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MIROSEAWA BUKOWSKA*

GEOMECHANICAL PROPERTIES OF ROCKS FROM THE ROCKBURST HAZARD VIEWPOINT

GEOMECHANICZNE WEASNOSCI SKAE. W ASPEKCIE ZAGROZENIA TAPANIAMI

Studics carried out over many ycars by the Central Mining Institute on the geological propertics of
the Coal Mcasurc rocks in the Upper Silesian Coal Basin have resulted in the acquisition of a substantial
data basc of mechanical parameters of rocks over the total strain range. Among the parameters arc the
following: peak strength or maximum stress, modulus of clasticity, drop modulus determined from the
post-pcak range of the stress-strain curve.

The post-pcak rock properties are closcly related with the peak strength and the pre-peak pro-
pertics. Hence, the relationship between the uniaxial compressive strength R, the drop modulus M, and
the relationship between the modulus of elasticity £ and the drop modulus M have been determined. The
fundamental mechanical properties of rocks described arc needed to predict the “host rock-coal scam™
system dynamic failurc (rockburst) incidence from the laboratory-based “testing machine platen-rock
specimens” system-failure experiment.

The paper considers a double roof-scam-floor system, namely, M, < Eyock (Table 1, variant 1)
and M, > Eroek (Table 1, subvariants 2a and 2b) that have been identified through the relationship
between Epo and M., A proposed classification of the liability of rocks to rockbursts based on
the M oat/Erock Index is suggested. A prognosis of the variation of the “host rock—coal seam™ system-
-failure patterns rclated to an increcase in strain rate has been elaborated, using knowledge of the
variation of drop modulus post-pcak valucs obtained for various strain rates, mostly in the 1 04107 s
range. In the paper, the possibility to usc the proposed M., 1/ E, ok index for the analysis of the triaxial
compression testing results with regard to the rockburst hazard is suggested.

Key words: rock mass, rockburst, rclationship definition, rescarch method

Budowa geologiczna, w tym litologia wraz z naturalna skfonnoscia wegla i skat ptonnych do
tapan, nalezy do czynnikoéw naturalnych wywotujacych tapnigcie. Prowadzone w Gtéwnym Instytucic
Gérnictwa wicloletnic badania wtasnosci gecomechanicznych skat, stanowiacych formacje weglonosna
Gornoslaskicgo Zagtebia Weglowego (GZW) pozwolity na zebranie bogatej bazy danych parametrow
mechanicznych skat w petnym zakresic ich odksztatcenia. Sa wsréd nich: naprezenice krytyczne, modut
sprezystosci oraz modut spadku wyznaczany z pokrytycznej czgdci charakterystyki naprezeniowo-
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-odksztatceniowcj. Wiasnosci pokrytyczne sq Sci§le zwiazanc z naprezenicm maksymalnym oraz
z wiasno$ciami przedkrytycznymi. Stad okreslono zalcznosci pomigdzy wytrzymatoscia na jedno-
osiowc Sciskanic R, a modutem spadku M skat karbonu produktywnego GZW oraz zalezno$é migdzy
modufem sprezystosci £ a modutem spadku M. Zaleznosci M= /(R ) oraz M = f (E) maja posta¢ funkcji
potggowcj o wysokich wspétczynnikach korelacji od 0,72 do 0,93 (rys. 2-6). Traktujac wegle gorno-
$laskic jako samoistnic nictapiace, przedstawiono podstawowe wilasnosci mechaniczne skat, ktore
sa niczbgdne do oceny mozliwosci zaistnicnia zjawiska dynamicznego rozpadu (tapnigcia) uktadu
,.skaly otaczajacc—poktad” jako odpowicdnika w warunkach laboratoryjnych uktadu ,,ptyty maszyny
wytrzymato$ciowcj—probka skalna™. W dalszcj czgéci przedstawiono wyniki analizy rzeczywistych
uktadow ,skaty otaczajacc—poktad” jako stabilnych lub nicstabilnych, a w konsekwencji zdolnych do
przeskoku cnergii odksztatcenia sprezystego, ktore jest jednym z mechanizméw inicjujacych tapnigcic.
Traktujac tapnigeic jako utratg statecznosci skat wokot wyrobisk gérniczych, o jego zaistnieniu
decyduja whasnodci sprezyste skat zalegajacych w stropic i w spagu poktadu (Eg,;) oraz wlasnosci
pozniszczeniowe pokiadu (Myegla). W zaleznosei od relacji migdzy Egyyy i Myegla, Wyrozniono dwa
uktady stropowo-spagowo-poktadowe, a mianowicic: gdy Myegla < Egkqt (tabl. 1, wariantl) oraz gdy
Myygpta > Egkar (tabl. 1, wariant 2a i 2b). Z uwagi na mozliwo$¢ zaistnienia dynamicznego zniszczenia
skat wokot wyrobiska za nicbezpicczny uznano uktad drugi z zastrzezeniem, Ze skaty otaczajace nic
moga ccchowac sig zbyt niska wytrzymato$cia na jednoosiowe $ciskanic, ponicwaz nic maja zdolnosci
do gromadzcenia cnergii sprezystcj o wysokicj wartosci (wariant 2b). Enercgia sprezysta skat ptonnych
wraz z whasno$ciami pokrytycznymi wegla decyduje o dynamice jego zniszczenia. Na podstawic
wskaznika M.yeg1a/Eskat przedstawiono propozycj klasyfikaciji sktonnodci do tapan. Zaproponowano
trzy przedzialy jego zmienno$ci oceniajac uktad ,skaly otaczajacc—pokiad” pod wzglgdem moz-
liwosci jego dynamicznego zniszczenia jako nicskionny badz sktonny do tapan (rozdz. 4). Korzystajac
z danych doswiadczalnych dotyczacych wartosci modutéw sprezystoéci i modutdéw spadku skat
formacji weglonosnej GZW stwicrdzono, zc z uwagi na stosunck Myeg1o/Ey) teoretycznic jest
mozliwos¢ zaistnicnia dynamicznego zniszczenia poktadu we wszystkich grupach poktadéw. Ocena
sktonnosci do tapan wymaga zatem, oprocz analizy stanu naprgzenia panujaccgo w gorotworze,
rownicz analizy konkretnych uktadow stropowo-spagowych w konfrontacji z warto$ciami paramectrow
pozniszczeniowych poktadu. W dalszcej czgsci przedstawiono oceng sktonno$ci do tapan na podstawic
wskaznika M\,co1a/Esxay W konfrontacji ze stosowanymi dotychczas nicktérymi wskaznikami skton-
nosci skat do tapan, wykazujac niczgodnosci w ocenic mozliwosci zajscia zjawiska dynamicznego
niszczenia pokfadu. Wykorzystujac zdobyta wicdzg na temat zmian wartosci modutu spadku (po-
krytycznego) M dla réznych predkosci odksztatcenia, gtownie w zakresic predkosei 1074107 57!,
wykonano prognoz¢ zmian sposobow niszczenia uktadu ,,skaty otaczajacc—poktad weglowy” ze wzro-
stcm predkosci odksztatcenia. Dokonana analiza wptywu predkosci odksztatcenia na dynamikg nisz-
czenia poktadu weglowego wykazata, iz ze wzrostem predkoscei odksztatcenia, w zakresic predkosci
odksztatcenia 1074 57! odpowiadajacej odksztatcaniu sig skat w sasicdztwic wyrobisk cksploatacyjnych
do predkoscei 107! 57!, wzrasta zagrozenic tapaniami. W artykule zasygnalizowano mozliwo$¢ zasto-
sowania proponowancgo wskaznika Myegla/Eskat W analizic wynikéw badan w tréjosiowym $ciskaniu
w aspckcic zagrozenia tapaniami.

Stowa kluczowe: gorotwor, tapnigeic, okreslenic zalezno$ci, metoda badan

1. Introduction

One of the basic natural hazards encountered in the coal and copper ore mining
industries is mine tremors and rockbursts generated in rock masses possessing high
strength parameters. Among the factors conducive to the occurrence of rockbursts,
the critical stress state of a given rock mass region induced by both natural stress
fields (geostatic and tectonic stresses) and the secondary, mining-induced stress fields
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(remnants, excessive panelling, inadequate face line advance rate, etc.), as well as the
mechanical properties of the rocks surrounding mine workings expressed by the following
parameters: modulus of elasticity, uniaxial compressive strength and drop modulus may
be cited. The laboratory-based determination of the rock’s mechanical properties can be
obtained using old-generation testing machines or the so-called “soft testing” machines
and the new generation high-stiffness presses with servo-system control capabilities. The
results of laboratory experiments form a basis for the development of various criteria of
the proneness of rock to rockbursts. In recent years, these criteria have also taken into
account the rock’s post-peak properties studied by means of stiff: testing machines
capable of yielding a complete stress-strain response describing the behaviour of rocks
in both pre-peak and post-peakphases. The stress-strain response may form a basis for
evaluating the proneness to rockbursts of the coal/country rock system, a model of which can
be evaluated through the testing machine/rock specimen interaction.

2. The testing machine-rock specimen system as a rock mass-coal seam system
analog

The earliest Upper Silesian rockburst report dates back to the year 1858 and relates to
events that occurred in the former Fanny coal mine (Gottwald, Polska and Siemianowice
mines lease cross-border arca). At that time, the rockburst phenomenon was understood
to be spalling and flaking of coal along side-walls, which were accompanied by various
acoustic events such as knocking and cracking. As the coal extraction increased and the
mining was conducted at deeper and deeper levels, the number of coal mines at risk of
rockburst also increased. Thus, the principal concept of the rockburst phenomenon was
gradually being verified. Although many rockburst definitions can be encountered in
world literature, they differ little from each other. Hereunder, I should like to illustrate
the definition with a quotation from a working group of the International Bureau of
Strata Mechanics (1979): “Rockburst is a brittle failure of the portion of a coal seam or
rock in a critical stress state, adjacent to a mine working, which occurs in conditions
when the energy release rate exceeds the ultimate rate of the irrecoverable strain-related
energy dissipation. The energy involved in the rockburst consists of the coal seam
or country rock failure-related elastic energy. The rockburst may be accompanied
by loud sounds, coal outbursts, damage to supporting structures, installations and
machines, as well as by dust and air movements. The elastic strain of the rock mass
adjacent to the failure epicentre generates seismic waves which, in the case of a strong
event, may be propagated over distances of tens or even hundreds of kilometres.”
This definition, compared with others quoted in the literature, can be taken as being
more significant because it mentions the energy release and attenuation rates, as well as
the participation in the event by both the mineral sediment seam rocks and the country
rocks.

Among the rocks, the following may, be distinguished: spontaneously bumping and
spontaneously non-bumping rocks (Filcek, Kteczek, Zorychta 1984). The coals occurring
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in the Polish coalfields can be considered to be spontaneously non-bumping, except the
cannel coal which, due to its petrographic structure and homogeneity, can be considered
to be spontaneously bumping. W. Szudcik and his team advanced the concept of the
“rockburst of the coal material” and its recurrence rate (Szuscik, Zastawny 1980;
Szuscik, Zastawny, Bobkowski 1984). W. Konopko defines the coal material liability to
rockbursts as one of the parameters, in addition to the properties of the surrounding
rocks, characterizing the bumpiness of a seam and as one of many factors contributing to
the rockburst occurrence in a mine working (Konopko 1994). Considering the rockburst
definition provided by Filcek, Kteczek and Zorychta (1984), the rockburst may be the
stability loss process of the strata adjacent to mine workings. This suggests existing of
the following rockburst mechanisms: energy jump and bearing capacity loss. The energy
Jump, 1.e., stepwise changes in the: “roof-seam-floor” system’s stability state, can be
determined by the elastic properties of the strata adjacent to a coal seam and the past failure
properties of the seam because the energy jump will be induced by the transmission of the
roof elastic energy to the seam comprising a mine working, which implies that the amount
of energy stored in the roof can be greater than that absorbed by the seam.

Considering, further on, the liability of the “roof-seam-floor” system to rockbursts,
one may relate it, under laboratory conditions, to the “testing machine platen-rock
specimen” system with respect to both the elastic properties of waste rocks determined
from the pre-peak region of the stress-strain response and the post-peak properties of
coal. From the point of view of the “testing machine platen-rock specimen” system, the
two following systems can be distinguished: (a) unstable and (b). stable, that are
dependent on the testing machine ability to receive the energy stored in the rock
specimen.

Assuming the soft testing machine stiffness value to be 0.175 MN/mm and the
rigidity of the Upper Silesian Coal Basin Carboniferous sedimentary rock specimen of
the base side and slenderness ratio equal to 50 mm and 1.0, respectively, to be ranging
from about 0.25 to 0.9 MN/mm, we may deduce that the testing machine can store more
energy than the specimen. Therefore, the “soft testing machine-rock specimen” system
corresponds to the unstable system which may dynamically lose its equilibrium because
the elastic energy stored in the testing machine will abruptly be released and converted
info the kinetic energy of the fractured rock specimen. In the second case, in order that
the rock specimen failure process should continue, an additional, external energy would
be needed. This effect can be observed by comparing the plots of force F versus strain x
of the rock specimens for the soft testing machine k; and the stiff testing machine k;
equipped with the servo-system control facility (Fig. 1).

The nature of the rock failure depends on the kinetic energy values. The kinetic
energy may be derived from the energy balance equation during the rock specimen
failure in uniaxial compression. There the strain energy both elastic and irrecoverable
can be taken into account in the pre-critical and post-critical regions of the stress-strain
relationship, which, in the case of the abrupt failure, can be expressed as (Minh 1989):

Elc = I/V]) + Eeh i Esp = Epp (2‘ 1)
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Fig. 1. Post-critical loading of the system:
a — soft testing machine-rock specimen system; b — stiff testing machine-rock specimen system

Rys. 1. Pokrytyczne obciazenie uktadu: maszyna wytrzymato$ciowa—probka przy zastosowaniu:
a — migkkiej; b — sztywnej maszyny wytrzymatosciowe;j

where:

W, — energy provided by the external load in the post-peak phase,

E,,— elastic strain energy,
E.s'p

El’l)_

— energy needed to create a new surface in the post-peak region,
irrecoverable strain energy in the post-peak region.

In the post-peak region of the stress-strain curve, the elastic energy £, stored in the
rock specimen can chiefly be converted into the energy Ej, of the new surface. Hence

Ey=W,-E,, (2.2)

The above equation reveals that the abrupt failure of a rock specimen would only be
possible if the external load-related energy in the post-peak phase were higher than the
irrecoverable post-peak yield point strain energy. Assuming that the relations defined by
the overall elastic modulus of testing machine E; and the rock specimen’s post-peak
stress-strain response curve slope defined by drop modulus M are linear, the following
equations can be obtained:

a) energy provided by loading of the machine:

it _ci (2.3)
2E,

b) energy of the post-peak irrecoverable strain:

o’ (2.4)
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Then, the kinetic energy (2.2) can be written in the following form:

_oo(M-Ey) (2.5)
YT 2EM

In order that an abrupt failure of the rock specimen shall occur, the kinetic energy
must be of a sufficiently high value, that is, the drop modulus of the rock specimen
stress-strain plot must be higher than the overall elastic modulus of the testing machine.
If the load applied to a rock specimen had the elastic modulus equal to modulus E of the
rock specimen, then the kinetic energy needed to abruptly disintegrate the specimen
might be expressed as:

_o..(M-E) (2.6)

E /
2EM

K

It follows from the above relation that in order that the rocks shall abruptly fail, their drop
modulus M must relatively be greater than the elastic modulus E of the surrounding strata.

3. Mechanical properties of rocks, in the total strain range, necessary to assess the
possibility of the occurrence of a dynamic failure of the “roof-seam-floor” system

In the current laboratory experiments, the liability of coals and rocks to rockbursts
has been estimated based on their mechanical properties determined from the pre-failure
region of the rock material behaviour characteristics during the uniaxial compression
tests. This fact arose from the lack of possibility of examining the processes taking place
in the rock specimen disintegration phase. Significant expansion of the possible rock
mechanical properties research scope became visible due to the application of the stiff
testing machines with the servo-system control facility. Of the few indices of the rock
proneness to rockbursts taking into account the rock specimen post-failure characte-
ristics, the following ones can be worth-while to note:

« rockbursts hazard mitigation index involving rock specimen’s elastic energy and

post failure disintegration energy (Krzyszton 1989; Bukowska 2000);

+ dynamic disintegration period index (Kidybinski, Smotka 1988);

- energy dissipation rate index involving rock specimen disintegration time (Bu-
kowska, Smotka 1994);

« rock disintegration dynamics index involving the pre-and post-critical properties
in the uniaxial compression tests and being defined by the ratio of Young’s
modulus and drop modulus (vide Minh 1989, vide Bukowska 1996).

The majority of the used indices of rock proneness to rockbursts can be determined
based on the pre-peak stress-strain relation. That is why they cannot be related to the
post-peak properties of rocks or mineral sediment seams that are crucial to the rockburst
generation because the process of rock mass stability loss takes place in the post-critical
region (Zorychta 1999).
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Of the many indices of rock proneness to rockbursts determined in laboratory from
the pre-peak stress-strain relation, only the energy index of susceptibility of coal
to rockbursts, Wgr (Szecdwka, Domzal, Ozana 1973) was included in the mining
regulations. The limited amount of coal material designed for laboratory investigations
(poor availability of coal and its disadvantageous structural features favouring disin-
tegration of specimens) does not always allow conducting investigations into the
determination of the coal proneness to rockbursts based on the Wgrindex. W. Konopko
defined the Wgr = f{Rc) relation as Wgp=—6.4672 + exp(1.8867 +0.0174 R¢) based on
the determination of both values using the same coal specimens (Konopko 1994).

Some researchers such as, among others, A. Kidybinski and J. Smotka question the
significant role attributed to the W index as the index of coal proneness to rockbursts
(Kidybinski, Smotka 1988).

Among the mechanical parameters being fundamental for assessing the possibility of
the occurrence of the “roof-seam-floor” system’s dynamic failure event, we can mention
the following ones:

« elastic properties of rocks adjacent to coal seams, including the elastic modulus,

» peak strength and the related elastic energy value,

» post-peak properties of coal expressed chiefly by yalues of drop modulus obtained

from the stress-strain response’s post-peak region.

Drop modulus M can be calculated either from the tangent line to a decreasing
portion of the stress-strain curve or from the respective secant in the region between the
peak strength o, and the residual stress o, corresponding to the total strain of a rock
specimen. The values of drop modulus shown further in the paper have been calculated
from the tangent of the angle of inclination of the tangent line to the post-peak
decreasing branch of the curve according to the following formula:

=58 1

MPa] 3.1
Ag

where:
Ac — stress drop in the region corresponding to the decreasing portion of
the stress-strain curve,
Ae — increase in strain corresponding to the decreasing portion of the
stress-strain curve.

Of the characteristic stress-strain parameters, the most difficult and subjective to
determine are the post-peak parameters such as drop modulus and the residual stress-
-related strain (Bukowska, Krzyszton 1994; Bukowska 1997, 2000). In particular, in
determining drop modulus, a substantial difference in its values can be made by a small
difference in values of the post-peak strain. The “testing machine platen-rock spe-
cimen” system corresponding to the “roof-seam-floor” system under natural conditions
can be considered as the latter system’s best fit model. From the point of view of the
stress jump induced by the transmission of elastic energy from the strata adjacent to
a seam to the seam, this case can be extremely dangerous and its laboratory-performed
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test easiest. Therefore, the characteristic stress-strain parameters can be analyzed based
on the results of the uniaxial compression test using perpendicular to bedding loads with
strain rates ranging from 10~> s ! to 10=3 s ~1. It corresponds to the strain rates of the
strata adjacent to mine workings (vide Kwasniewski 1986).

Many years’ experience in conducting uniaxial tests by using the MTS-810 testing
machine has led to defining a relationship between different mechanical parameters
obtaining from the pre-peak region of the stress-strain response of the rock specimens
considered to be a basis for analyzing the “roof-seam-floor” system with respect to its
proneness to rockbursts. Also, defined separately was the M =f{R,) relation for the main
waste rocks of the Upper Silesian Coal Measures. Defining a relationship between the
peak strength and the post-peak properties of rocks displayed by the stress-strain curve’s
post-peak region slope, may be of use for the primary assessment of the dynamic failure
hazard occurrence in rocks surrounding a mine working.

The relations between the parameters determined from the pre- and post-peak regions
of the stress-strain plot have been defined for the following four kinds of Carboniferous
rocks from the Upper Silesian Coal Basin: (1) sandstones, (2) mudstones, (3) claystones,
and (4) coals using a strain rate equal to 10~# s~!. The following relationships have been
derived: linear, power, exponential and polynomial, including the related correlation
coefficients and standard errors. The best relationship was considered to be the
power function due to the highest correlation coefficient and the lowest standard error.
Figs. 2-5 show the M = f(Rc) relationship described by the power regression equations
obtained based on the performed statistical analysis. Each Figure shows the plot of given
relationships, including regression equations, correlation coefficients, r, and the power
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Fig. 2. The M = f{R,) relationship for coals
Rys. 2. Zalezno$¢ M = f(R ) dla wegli
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Fig. 6. Plots of the M = f{E) relationship for coals and waste rocks from the Upper Silesian Coal Basin
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of a set, n. The M = f'(Rc) relationship is of power nature as far as both coal and strata
adjacent to coal seams are concerned with the correlation coefficients ranging from 0.78
for claystones (very high correlation value) to 0.86 for coals (Fig. 2) to 0.93 for
sandstones (almost full correlation) (Figs. 3—-5). Coals usually show high values of drop
modulus at lower values of oy,. Waste rocks, generally, attain the same values of the M
modulus mostly at higher values of the peak strength..

It follows from both theoretical and experimental studies that the rock failure process
depends on both pre- and post-peak properties of rocks (Bukowska 1994, 1997).

The M = f(E) relationships were determined based on the pre- and post-peak regions
of the stress-strain response curves for the Upper Silesian Coal Measures rocks using
2900 coal specimens (583 average values) and 25000 waste rock specimens (sandstones,
mudstones and claystones) (501 average values) (Fig. 6).

4. A proposed method for predicting the abrupt rock failure in the
“strata-seam” system

The rockburst definition takes into account the following fundamental causes leading
to the rockburst origin:

+ adequately high strength of the coal seam adjacent to a mine working (Konopko
1994) and its proneness to dynamic failure after exceeding some peak strength
value (Szuscik, Zastawny 1980; Szuscik, Zastawny, Bobkowski 1984; Konopko
1994);

o elastic energy of a coal seam or rocks within the source of failure;

« elastic energy of the host rocks mass;

+ energy release rate exceeding its dissipation rate as a result of irrecoverable strains;
Some of the rockburst-related causes may be analyzed based on the test results obtained
from the testing machine constituting an analog of the “roof-seam-floor” system.

In order that the dynamic failure of a seam shall occur, bearing in mind the
mechanical properties of rocks, there must be a relationship between the elastic modulus
of the host rock mass and drop modulus of the coal seam of the other mineral substance,
as described in Part 2 of this paper. Due to the complex geology of the Carboniferous
strata and the remnant and edge interactions and the overmining or undermining — indu-
ced destressing extent, it should be advisable in the rockburst hazard assessment to take
into account a considerable variability of the strata surrounding a mine working ranging
from 100 m above the roof of the seam to 30 m undemeath the seam (Konopko 1994).

Let us consider two cases of the relationship between the elastic modulus of the host
rock mass and drop modulus of the coal (coal pillar). When the elastic modulus of the
immediate roof rocks is much higher than the drop modulus of the coal being subject to
the process of failure (E;ock > Mcoal), the seam of low or medium strength undergoes
strain due to the load of overlying rocks. Thus parts of the seam showing the low
peak strength fail. Such conditions lead to the static failure of the seam. On the
other case, when the modulus of elasticity roof is lower than the drop modulus of coal
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(Erock < Mcog)) the “seam-host rock mass” system is behaving like a rock specimen
loaded using the soft testing machine. After the ultimate strength of the coal had been
exceeded, the dynamic effect became enhanced through the release of the elastic energy
stored in the roof. In such a case, we are faced with a dynamic model of the seam failure.

Considering the above facts, we have examined a dozen or so “roof-seam-floor”
systems from the Upper Silesian Coal Basin sites both under and not under rockburst
hazard in order to compare the real situation in the rock with the simulation system such
as the laboratory-based testing machine and a rock specimen. These systems have been
examined from the point of view of the ratio of elastic modulus of waste rocks to drop
modulus of coal while taking into account a very wide range of coal strength from 8.0 to
42.0 MPa (coal ranks from bright through semi-bright to dull). Various relations
between the compressive strength of the coal seam and host rock mass, values of the
elastic energy stored in waste rocks and the depth of coal deposition also have to be taken
into account. These factors are summarized in Table 1. The cases of M oa < Erock
(variant 1) are considered as not hazardous from the point of view of possibility of
occurrence of the coal seam dynamic failure. In such cases coal can display a wide range
of the compressive strength, from 8.0 to 26.3 MPa. These are the coals considered weak
to medium strength. The country rocks adjacent to coal seams show varying ability to
store elastic energy due to different compressive strength and different elastic moduli.
Assuming that the coal seams are chiefly underlain by the weak clayey formations, we
may distinguish, as regards the compressive strength and the kind of roof rocks, the
following 5 “roof-seam-coal” systems:

1. Very weak coal-medium-strength roof.

Weak coal-weak roof.
Weak coal-medium-strength roof.
Weak coal-strong roof.
. Medium-strength coal-strong roof.

The cases of M qa1 > E;ock (variant 2) can be related to the coal with the compressive
strength ranging from 16.7 to 42.0 MPa. We may distinguish the following two
subvariants:

2a. Mcoal > Erock:

2b. Mcoa >> Erock-

The subvariant 2a is considered to be hazardous from the physical point of view due
to the possible occurrence of the stepwise changes in the equilibrium state, which can
lead to the dynamic failure of the seam. The host rock masses adjacent to such seams
show varying abilities to store elastic energy. Among the roof-seam systems we may
distinguish with respect to strength the following types:

+  Medium-strength coal-medium-strength roof.

+ Strong coal-strong roof.

«  Strong coal-medium-strength roof.

Among the cases of Mg > Erock, WE may distinguish the following strata:

» Ruda Series (seams Nos. 416, 401, 418 of the Slask, Wujek and Myslowice coal

mines, respectively).

DI NCEN



TABLE 1

The selected roof-seam-floor systems from the Upper Silesian Coal Basin sites of both under rockburst hazard and not under rockburst hazard

TABLICA 1

Wybrane uktady stropowo-poktadowo-spagowe w Gornoslaskim Zaglebiu Weglowym w rejonach zagrozonych i niezagrozonych tapaniami

Coal mine Les Re ot et 8| e | bt | M| DR
‘ (kJ] Mand E [m]

1 2 3 4 5 6 7 8
Jankowice 410 8.0 64.6(c//m //s)/54.5(c//m) 105 9772/8847 0.10 400-600
Borynia 403/1 9.3 66.3(c)/30.3(c) 213 7350/3311 0.55 838

Makoszowy 412/1 12.4 110.7(m)/34.9(c) 240 11925/5072 0.46 500-830
Bytom I1 418 14.0 89.2(m)/ - 249 9758/ - 0.51 540
Jankowice 411/1 14.2 47.8(c)/56.6(c) 104 6112/7118 Variant 1 0.48 400-600
Knuréw 402/2 15.5 70.6(s)/ - 166 9256/ - Meoat < Erock 0.49 ~1000
Ryduttowy 713/1-2 18.8 71.5(c/ls, co)/57.8(clls) 150 8728/6726 0.78 1185
Brzeszcze 404 182 43 .2(c//m)/38.1(c) 75 5000/4672 0.8 900
Szczyglowice 403/1 18.6 68.4(c//s)/70.8(c) 169 7063/8180 0.12 650
Makoszowy 416 26.3 135.2(s)/76.0 (m) 384 12241/8578 0.83 370-950
Wujek 401 16.7 50.3(c)/41.5(c//m, s) 111 5575/5120 1.14 130
Mystowice 418 21.5 41.2(c)/31.4(c) 99 5098/4230 Subvariant 2a 1.28 500-700
Slask 416 252 35.4(c)/45.6(c) 97 6010/7058 Meoa1 > Eroex 1.69 ~700
Bielszowice 501* 20.8 46.2(c)/ - 145 6855/ - 1.56 800

eCl



cont. table 1
cd. tablicy 1
1 2 3 4 5 6 7 8
Mystowice 501* 33.1 41.9(s)/37.9(c/ls) 116 4975/4130 1.64 400-500
Bielszowice 502* 214 51.4(c//s i m)/ - 140 7252] - 1.38 800
Subvariant 2a
Polska Wirek 504* 177 51.5(c//s 1 m)/23.2(c) 116 6815/3000 Mo Eo 1.59 680
Niwka-Modrzejow 510* 30.0 | 72.8(m//sicon)/90.5(s//m) | 299 8174/10125 1.24 650
Piekary 510* 30.4 104.1(s, c)/ - 476 10356/ - 1.10 570
Wesota 510 3.5 43.0(s/ ¢, c0)/62.8(m/ c/s) 129 5957/7759 2.03 850
Grodziec 816 40.5 | 78.5(m// c,s)/81.0(m //s// c) | 240 7919/8262 2.50 500
Ziemowit 205/4 42.0 11.1(s)/ - 20 1810/ - 7.99 450-470
Subvariant 2b 350-460
Ziemowit 207 39.0 14.3(s)/ - 31 2029/ - Mooy Eooo 6.89 .
Ziemowit 215 36.3 23.6(s)/ - 46 3826/ - 3.64 364414
Ziemowit 308 26.2 28.5(c)/ - 72 2991/ - 6.13 410457
Chwatowice 404/9 31.2 53.5(c/m, 5)/56.0(c/m, s) 75 6660/6902 3.00 ~670

* The recorded rockbursts, s-sandstone, m — mudstone, ¢ — claystone, con — conglomerate, co -— coal.

Pl
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* Saddle Series (seams Nos. 501, 501/502, 504, 510 and 510 of the Mystowice,
Bielszowice, Polska-Wirek, Niwka-Modrzejéw and ZG Piekary coal mines, res-
pectively).

The 2b variant, generally, includes the following systems:

+ Strong coal-weak roof (seams Nos. 205/4,207, 215 and 308 of the Ziemowit coal
mine; seam No. 404/9 of the Chwatowice coal mine; seam No. 510 of the Wesola
coal mine).

+ Strong coal-strong roof (seam No. 816 of the Grodziec coal mine).

On comparing the above data with the list of rockbursts from coal mines and seams
recorded over a period from 1970 to 1999 and collected by Central Mining Institute, we
may conclude that in the above mentioned coal mines over that time period the rockbursts
only occurred within the coal seam group 500, composed of very thick seams and
surrounded by sandstones and mudstones able to store large amount of elastic energy,
which, if were transmitted to a seam and converted into the kinetic energy, would induce
its dynamic failure. In the other cases, the “‘seam host rock mass” system, despite the high
strength of coal, will not be in considered dangerous in terms of rockburst occurrence due
to the host rocks showing poor mechanical parameters and consequently low ability to
store elastic energy. A good example may be coal seams Nos. 205/4, 207 and 215 of the
Yaziska Series from the Ziemowit coal mine, which are lying among weak sandstones
locking ability to store high elastic energy. Below, a relationship between the elastic
modulus of host rocks and drop modulus of coal is described. The ratio Mqa1/Frock for
the examined “host rock mass—coal seam” system assumes values ranging from 0.1 to
7.99. In the case of the systems (variant 1) free of the coal seam dynamic failure
(rockburst) hazard, that is, when M. < Erock, this index can be lower than 1.0;
however, when My, > Erock, this index can be in excess of 1.0 (subvariants 2a and 2b).
From the point of view of the abilities to store elastic energy and to transmit it to a coal
seam, the most dangerous will be subvariant 2a if M a1 > Erock- However, the difference
between the values of the moduli is not significant enough to show poor elastic
properties of the host rock mass. In other words, the host rock mass can transmit great
amounts of elastic energy to a coal seam and the coal seam with respect to its mechanical
properties has a reduced ability to absorb it. In this case, the values of the Mo a1/Erock
index can be in the range from 1.10 to 1.69. However, for the subvariant 2b when
Moa1>> Erock, the values of the M ,1/Erock index can be in the range from 2.03 to 7.99.

As follows from the discussed analysis of various “roof-seam-floor” systems, a value
. of the M ya1/Erock index equal to 2.0 indicates the upper bound of the interval containing
the index values for the rockburst prone systems. The “host rock mass—coal seam”
system, above the upper bound, is considered to be non-bumping because the system
loses its energy transmission capability due to poor elastic properties of the host rock
mass.

We may conclude that the occurrence of a rockburst within the “host rock mass—coal
seam” system depends, among others, on the elastic properties of host rock mass and the
post-peak properties of coal. Table 2 shows the proposed classification of the “host rock
mass—coal seam” system’s proneness to rockbursts.
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TABLE 2
Proposed classification of the “host rock mass—coal seam” system’s proneness to rockburst
TABLICA 2

Propozycja klasyfikacji sktonnosci do tapan — uktad: gérotwoér—poktad weglowy”

M oal

> <l The “host rock mass—coal seam” system not prone to rockbursts
roc
Mo

1< Eroek <2 The “host rock mass—coal seam” system prone to rockbursts
roc

M coal

B 22 The “host rock mass—coal seam” system not prone to rockbursts
TOC

The above discussion may also refer to the other roof-seam systems outside of coal
mining industry, where the rockburst hazard exists. As an example, consider the cooper
ore mining industry where systematically recorded strong mine tremors and rockbursts
occur incurring risk to miners’ health and doing damage to mine workings.

The extensive experiment — based database allowed determining drop modulus M
variation regions for each stratigraphic unit of the Upper Silesian Coal Basin.

Fig. 7 shows drop modulus M variation regions, including the average values.

Due to large regions of variation of the elastic modulus and drop modulus, there is
a probability of the coal seam dynamic failure occurrence for an the stratigraphic units of
the Upper Silesian Coal Measures. The above statement was confirmed by a rockburst in
seam No. 209 of the Piast coal mine that occurred in 1986 and was accompanied by
amine tremor of energy £ =5 x 10°J, and by a rockburst in seam No. 414/1 of the Slask
coal mine that occurred in 1993 and was accompanied by a mine tremor of energy

group 600 M=10,8 %

GPa

group 500 M =117
GPa

group 400 M =7,6
GPa

group 300 M =28,6
GPa

group 200 M =143
GPa

T T T T T T T

0 5 10 15 20 25 30 35 40 45
M (GPa)

Fig. 7. Drop moduli of coal from the Upper Silesian Coal Basin
Rys. 7. Moduty spadku wegli Gornoslaskiego Zagtebia Weglowego
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E =4 x10° J. Thus, we may conclude that an estimate of the liability to rockbursts
requires analyzing each case of the “roof-seam-floor” system with respect, among others
to the rock stress-strain relationship examined in total strain domain. Considering the
mechanical properties of rocks, the rockburst prevention requires performing special
operations both in a coal seam and in the host rock mass, aimed to change the
stress-strain behaviour of rock.

5. Assessment of the host rock mass — coal seam system’s proneness to
rockbursts according to selected geotechnical drilling data in comparison with
the related current laboratory methods

The Mcoal/Erock Index has been compared with certain indices of the coal and waste

rock proneness to rockbursts. Among them we may number the following ones:

» energy index of susceptibility of coals to rockbursts Wgr,

+ index of potential elastic energy PES,

» rock mass number L, that takes into account the properties of rocks up to 100 m
above the seam and up to 30 m beneath the seam, which is essential from the
rockbursts hazard state point of view (Konopko 1994; Dubinski, Konopko 2000).

The comparison between the estimates of the rock proneness to rockbursts performed

based on the above — mentioned indices was preceded by the mechanical properties —
related characteristics of waste rock and coal (Tables 3, 4) and by the rock mass
characteristics showing the role of dominant Carboniferous rocks played in the Upper
Silesian Coal Basin geology (Figs. 3-9).

TABLE 3
Coal characteristics of seams Nos. 713/1-2, 501/510, 404/9
TABLICA 3
Charakterystyka wegli poktadow 713/1-2, 501/510 i 404/9
Coal characteristics Seam No. 713/1-2 | Seam No.501/510 Seam No. 404/9
Lithotype of coal brigbt . e Semi:::}%};:r?;:tdu“
and semibright and dull itibeeailt s
Depth of coal seam 1185 m ~850 m ~670 m
Thickness of coal seam 2.67m 10.8 m 1.72 m
Uniaxial compressive strength R,. 18.8 MPa 31.5 MPa 31.2 MPa
Elastic modulus £ 1291 MPa 2 634 MPa 2 369 MPa
Drop modulus M 6 685 MPa 12 949 MPa 20 222 MPa
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TABLE 4
Characteristics of rock masses adjacent to coal seams Nos. 713/1-2, 501/510 and 404/9
TABLICA 4
Charakterystyka skat otaczajacych poktady 713/1-2, 501/510 i 404/9
Host rock masses 1
Characteristics of host rock masses Seam Seam Seam
No.713/1-2 No.501/510 No.404/9
Uniaxial compressive strength of roof rocks R,. 71.5 MPa 44.8 MPa 53.5 MPa
Uniaxial compressive strength of floor rocks R, 57.8 MPa 62.9 MPa 56.0 MPa
Elastic modulus of waste rocks £ 8 609 MPa 6 375 MPa 6721 MPa
Potencial elastic energy index PES 150 kJ 129 kJ 75 k]

The following coal seams and adjacent rock masses with respect to their proneness to
rockbursts have been taken into account:
+ seam No. 713/1-2 of the Rydultowy coal mine (boreholes Nos. G-38/2000,
G-19/95, G-22/95);

« seam No. 501/510 of the Wesola coal mine (boreholes Nos. G-704/2000,
G-714/2000);

« seam No. 404/9 of the Chwatowice coal mine (boreholes Nos. G-695/2000,
G-693/2000). ‘

The rock mass characteristics according to the following core drilling data are
described as follows:

1. Boreholes Nos. G-38/2000, G-19/95 and G-22/95 of the Ryduttowy coal mine.

In the sedimentary complex overlying and underlying the coal seam No. 713/1-1 up
to 100 m and 30 m, respectively, 17 layers, each less than 1.0m thick, have been found,
which was 37% of the total number of 46 layers. In the vertical profile, the sandstone and
mudstone beds ranging from 0.36 m to 9.0 m thickness amount to 27% of the total
thickness of the complex. No sandstone and mudstone beds of thickness in excess of
10 m have been found. This ground is lithologically varied. No excavations have been
carried out up to 100 m above the coal seam. Fig. 8 illustrates the percentage shares of
lithologic forms in the host rock mass complex, according to the core drilling data
obtained from boreholes Nos. G-38/2000, G-19/95 and G-22/95.

2. Boreholes Nos. G-704/2000 and G-714/2000 of the Wesota coal mine.

The sedimentary complex composed of 44 layers includes 7 layers of less than 7 m
thickness. The strata surrounding the coal seam predominantly comprise the arenaceous
sediments (sandstones and mudstones) constituting 58% of the rock mass. Among
the sandstones the following ones have been found: fine-grained, medium-grained,
coarse-grained and conglomerates of thickness ranging from 0.7 to 11.3. In the roof of
seam No. 510, up to 100 m, two sandstone beds, each more than 10.0 m thick can be
found (one bed 11.3 m thick, R. = 54.0 MPa, around 15 m spaced; another bed 11.0 m
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coals mudstones
0,

(]

- sandstones -
23% .

Fig. 8. Share of Carboniferous rocks in the geological cross-section comprising coal seam No.713/1-2

Rys. 8. Udziat skat karbonskich w profilu pionowym wzgledem poktadu 713/1-2

thick, R, = 52.6 MPa, around 80.0 m spaced). Because sandstones and mudstones series
constitute a large part of the complex, a coefficient & = 1.0 (Konopko 1994) was used in
the calculation of the potential elastic energy index PES. The PES values showed that the
host rock masses were highly prone to rockbursts. The rock mass quality was estimated
to be weak/medium strength — the ROD index was 49%. No mining operations have so
far been conducted in the roof up to 100 m.

Fig. 9 illustrates the percentage share of Carboniferous rocks in the vertical profile up
to distances of 100 m above coal seam No. 510 and 30m below the seam calculated based
on the core drilling data obtained from boreholes Nos. G-704/2000 and G-714/2001.

mudstones

coals
13%

Fig. 9. Share of Carboniferous rocks in the geological cross-section comprising coal seam No. 501/510

Rys. 9. Udziat skat karbonskich w profilu pionowym wzgledem poktadu 501/510

3. Boreholes Nos. G-695/2000 and G-693/2000 of the Chwalowice coal mine.

In the sedimentary complex 42 layers, each less than 1.0 m thick, have been found,
which was 53% of the total number of 80 layers. This complex is highly stratified and
lithologically varied (more than 10 alternately deposited rock layers) with the 50% share
of the sandstone and mudstone beds. The determined rock quality designation index
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coals sandstones
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siltstor
62%

mudstones
19%
Fig. 10. Share of Carboniferouse rocks in the geological cross-section comprising coal seam No. 404/9

Rys. 10. Udziat skat karbonskich w profilu pionowym wzgledem poktadu 404/9

ROD = 53% indicates, according to Deere classification, a weak/medium strength rock

mass. Fig. 10 illustrates the percentage share of lithologic forms in the rock mass

complex comprising coal seam No. 404/9 according to the core drilling data obtained
from boreholes Nos. G-695/2000 and G-693/2000.

TABLE 5

Summary of the index of rock proneness to rockbursts W, and the assessment of rockburst hazard state

TABLICA §

Wskazniki sktonnosci skat do tapan wraz z oceng stanu zagrozenia tapaniami

Information on the

L classification and the
o assessment of rockburst
hazard state

H/L'"T PES Mcoal/E

rock

Coal seam No. 713/1-2 and host rock mass

2.32 150 kJ 0.78
Coal slightly Rocks ’ Less than 50 | Coal seam No.713/1-2 not
ol System not prone
prone to significantly prone No rockbursts under rockburst hazard
to rockbusrts
rockbursts to rockbursts

Coal seam No. 501/510 and host rock mass

5.21 129 kJ 2.03 Coal seam No. 510 under
. More than 50
Coal heavily Rocks System prone/not Reoskhiissts III degree of rockburst
prone to significantly prone prone to hazard throughout the
occur v
rockbursts to rockbursts rockbursts whole mine

Coal seam No. 404/9 and host rock mass

3.68 75k 3.0
Coal slightly Rocks slightly ) Less than 50 | Coal seam No. 404/9 not

stem not prone
prone to prone to 8y P No rockbursts under rockburst hazard
to rockbursts
rockbursts rockbursts
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In Table 5 are summerized the values of selected indices of rock proneness to
rockbursts and the assessment of rock proneness to rockbursts.

For the two cases mentioned above, namely, (a) coal seam No. 404/9 of the
Chwatowice coal mine and (b) coal seam No. 713/1-2 of the Ryduttowy coal mine, the
assessment of coal proneness to rockbursts based on the Wgt index approved by mining
authorities, classifying it among the “coal slightly prone to rockbursts” does not agree
with the assessment of proneness to rockbursts of the “host rock mass—coal seam”
system obtained based on the M q.1/E ok index, classifying it among the “system not
prone to rockbursts”. The lack of rockbursts hazard can be confirmed by the so-called
“rock mass number Lg” index which is 50 for the analyzed systems and considered to be
an ultimate value above which rockbursts occur. In the case of the roof-seam-floor
system applied to coal seam No.501/510 of the Wesota coal mine, the M qa1/Erock Index
assumes a value of 2.03. It means that the system is in the neighbourhood of the two
following classes: (a) prone to rockbursts and (b) not prone to rockbursts. Because of
a substantial share of the sandstone and mudstone beds in vertical profiles of the
(G-704/2000 and G-714/95 boreholes, amounting to more than 50%, the L index can be
in excess of 50, which according to W. Konopko classification scheme, indicates
a rockburst hazard (Konopko 1994).

6. Influence of strain rate on the host rock mass—coal seam system’s
proneness to rockbursts

There are well known, often controversial, opinions on the variation of drop modulus
M with an increase in strain rate €. According to some opinions, an increase in strain rate
leads either to an increase (Bieniawski 1970) or to a decrease (Peng 1970) in drop
modulus. The uniaxial compression tests with a strain rate ranging from 1074 s7! to
10-! s7! conducted by the Central Mining Institute using a stiff testing machine confirmed
the ambiguous behaviour of rocks in the stress — strain curve post — peak region
(Bukowska 1996). This behaviour can be defined as follows:

(1a) drop modulus for coal, R, lying in the range between 14.0-20.0 MPa increases
with the increase in strain rate by a value of 100%,

(1b) drop modulus for coal, R., lying in the range between 20.0—40.0 MPa either
decreases with the increase in strain rate equal to 30% to 45%, averaging about 40%,
or does not vary for certain kinds of coal (certain dull coals).

Elastic modulus E for the investigated Carboniferous clastic rocks from the Upper
Silesian Coal Basin varies as follows (Bukowska 1996):

(2a) claystones — the increase in elastic modulus £ lies in the range between
15-32%, averaging about 20%,

(2b) sandstones, conglomerates and partly mudstones — no influence of the strain
rate on the elastic modulus has been found.

Considering the information above, the prognosis of the failure manner varia-
tion for the “host rock mass—coal seam” system with the increase in strain rate has



132

been accomplished in the range from 10~ s~! corresponding to the strain of rock
mass adjacent, to mine working to 10! s! corresponding to the rockburst incidence
(1072 to 102 s71) (vide Kwasniewski 1986).

Example 1
TABLE 6

Influence of strain rate on the “host rock mass—coal seam” system’s proneness to rockbursts according
to the core drilling data obtained from borehole No. G-38/2000, coal seam No. 713/1-2, Ryduttowy coal
mine

TABLICA ¢

Wptyw predkosci odksztatcenia na sktonno$¢ do tapan uktadu ,,skaly otaczajace—poktad weglowy”
wedhug otworu G-38/2000 w KWK Ryduttowy, poktad 713/1-2

E.s.x = 8609 MPa B =078
R 18.8 MPa | Up to 100 m above coal seam Meoa/Erocc =
o A g ccoal = (variant 1)
e=10"s and up to 30 m beneath
M., = 6685 MPa ) The system not prone to
coal seam. Siltstones il
composition —66% o
|, | Meu=13370 MPa E,ou = 10 330 MPa Meoa/Ero= 1.29
e=10" s~ ) ) (subvariant 2a)
T by 100% (point 1a) T by 20% (point 2a) The system prone to rockbursts

As follows from the above example, the “host rock mass—coal seam” system passes
from the not prone to rockbursts state M ga1/Erock< 1 to prone to rockbursts state
1 € Meoal/Erock < 2.

Example 2
TABLE 7

Influence of strain rate on the “host rock mass—coal seam” system’s proneness to rockbursts
according to the core drilling data obtained from borehole No. G-704/2000, coal seam No. 501/510,
Wesota coal mine

TABLICA 7

Wplyw predkosci odksztatcenia na sktonno$¢ do tapan uktadu ,,skaty otaczajace—poktad weglowy™
wedtug otworu G-704/2000 w KWK Wesota, poktad 501/510

= 6375 MPa
rock =
Up to 100 m above coal seam Meoat Evoc il
R coa=31.5 MPa (subvariant 2b)
g=10"*s" and up to 30 m beneath coal
M. . =12 949 MPa seam. Sandstone and mudstone The system not prone to
beds composition — 58% roplcbursts
M =7771 MPa E,ox = 6375 MPa Moo/ Eroer= 1.22
O | :
e=10""s i . (subvariant 2a)
1 by 40% (point 1b) (point 2b) The system prone to rockbursts
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As follows from the above example, the “host rock mass—coal seam” system passes
from the not prone to rockbursts state M.y,1/Erock = 2 to prone to rockbursts state
1£ Mcoal/Erock L

Example 3
TABLE 8
Influence of strain rate on the “host rock mass—coal seam” system’s proneness to rockbursts

according to the core drilling data obtained from borehole No. G-695/2000, coal seam No. 404/9,
Chwatowice coal mine

TABLICA 8

Wptyw predkosci odksztatcenia na sktonnos¢ do tapan uktadu ,,skaly otaczajace—pokiad weglowy”
wedhug otworu G-695/2000 w KWK Chwatowice, poktad 404/9

E, 4 =6721 Mpa
U e p Mcoal/Erock =3.00
R =31.2 MPa p to 100 m above coal seam :
e el ¢ coal (variat 1)
e=10"s and up to 30 m beneath coal
My =20 222 MPa i The system not prone to
Siltstones — 62% raekbursts
M, =12 133 MPa E, . = 8064 MPa Meoal E o= 1.50
e=10"s" ] ) (subvariant 2a)
¥ by 40% (point 1b) T by 20% (point 2a) The system prone to rockbursts

As follows from the above example, the “host rock mass—coal seam” system passes
from the not prone to rockbursts state Mgai/Erock = 2 to prone to rockbursts state
1 < Mcoal/Erock < 2.

From the analysis of the influence of the strain rate in uniaxial compression on the
proneness of the “host rock mass — coal seam” system to rockbursts, we may conclude
that the rockburst hazard increases with the increase in strain rate in the 104 s~! to
107! s71 range.

7. Influence of the confining pressure on the M ,,//E ok index value

Triaxial compression tests have been carried out in a 70 MPa high-pressure chamber.
The chamber allows conducting tests in conditions of 70 MPa confining pressure.
To determine the M y,1/E ock index value for the “rock mass—coal seam” system, the
sandstones overlying coal seam No. 502/1I of the Polska-Wirek coal mine and the coal
from this seam have been tested. Table 9 shows values of the peak strength, drop
modulus for coal and elastic modulus for sandstones. It should be noted that these values
were determined from the tests on speciments with a strain rate of 10~# s~! performed
in a manner similar to those using the uniaxial compression technique previously
discussed.
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TABLE 9

Mechanical parameters for coal and sandstones obtained from triaxial compression tests.
Coal seam No. 502/11, Polska-Wirek coal mine

TABLICA 9

Parametry mechaniczne wegla i piaskowca drobnoziarnistego w tréjosiowym $ciskaniu —
KWK Polska Wirek, poktad 502/11

Confining pressure Seam No. 502 coal Roof sandstone M oot/ E oot rock

Gy, = 45.0 MPa oy = 126.7 MPa

p= 0MPa 1.63
M =40 250 MPa E =24 634 MPa
o4 = 56.2 MPa 6= 177.1 MPa

p=10MPa 1.95
M =27 944 MPa E=14339 MPa
;.= 113.4 MPa ;.= 231.4 MPa

p =20 MPa 1.93
M=125233 MPa E=13102 MPa
o, = 128.1 MPa o, = 310.7 MPa

p =30 MPa 1.47
M=22 813 MPa E=15567 MPa
o, = 147.8 MPa 6, = 379.1 MPa

p=50MPa 1.25
M= 18 530 MPa E=14798 MPa

The values of confining pressure correspond to the following coal seam deposition
depths: ~400, ~800, ~1200 and ~2000 m. The latter value considerably exceeds the
current depth of mining in the Upper Silesian Coal Basin area, but because the mining
operations are getting deeper and deeper into the ground, it allows predicting the values
of rock mass parameters for depths greater than 1200 m.

Figs. 11 and 12 shows the relationships oy, = f(p), M = f(p) for sandstones and coals,
respectively. These relationships are defined by the second order polynomial function of
the form y = ap? + bp + ¢ with very high correlation coefficients ranging from 0.97 to
0.99, where p is the confining pressure.

The triaxial compression tests on sandstone and coal specimens showed an increase
in peak strength with an increase in confining pressure (p = 20 MPa and p = 50 MPa) by
an amount of 64% for sandstones and 30% for coals, which is lower than in the case of
granite where the difference between the respective values of confining pressure may be
100% (LiH. and Li T. 1999). As follows from Fig. 12, the values of drop modulus M,
decrease with an increase in confining pressure.

It is worth-while to comment upon the M q,1/E\o0f index values obtained based on
the triaxial compression test data using a strain rate of 10 s7! and the pressures in
the 0-50 MPa range (see Table 9). The values of the index corresponding to the
respective values of confining pressure are contained in the (1-2) range as defined by
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Fig. 11. Relationship between the peak strength and the confining pressure for sandstone and coal.

Coal seam No. 502/1I, Polska-Wirek coal mine

Rys. 11. Zaleznos¢ naprezenia krytycznego od ci$nienia okélnego dla piaskowca drobnoziarnistego
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Fig. 12. Relationship between drop modulus and the confining pressure for coal.
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M, S L . .
1< —<9l <2 which implies that the “rock mass—coal mine” system (subvariant 2a —
rock

Table 1) will be prone to rockbursts (Table 2).

8. Concluding remarks

The majority of the widely used indices of rock proneness to rockbursts can be
determined for coal and host rock mass separately from the pre-peak region of the
stress-strain plot. Thus cannot be related to the post-peak properties of the rock and coal
seam which play a crucial role in rockburst generation because the process of stability
loss takes place in the post-failure region. Therefore, in determining the rock proneness
to rockbursts, we suggest that the “host rock mass—coal seam” system should be
simulated by the testing machine — rock specimen interaction. Among the mechanical
parameters, the elastic modulus of the host rock mass and drop modulus of the coal seam
can be fundamental for the “rock mass—coal seam” system analysis involving prediction
of the coal seam dynamic failure (rockburst) incidence.

The accomplished analysis allows coming to the following conclusions:

1. Many years’ studies on mechanical properties of the Coal Measures’ sedimentary
rocks from the Upper Silesian Coal Basin using a stiff, servo-controlled testing
machine have allowed us to define the relationship between drop modulus of the
stress-strain curve’s post-peak portion and the peak strength. The relations for such
kinds of rocks as siltstones, mudstones, sandstones and coal are of the form of power
function with very high correlation coefficients.

2. In the case of the required initial evaluation of a relationship between the elastic
modulus for waste rocks and drop modulus for coal, the relationships defined in Part
3 may be of use. However, the results of the study should be laboratory supported
using a stiff, servocontrolled testing machine in order to determine the strees-strain
response parameters in the total strain range of a rock specimen. Owing to the
complex phenomena taking place in the rock and a great number of rockburst —
related factors, the assessment of the rock proneness to rockbursts should not be
generalized because it requires the analysis of the mineral sediment in the area under
rockburst hazard and so the analysis of each case of the “roof-seam-floor” system,
taking into account, among others the rock stress-strain response parameters in the
total strain range would be required.

3. As follows from the analysis of the “roof-seam-floor” systems, if Mcoal < Erocks
the system behaves as a stiff testing machine and the seam is not exposed to the
hazard of dynamic failure. However, if M qa > E;ock, then the Mcga/Erock ratio is in
excess of 1.0. In this case, the “host rock mass—coal seam” system behaves as a soft
testing machine and we face the coal seam dynamic failure event. The practice shows
(see Table 1) that to some extent, the probability of incidence of the coal seam
dynamic failure phenomenon could be reduced. To this end, the host rock mass must
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show the elastic properties closely related to the post-failure properties of the seam,
which implies that the M, )/Erock 1atio should only little be in excess of 1. Three
regions of the M y,1/Erock index variation are proposed by classifying the “host rock
mass-coal seam” system with respect to its dynamic failure probability into either not
prone to rockbursts or prone to rockbursts (see Part 4). The values of the M qa1/Erock
index were compared with the rock mass number Ly, for definite cases, and it was
found that the assessments of rock proneness to rockbursts defined from both indices
were consistent. On the other hand, no consistency has been found when the
assessments of rock proneness ro rockbursts defined from the afore-mentioned
indices were compared with the corresponding assessment defined from the currently
used and recognized by mining authorities index of natural proneness to rockbursts
Wer.
. The Myoa/Erock index, in addition to coal properties, takes into account the par-
ticipation of each kind of rock layer defined by the elastic properties, which allows to
identify the seismogenic layers, i.e,. The layers that are able to store large amounts
of elastic energy which, when converted into the kinetic energy, can play an essential
role in the rockburst hazard of mine workings.
. As follows from the performed analysis of the influence of the strain rate on the coal
seam failure dynamics, the rockburst hazard increases with an increase in the strain
rate in the (10~ to 107! s71) range.
. The triaxial compression tests (confining pressure ranging from 0.0 to 50.0 MPa) on
rock specimens from the “rock mass-coal” system have confirmed the increase in
peak strength and revealed a decrease in drop modulus M, for coal with an increase
in confining pressure. The value of the M ,1/E;ock index for coal seam No.502 of the
Polska-Wirek coal mine, obtained from the triaxial tests, is contained in the range
pertaining to the rockburst prone “rock mass—coal seam” system (part 4). This was
confirmed by the real mining situation where in the workings of coal seam No. 502
four rockbursts were recorded in the period 1970—1999. Due to the limited scope of
studies and the related ambignous results, these relationships should be considered
to be approximate. Further studies on the above problems conducted by the authoress
are currently under way at the Central Mining Institute.
. The M oa/Erock Index taking into account simultaneously the post-peak properties of
coal and elastic properties of waste rocks can be a new measure of the rock mass
proneness to rockbursts. However, the studies on the assessment of rock proneness to
rockbursts require further developments that should take into account, among others:
« shape (slenderness) of rock specimens,
 strain rates approximately corresponding to rockburst phenomena,
« mineral sediment seam structure and
« rock mass stresses, in order to gain insight into the stress states the generate
rockbursts.
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