faults achieve several meters. Therefore, the
parameters of rock pressure dynamic manifesta-
tions in mine workings, whose energy level is sev-
eral orders of magnitude lower than that of large
earthquakes, look quite plausible.

Knowing the characteristics of focus of dy-
namic phenomena in mines (see Table 4), one can
estimate the energy characteristics of these phe-
nomena by formula (1). Rock shear modulus G is
generally not measured when determining mining
operation details. Therefore, let us determine its
value from the well-known relationship estab-
lished in geophysics [14]:

G= L , (2)
2(1+v)
where E is rock modulus of elasticity, MPa; v —
Poisson's ratio of rocks.

Table 3

Parameters of some of the most severe rock-tectonic bursts (RTB) in mines

Event parameters Focal parameters
Mine, deposit Event date Magnitude, M. Energy class, k Dlsplacseme?t area, Displacement
,m amount, cm
Kirovsky (Khibinsky | ;5 1 1989 43 105 220 000 2_9
apatite)
Umbozero _
(Lovozersky rare 17.08.1999 5.0 11.8 =300 M 500 m = 16
250,000
metal)
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Fig. 2. Schemes of the mechanism of rock-tectonic bursts at the Kirov mine (a) and the Umbozero mine (b)
Table 4
Parameters of dynamic manifestations of rock pressure at mines
Energy parameters Focal parameters
Manifestation types Characteristic amount of .Estlmated
Energy, J Energy class, k . 2 displacement
the displacement area, m
amount, cm
Rock—tect_onlc burst, tech- 109 10%2 9_12 100,000 10
nogenic earthquake
Rockburst, pressure bump 10° - 108 5-8 100 1.0
Borehole wall failure 10° 10! 1-2 0.1 0.1
Table 5
Estimation of the magnitude of seismic moment in the focus of rock pressure dynamic manifestations
Form of dvnamic phenomena Fault/Fracture Displacement Rock shear modu- Seismic moment. t-m
y P area, m? amount, m lus, t/m? -

Rock-tectonic burst 100,000 0.1 2,400,000 2.4 -10°
Rockburst, pressure bump 100 0.01 2,400,000 2.4-108
Borehole wall failure, core disking 0.1 0.001 2,400,000 2.4-10%
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We can calculate, in particular, shear mod-
ulus for the rocks of Lovozersky rare metal de-
posit (nepheline syenites: lujavrite, urthite, foy-
aite): E = 6 - 10* MPa; v = 0.25. Shear modulus

calculated by formula (1) will amount to:

60000MPa __ 6000000t/m?
25 2.5

Now all the parameters included in formula
(1) have been determined, and the seismic mo-
ment magnitude in the focus can be used to esti-
mate the energy of rock pressure dynamic mani-
festations in mine workings. The results of such
estimations are given in Table 5.

In Table 5, the calculations were imple-
mented using the value of rock shear modulus

G = = 2.4-10°/m?.

G = 2.4 - 106 t/m?, being typical for hard rocks, in
particular, for the rocks of the Lovozersky deposit.
The obtained values of seismic moment for various
forms of rock pressure dynamic manifestations cor-
respond to those actually observed in mines, in par-
ticular, the energy characteristics of rockbursts and
rock-tectonic bursts [7] and the estimates of these
phenomena by other authors [15, 16].

The data presented allow confirming the
law of self-similarity of the seismic process at dif-
ferent scale levels, established by M.A. Sadovsky
et al. The rock pressure dynamic manifestations
in mines (rockbursts and rock-tectonic bursts,
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