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MIROSEAWA BUKOWSKA *

THE INFLUENCE OF STRAIN RATE ON INDICES OF ROCK BUMP SUSCEPTIBILITY

WPLYW PREDKOSCI ODKSZTAELCENIA SKAE NA WSKAZNIKI SKEONNOSCI SKAL
DO TAPAN

The indexes of rock susceptibility to bumps, which can be determined from uniaxial
compression of rock samples in a stiff testing machine have been determined. Experiments
have been carried out at kinematic control with longitudinal strain rate ranging between
10™* to 107 's™!. The results have been obtained in the form of a complete stress-strain
characteristic. On this basis indexes of rock susceptibility to bumps have been defined. The
stress, strain, stress-strain and energy indexes have been determined. Attention has been
paid to the indexes defined from the pre-critical part of the stress-strain characteristic as well
as the indexes defined from the pre- and post-critical parts of the characteristic.

The influence of strain rate on the indexes of rock susceptibility to bumps for all kinds
of Carboniferous rock occurring in the Upper Silesian Coal Basin has been analysed with
respect to the whole population of rock samples.

The obtained results have been referred to the bump prevention measures in two
extreme cases: a weak seam under a strong roof or a strong seam under a weak roof.

Key words: stress strain characteristics, pre- and post-critical rock properties, strain rate,
bump prevention.

W pracy okreslono wskazniki sktonno$ci skal do tapan, ktore mozna uzyskaé na
podstawie badan jednoosiowego Sciskania probek skalnych w sztywnej maszynie wy-
trzymatosciowej.

Badania cksperymentalne prowadzono w sztywnej maszynie wytrzymatosciowej
MTS-810 przy wymuszeniu kinematycznym za pomoca predkosci odksztalcenia podiuz-
nego w zakresic predkosci odksztatcenia 10~*—1071,s~ ! (Bukowska, 1996). W badaniach
uwzgledniono wszystkie rodzaje skat karbonskich formacji weglonosnej Goérnoslaskiego
Zaglebia Weglowego: zlepience, piaskowce, mutowce, itowce, wegle. Dla kazdego rodzaju
skat przebadano po kilkadziesiat probek laboratoryjnych (tablica 1). Wyniki badan
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uzyskiwano z wykresu komputerowego w postaci catkowitej charakterystyki naprezenio-
wo-odksztalceniowej, na podstawie ktorej okreslano wskazniki sklonnosci skal do tapan.
Wyrézniono wskazniki naprezeniowe, odksztalceniowe, naprezeniowo-odksztalceniowe
i energetyczne (wzory: 4.1—4.6).

Dla okreslenia wptywu predkosci odksztalcenia skaty na wiclkosci charakteryzujace
wrazliwosci skal do tapan i wskazniki sklonnosci skat do tapan zastosowano analizg
statystyczna, przy uwzglednieniu calej populacji probek (538 probek — tab. 1). Dla kazdej
zaleznosci y = f(#) i dla kazdej probki skalnej okreslono wspotezynniki korelacji. W przypad-
ku gdy byla mozliwo$¢ grupowania probek skalnych danego rodzaju skal, tzn. gdy
korelacja badanej zaleznosci y = f(&) dla grupy probek skalnych byla istotna na przyjetym
poziomie prawdopodobienstwa 0,05, okreslano dla calej grupy danego rodzaju jedno
rownanie regresji. W przeciwnym przypadku podawano rownania regresji dla poszczego6l-
nych zaleznosci dla kazdej probki oddzielnie.

Otrzymane rownania regresji przedstawiaja zaleznosci badanego parametru od predko-
sci odksztalcenia skaty (rys. 5.1—5.6).

Analiza statystyczna wykazala, ze niektore parametry wykazuja zaleznosci od predko-
sci odksztalcenia tylko dla pewnych typow skatl.

Istotnym wynikiem analizy statystycznej jest wykazanie, ze wskazniki sktonnos$ci skat
do tapan, okreslone na podstawie przedkrytycznej czesci charakterystyki naprezenio-
wo-odksztatceniowej: wskaznik potencjalnej tapliwosci K, energetyczny wskaznik sktonno-
sci do tapan na granicy wytrzymatosci Wy, oraz wskaznik zagrozenia tapaniami W, nie
zaleza od predkosci odksztalcenia skal w badanym zakresie 1074 —107",s™ '

Zwrocono uwage na wskazniki sktonnosci skal do tapan, ktore zaleza od predkosci
odksztalcenia: wskaznik potencjalnej energii sprezytej PES, wskaznik dynamiki rozpadu
A 1 wskaznik ostabienia tapnigcia W,,. Wskaznik potencjalnej energii sprezystej wykazuje
wzrost wraz ze wzrostem predkosci odksztalcenia dla wszystkich badanych typow litologicz-
nych skal. W przypadku piaskowcow (rys. 6.1a) i wegli wystgpuje wyrazne zréznicowanie
warto$ci PES dla skal pochodzacych z roznych kopaln. Natomiast itowce, mulowce
i zlepience wykazuja jednakowe zmiany dla wszystkich probek, bez wzgledu na miejsce
pobrania (rys. 6.1b). Wskaznik dynamiki rozpadu maleje wraz ze wzrostem predkosci
odksztalcenia dla wegli, ifowcow i mulowcow, przy czym wystepujace zaleznosci sa
jednakowe dla wszystkich probek tego samego typu litologicznego skaly (rys. 6.2).
Wskaznik ostabienia tapnigcia zalezy od predkosci odksztatcenia skaty tylko dla mutowcow
i wegla, wykazujac analogiczne zmiany dla catego typu litologicznego skaly (rys. 6.3).

Do wskaznikow sklonnosci skal do tapan zaliczano rowniez naprezenie krytyczne
(dorazna wytrzymatos¢ na sciskanie), jako najbardziej charakterystyczna wlasnos¢ skal,
ktéora mozna okreslic w warunkach kopalnianych.

Dla globalnego przedstawienia wynikow badan skonstruowano trojwymiarowy wykres
warstwowy, na ktorym pokazano zmiang¢ wartosci poszczegdlnych energii wlasciwych wraz
ze wzrostem predkosci odksztatcenia. Dla przyktadu zataczono histogramy dla wegli (rys.
7.1) i dla mulowcow (rys. 7.2), gdyz pozostale typy skat wykazujg podobne tendencje zmian.
Trojwymiarowe histogramy obrazuja nie tylko wptyw predkosci odksztatcenia na badane
energie, ale rOwniez przedstawiaja wzglgdne wartosci poszczegdlnych energii w stosunku do
energii catkowitej.

Na analogicznych histogramach przedstawiono wskazniki sktonnosci skat do tapan dla
wegli (rys. 7.3) i dla mutowcow (rys. 7.4). Wskaznik o, i PES wyraznie wzrastaja, natomiast
wskaznik 1 i W, ulegaja zmniejszeniu wraz ze wzrostem predkosci odksztalcenia skaty,
jednakze szybko$¢ zmiany poszczegélnych wskaznikow zalezy od rodzaju skaty.

Wyniki badan odniesiono do zagadnien profilaktyki tapaniowej w dwoch skrajnych
przypadkach: zalegania stabego pokfadu wegla pod mocnym stropem lub mocnego poktadu
wegla pod stabym stropem.
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We wnioskach zestawiono wyniki badan. Koncowym wnioskiem jest stwierdzenie, ze
zapobieganie tapaniom wymaga analizy poszczegélnych przypadkow zalegania ukladu:
poktad-strop, a nastgpnie stosowania odpowiedniego kiecrowania zarbwno postepem frontu
eksploatacyjnego dla wywotania odpowiedniej predkosci odksztalcenia skal, jak rowniez
kontroli stropu dla zmniejszenia magazynowanej energii przez wymuszone zawaly lub
nawilzanie skal stropowych.

Stowa kluczowe: charakterystyka naprezeniowo-odksztalceniowa, przed- 1 pokrytyczne
wilasnosci skal, predkos¢ odksztalcenia, profilaktyka tapaniowa.

1. Introduction

The prediction of bumps is very difficult as this phenomenon depends on
many factors: natural geological conditions (lithology, tectonics), geomechanical
conditions (distribution of stresses around workings), on mining method (impact
machines or blasting) and also on the stress-strain properties of rocks. These
properties are determined in lab conditions on compact rock samples and then
adapted to rock masses with regard to the rock structural softening caused by
natural conditions.

The susceptibility of rocks to bumps had been determined on the basis of a few
parameters defined from stress-strain characteristics in the so-called ,soft” testing
machines where only the increasing part of the characteristics describing the
pre-critical rock properties is obtained. Various criteria of rock susceptibility to
bumps resulted from the laboratory analyses. Recently, these criteria have also
covered the post-critical rock properties obtained from the decreasing part of the
characteristic registered in the stiff testing machines. With the stiff testing machines it
is possible not only to acquire the complete stress-strain characteristic, but also to
make tests with a constant strain rate.

In the paper the measurement material obtained from tests in a uniaxial state of
stress for the basis type of Carboniferous carbonous rocks of the Upper Silesian Coal
Basin, i.e. conglomerates, sandstones, mudstones, siltstones and coals are given. The
stress-strain and energy parameters have been determined for the following strain
rates: 1x107% 2x1073, 2x 1072 2x 10" 1,s™ L

Based on the experimental results, the analysis of the influence of the rock strain
rate on the parameters characteristing the rock susceptibility to bumps has been
carried out, in that:

e index of potential bumping,

« index of potential elastic energy,

o index of rock susceptibility to bumps at strength limit,

o index of bump hazard,

o index of bump softening,

 index of dynamic failure.



26

2. Experimental

The tests of rock destruction process were carried out in a stiff testing machine
MTS-810 with a possibility of servo-control. The control parameter of the
experimental was the longitudinal strain rate.

The experiments have been performed for five types of sedimentary rocks of the
productive Carboniferous in the Upper Silesian Coal Basin. Rock samples were taken
from the strata in the regions threatened and non-threatened with bumps (Table 1).

TABLE 1
Type of rocks and place of sampling
Bump
Depth of h d Number
Type of rocks| Name of mine Place of sampling | deposition " az]ar . of
o classi-
[m] fication samples

conglomerate | Niwka-Modrzejow | seam roof 510 640 + 16
Knurow seam roof 417/1 850 — 19
sandstone Staszic seam roof 352 530 - 25
Grodziec seam roof 816 550 — 21
Piast seam roof 207 600 + 19
Knuréw seam roof 402/2 850 — 23
Pokoj seam roof 504 700 + 26
mudstone Jan Kanty seam roof 334 100—350 == 30
Pokoj seam roof 510 800 + 29
Krupinski seam roof 340 820 — 26
Anna seam roof 713/1—2 820 + 18
siltstone Grodziec seam roof 816 550 — 17
Slask secam roof 416 650 + 16
Slask seam floor 416 660 + 15
Slask - seam roof 414 700 + 17
Krupinski seam roof 340 820 — 18
coal Knurow seam 402/2 850 — 23
Czeczott seam 209/1 600 + 27
Slask seam 416 650 + 19
Ziemowit seam 209 670 + 21
Rozbark seam 507/510 700 + 23
Nowy Wirek seam 502 765 + 20
Niwka-Modrzejow seam 620 170—300 — 20
Grodziec seam 816 550 — 24
Niwka-Modrzejow seam 510 640 + 26

On the whole, 538 samples were tested: 34 conglomerate samples, 114 sandstone
samples, 103 mudstone samples, 83 siltstone samples, 203 coal samples.

In laboratory tests, the cubic rock samples of 50 mm side were used. They were
tested in a uniaxial state of stress according to the standard PN-G-04303. The
direction of the acting force was perpendicular to the lamination.
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The tests carried out in a stiff testing machine at a uniaxial state of stress, were
controlled by means of longitudinal strains of rock samples measured by the
displacement of the piston. The experiments were performed for different strain rates:
Ix107% 2x1073, 2x1072, 2x 107!, s '. For each strain rate 5 to 7 laboratory
samples of different type of rocks were tested.

3. Stress-strain characteristic

With the use of stiff testing machines it was possible to obtain complete
stress-strain characteristics having the pre-critical (increasing) and post-critical
(decreasing) parts (Fig. 3.1) (Wawersik and Fairhurst, 1970; Filcek, 1986; Majcher-
czyk, 1989).

>
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Fig. 3.1. Stress-strain curve — stiff testing machine (Wawersik, Fairhurst, 1970)

The stress-strain characteristic acquired from a uniaxial compression of rock
samples in a stiff testing machine shows the process of rock destruction in the
pre-critical state for a compact rock (the increase of strain is accompanied by the
increase of rock strength) and in the post-critical state when the rock is destroyed
(the increase of strain is accompanied by the decrease of rock strength).

31. Determination of stress-strain parameters

Rock properties in the pre- and post-critical state were obtained from the
complete stress-strain characteristic. From the increasing part of the characteristic
the modulus of elasticity E (as a tangent of angle of inclination of tangent to the
increasing part of the characteristic in the range of elastic strains) and the critical
stress o, (compressive strength) were determined. From the decreasing part of the
characteristic the post-critical parameters, i.e. drop (softening) modulus M (as
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a tangent of angle of inclination of tangent to the decreasing part of the stress-strain
characteristic) and residual stress o,, (residual strength to compression) were
measured. It should be stressed that the determination of the post-critical parameters
is both difficult and subjective. Especially, when defining the modulus M, even
a small difference in the post-critical strain value causes a significant difference in the
value of the modulus. The elastic ¢,, critical ¢, and total ¢ strains were determined
for the corresponding stresses as well.
The characteristic stress-strain parameters are presented in Fig. 3.2.

Fig. 3.2. Characteristic of stress-strain parameters and specific energies of longitudinal strain

32. Determination of the specific energy of longitudinal
strain in samples

The following specific energies have been determined from the stress-strain
characteristic: energy of elastic strain A4, and energy of non-reversible strain A4, at
strength limit as well as energy of post-critical strain W,. The area enclosed between
the characteristic and the axial of strain defines the specific energy of longitudinal
strain of a sample W. Whis area has been divided into the area under the increasing
part W, and under the decreasing part W, of the characteristic. Then, the areas
corresponding to the elastic 4,; and non-reversible strain A, at stress limit have been
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separated within the area under the increasing part of the characteristic. The
introduced division of area between the stress characteristic and the strain axis
corresponds to the division of energy into energy necessary to achieve the strength
limit W, (encompassing the energy of elastic and non-reversible strains at strength
limit) and post-critical energy of sample destruction W, (Fig. 3.2) (Gustkiewicz, 1987).

33. Kinetic energy for rocks having elasto/plastic with
softening properties

Kinetic energy determines the character of rock sample failure. To define the
kinetic energy of the destroyed rock, the energy balance equation is used. There the
energies of elastic strain and of non-reversible strain in the pre- and post-critical
stress-strain characteristic are taken into account. According to Heasley (1991), the
total energy of strain for the stress-strain characteristic of coals with elasto/plastic
with softening properties can be divided into recoverable energy of strain and
dissipated energy, being a sum of elastic energy and post-critical energy of rock
destruction. The way in which individual energies are determined, has been presented
in Fig. 3.3.

= Dissipated strain
B

_ Recoverable strain
energy

stress o

A

strain €

Fig. 3.3. Scheme of division of total strain energy (Heasley, 1991)

Based on the model assumed by Heasley, only the value of recovered energy of
strain can be transformed into kinetic energy (Heasley, 1991).

Kinetic energy of rock samples analysed in a stiff testing machine can be defined
from the equation:

E, = A,—W,+ W, (3.1)

where: A,, defines elastic energy accumulated in a rock sample, W, is the strain
energy in the post-critical part of the stress-strain characteristic, and W, shows the
recoverable energy of strain.
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4. Determining the indexes of susceptibility of rocks to bumps

The indexes of susceptibility of rocks to bumps have been determined on the
basis of complete stress-strain characteristics and specific energies within the
individual ranges of longitudinal strain of rock samples. They are:

e index of potential bumping K (Bicz, 1962) expressed by the elastic strain ¢, to
critical strain ¢, ratio:

K = (e,1/¢.,) 100% (4.1)

e index of dynamic failure 2 (Minh, 1989) expressed by the drop modulus M to the
modulus of longitudinal elasticity E ratio:

A = MJE. (4.2)

The use of the index is justified when the part of the destroyed sample can be
approximated through a linear relation.

o index of potential elastic energy PES (Smotka, 1988) determined from the
formula:

PES = R?/2E. (4.3)

This index accounts for the accumulation of energy, corresponding to the
compressive strength R, for the linear stress-strain dependence with the Young’s
modulus E.

e energy index of susceptibility of rocks to bumps at strength limit Wgy,
(Gustkiewicz et al., 1987) defined by the elastic energy to non-reversible energy at
strength limit ratio:

Wer' = A,/A, (4.4)

e index of bump hazard W, also called index of brittleness (Gustkiewicz et al.,
1987) calculated from the formula:

WZT = Ael/W17 (4.5)

where: A, — energy of elastic strains, W, — energy of longitudinal strain in the
pre-critical part.
The closer is the index W,, to unity, the more rapid the rock failure.

o index of bump softening W, (Krzyszton, 1989) expressed by the elastic energy
A, to the energy of post-critical failure W, ratio:

WOT = Ael/WZ: (46)

This index depends on the value of energy necessary for stable destruction of
a sample, occurring in the post-critical part of the stress-strain characteristic. The
bigger the share of elastic energies in the energy of post-critical strain of a sample the
lesser the bump hazard.
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5. Analysis of investigation results with regard to the strain rate of a rock sample

The application in tests of different strain rates made in possible to analyse the
influence of strain rates on stress, strain, and specific energies as well as on indexes
defining the susceptibility of rock to bumps (for different rock samples) (Bukowska,
1994, 1996).

The statistical analysis was carried out on the whole population of data obtained
from the investigation of each sample from a 538 set of samples (Table 1).

The correlation coefficients were defined for each dependence y = f(&) and for
each rock sample. Whenever it was possible to group the rock samples according to
the rock type, e.g. when the correlation of a given dependence y = f(¢) for rock
samples was significant at the assumed significance level 0.05, one regression
equation was defined for the whole group of rocks.

Otherwise, the regression equation was used for the individual dependences
y = f(&) for each rock sample separately. The dependences between the stress, strain,
bump susceptibility indexes and the strain rate in the interval 10~ to 10 *s~ ! can
be best approximated by a power function (the highest correlation coefficient, the
lowest standard deviation), and in certain cases by a linear function. The above
dependences were presented graphically in the form of the regression curve and the
confidence interval at the level 1 —o = 0.95 and 1 —a = 0.99, i.e. areas containing
values of the observed random variables with the probability equal to 0.95 and 0.99,
respectively. The confidence interval for regression is limited by the so-called
confidence curves (broken line in the figures).

To better understand the distribution of a given parameter for the strain rates
interval 107* to 107 s ™!, the dependences of stress, strain and bump susceptibility
parameters were given as functions of the logarithm of strain rate (see examples in
Figures 5.1—5.6).

5.1. Analysis of stress-strain parameters

The growth of critical stress o, with the increasing strain rate was observed for
rocks surrounding coal seams and coals coming from various depths in the bumping
and non-bumping regions. The critical stress values as a function of strain rate for all
rock types change according to the power function y = ax®. The graph in Fig. 5.1
represents the function o, = f(log &) for siltstones from different collieries and different
lithostratigraphic complexes of the Carboniferous. This could be done thanks to the
possibility of determining one regression equation for the whole lithological type.

The influence of strain rate on the elasticity modulus E depends on rock
properties (brittle rock or viscous-elastic rock). For certain rocks (conglomerates,
sandstones and coals) no influence of strain rate on elasticity modulus has been
observed. For mudstones (having a considerable clayey content, and thus possessing
viscous-elastic properties) and for siltstones (Fig. 5.2), the influence of strain rate on
elasticity modulus has been reported.
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Fig. 5.1. Critical stress as a function of log strain rate for siltstones
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Fig. 5.2. Young’s modulus as a function of log strain rate for a siltstone sample

The post-critical part of the stress-strain characteristic has been described by the
drop (softening) modulus. It is widely known that opinions on the change of the drop
with the change of strain rate are often different. According to some of them, the
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Fig. 5.3. Drop modulus (modulus of softening) as a function of log strain rate for a mudstone sample
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Fig. 5.4. Kinetic energy as a function of log strain rate for a dull coal sample

increase of strain rate causes the increase of drop modulus (Bieniawski, 1970) or the
decrease of drop modulus (Peng, 1973).
The following has been found for the analysed rocks (Bukowska, 1996) (Table 1):

3 — Arch. Gornictwa
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Fig. 5.5. Index of dynamic failure as a log function of strain rate for semi-bright coals
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Fig. 5.6. Index of potential elastic energy as a log function of strain rate for mudstones

» drop modulus for conglomerates, sandstones and dull coals does not depend on
the strain rate,

e drop modulus or mudstones (Fig. 5.3) decreases with the increasing strain rate
in the range 107* to 107 *s™ 1,



35

o drop modulus for bright coal (compression strength 14 to 20 MPa) increases
with the increase of strain rate according to a power relation,

e drop modulus for semi-bright coals (compression strength 20 to 40 MPa)
decreases with the increase of strain rate.

52. Analysis of specific energy of longitudinal strain

Specific energy of longitudinal strain has been determined from the graphs
o —e¢, distinguishing the energy of pre-critical strain of sample W,, being a sum
of energy of elastic strain A, and non-reversible strain A4, and energy of
post-critical strain (Gustkiewicz et al., 1987; Krzyszton, 1989, 1992; Krzyszton,
Sanetra, 1994).

The energy of specific strain W, at strength limit increases with the strain
rate for the investigated five Carboniferous rock types in the analysed range of
strain rates 107% to 107 's™!. For rocks surrounding coal seams and for coals
the dependence of specific strain energy W, on strain rate assumes the form of
a power function and in a semi-logarithmic system in the form of a linear
function.

The energy of elastic strain A4, is strongly influenced by strain rate in the range
107* to 10~ ' s~ '. The dependence has the form of a power regression with positive
correlation coefficients.

The energy of non-reversible strain at strength limit 4, does not exhibit regular
changes with the increase of strain rates for all analysed rock samples; for sandstones
it does not depend on the strain rate. The dependence A4, = f(:) has the form of
a power function.

The energy of post-critical strain W, of a sample depends on strain rate. The
statistical analysis has shown the monotonous growth of the parameter with the
increasing strain rate, according to the linear regression function for conglomerates,
and power regression function for the remaining rock types.

For the analysed rock groups, the statistical analysis has indicated a relation
between the total strain energy W and the strain rate of the rock sample. The
dependence W = f(&) was approximated by a power function, and the dependence
W = f(log&) — by a linear function.

Kinetic energy E, determines the character of rock sample failure.
A violent failure of a sample is caused by the positive kinetic energy, i.e.
energy of elastic strain A, must be sufficiently higher than strain energy in
the post-critical part of the stress-strain characteristic. Most of the analysed
rock samples undergo rapid failure as the calculated kinetic energy has a con-
siderable positive value.

Similar to other parameters, the value of kinetic energy has been analysed as
a function of strain rate. This dependence can be approximated by a linear or power
function. The dependence of kinetic energy on strain rate is most evident for
conglomerates, sandstones and coals.

3*
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6. Analysis of indexes of rock susceptibility to bumps in relation to strain rate

From among indexes of rock susceptibility to bumps, the index of dynamic
failure 4, index of potential elastic energy PES and index of bump softening W,
depend on strain rate (Bukowska, Krzyszton, 1696). The remaining indexes,
determined from strain parameters and specific energies, defined on the basis of
the pre-critical part of the stress-strain characteristic, i.e. index of potential
bumping K, energy index of rock susceptibility to bumps et strength limit W,
and index of bump hazard W,; do not depend on strain rate in the range 10~*
o 107487 L

The index of potential bumping K does not change monotonously with the
increasing strain rate. The values of this index exceed 0.7 (70%) for the analysed
rocks in the Upper Silesian Coal Basin, which classifies the rocks as susceptible to
bumps.

The energy index of rock susceptibility to bumps at strength limit W,
encompasses greater amount of non-reversible strain energy than the conventional
index. This energy also embraces permanent strains caused by microfailures of the
rock structure in the pre-critical phase, appearing for stresses close to the
instantaneous strength. Although, the elastic energy increases with the increasing
strain rate, the energy index of bumping at strength limit is not a monotonous
function. This is due to the irregular changes of non-reversible strains. The
index Wy, assumes highest values for dull coal, and lowest for medium-grain
sandstone.

The index of bump hazard W, for all the analysed rocks is much lower than
unity — value characteristic of brittle rock failure. The closer the index to unity, the
more violent is the rock failure (Gustkiewicz et al., 1987).

The index of potential elastic energy PES significantly depends on strain rate in
the range 10™* to 107 's™! (Fig. 5.6). This dependence has a character of a power
regression with positive correlation coefficients.

The influence of strain rate on the index of dynamic failure 4 has been
observed for mudstones, siltstones and semi-bright coals. These are power rela-
tions with negative correlation coefficients. In other cases (conglomerates, sand-
stones, dull coals) no such an influence of strain rate within the range of 107*
to 10 's~! has been observed. For waste rock of the Upper Silesian Coal
Basin the index assumes values 3 to 6, which is indicative of violent rock
failure hazard. The index of dynamic failure assumes higher values for coals
ranging between 6.94 and 13.93.

The influence of strain rate on the index of bumping softening Wy, is weaker
than in the two above mentioned cases. It can be observed for mudstones and coals.
No influence of strain rate on the analysed index has been observed for the
remaining rocks.
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6.1. Histograms of indexes of rock susceptibility to bumps

It follows from the investigations that only 3 indexes of rock susceptibility to
bumps depend on strain rate. They are: index of potential elastic energy PES, index
of dynamic failure 4 and index of bump softening W,,;. Yet, the dependence of these
indexes on strain rate does not hold for all lithological rock types. To illustrate the
appearing dependences, histograms have been presented to show the values of
individual indexes for the strain rates used in the analyses.

The potential elastic energy increases with the growing strain rate for all analysed
lithological rock types. In the case of sandstone and coals PES varies from colliery to
colliery (Fig. 6.1a); on the other hand, conglomerates, mudstones and siltstones
change in the same manner, regardless the sampling site in the individual mines and
lithostratigraphic horizons (Fig. 6.1b).

The index of dynamic failure decreases with the growing strain rate for coals,
mudstones and siltstones, provided the dependences are the same for all samples
representing the same lithological rock type (Fig. 6.2). No dependence has been
observed for conglomerates and sandstones.

The index of bump softening depends on strain rate only for mudstones and coals
in the same way for the whole lithological rock type (Fig. 6.3).
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Fig. 6.1. Histogram of changes of potential elastic energy with strain rates a) for sandstones
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Fig. 6.1. Histogram of changes of potential elastic encrgy with strain rates b) for siltstones, mudstones and
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Fig. 6.2. Histogram of changes of the dynamic failure index with strain rates for coals, siltstones and
mudstones
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Fig. 6.3. Histogram of changes of the bump softening index with strain rates for coals and mudstones

7. Global presentation of investigation results

The investigations carried out have shown the influence of strain rate on the
specific energies in the particular ranges of rock sample longitudinal strain and on
the indexes of rock susceptibility to bumps.

For a global presentation of the obtained results, a three-dimensional laminar
histogram has been designed where the particular specific energies and changes of
their values with the strain rate increment have been shown. As an example, the
histograms for coals (Fig. 7.1) and mudstones (Fig. 7.2) have been shown. The
remaining rock types exhibit a similar kind of changes. The three-dimensional
histograms illustrate not only the influence of strain rate on the investigated energies
but also present the relative values of particular energies in relation to the total
energy.

The large participation of the elastic energy 4, in the total strain energy W and
comparatively small amount of the post-critical strain energy W, can be observed in
the graphs. The recoverable strain energy W,, dependent on the residual stress, has
an insignificant value and in further considerations may be neglected. The kinetic
energy E, and the energy of non-reversible strain in the pre-critical part 4, do not
show monotonous changes with the strain rates increase.

The indexes of susceptibility to bumps, dependent on rock strain rates, for coals
(Fig. 7.3) and mudstones (Fig. 7.4) have been presented in analogous histograms. The
numerical values of particular indexes can be read from histograms with regard to
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Fig. 7.1. Energies of longitudinal strain in dependence on the strain rate for coals (seam 507/510 — colliery
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Fig. 7.2. Energies of longitudinal strain in dependence on the strain rate for mudstones (roof of seam
713/1—2 — colliery “Anna”)
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the introduced scale. The indexes ¢, and PES increase distinctly, although the
indexes 4 and W, decrease with the strain rate increment; however the rate of
changes of the individual indexes depends on the rock type (Figs. 7.3 and 7.4).

The index of bump softening W determined as the elastic energy to post-critical
strain energy ratio (A4,,/W,) reveals the same tendency of changes as the index of
dynamic failure expressed by the drop modulus to the elasticity modulus ratio (M/E).
The reason of this is that when the area of the post-critical surface W, decreases, the
drop modulus M assumes a greater value.

8. Applicability of the obtained results in the mining practice

In the extensive definition of the notion of “bump”, given by the International Bureau
of Strata Mechanics, the fundamental reasons causing bumps are taken into
consideration, namely: the critical state of stress of a part of a coal seam adjoining to
mining workings, the elastic energy of a coal seam (rock) in the focus of burst and the
energy of the surrounding rocks as well as the rate of energy release exceeding the rate of
energy dissipated in a consequence of the non-reversible strains. Some of these reasons
producing bumps may be analysed on the basis of investigations carried out in a stiff
testing machine which may be treated as analogous to the roof-seam-floor system.

In the Upper Silesian Coal Basin the floor has the higher strength-deformation
parameters than the seam, hence the stiffness of the basis may be assumed to be
constant and then the consideration may be limited to the seam-roof system. Two
extreme cases of strong roof and weak seam or of weak roof and strong seam may be
considered.

In the case of a strong roof, the weak seam deforms under the influence of
overburden rocks, and because of the low value of critical stress, particular parts of
the seam undergo failure. The modulus of elasticity of sandstone, occurring
immediately at the roof, is considerably greater than the drop modulus of coal
undergoing failure (E, > M_,,) (Table 2).

roo.

TABLE 2

Strong roof-weak coal seam system in the colliery “Knurow” (scam 402/2) as an example of steady seam
failure (strain rate 10~ % s ')

o Modulus of Potential Kinetic (i
Rock Critical stress lasticit Drop modulus T ener energy of
- [MPa] € ‘I‘\j”‘f’]y [MPa] /] 24 ey er] longitudinal
Bl strain [kJ/m?]
sandstone 79.3 9256 39148 340 142 563
coal 17.4 1689 4510 90 27 193

Then the stable destruction of seams occurs. In the case of roof caving, the situation
in a mining working may be treatening with regard to the possibility to the discharge
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of a great value of the elastic energy accumulated in the strong roof. In such
conditions the prevention measures should be undertaken in the seam roof.

In the second case of a weak roof and a strong seam, the elastic modulus of roof is
smaller than the drop modulus of seam (E, ;< M) and the seam-roof system
works as a rock sample compressed in a soft testing machine (Table 3).

TABLE 3

Weak roof-strong coal seam system in the colliery “Niwka-Modrzejow” (seam 510) as an example of
dynamic seam failure (strain rate 1074 s™?)

" Modulus of Potential Kinetic Spesilie
Critical stress o Drop modulus ’ _ energy of
Rock elasticity elastic energy energy -
[MPa] [MPa] [MPa] [k)/m®] [kJ/m°] longitudinal
! ! strain [kJ/m?3]
conglomerate 67.7 7500 55886 305 213 443
coal 429 2846 40156 320 440 595

After exceeding the coal strength, the dynamic effect caused by the violent discharge
of the energy accumulated in a roof occurs. The bump hazard can be reduced by
prevention measures introduced to the seam, i.e. current discharge of the accumulated
elastic energy by rations which do not cause the bump hazard.

Rock strain rates are an important factor in the considered cases, because the
values of potential elastic energy increase considerably with the strain rates
increment which, as a result, causes a greater hazard of dynamic phenomena
occurrence.

9. Conclusions

1. It follows from the analyses that stress, strain and energy (specific energy)
parameters as well as indexes of rock susceptibility to bumps depend to a varying
degree on strain rate. These dependences assume the form of power or linear
functions.

2. The statistical analysis has shown that only some parameters depend on strain
rate for all types of Carboniferous rocks. Among parameters influencing the
potential bump hazard are: critical stress ¢, (momentous strength to compression),
potential elastic energy PES and energy of total longitudinal strain W.

3. The indexes of rock susceptibility to bumps, determined both from the pre-
and post-critical part of the stress-strain characteristic, depend on the strain rate for
only some rock types. The index of dynamic failure (A = M/E) decreases with the
strain rate of mudstones, siltstones and semi-bright coals. The index of bump
softening (W, = 4,,/W,) shows the same tendency of changes for mudstones,
semi-bright and dull coals.
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4. The strain rate increments have an influence both on the increase in the
critical stress and potential elastic energy as well as on the decrease in the indexes of
dynamic rock failure and bump softening. This means that at greater strain rates the
coal seam (pillar) will have a greater strength, after exceeding of which the smaller
dynamic effect will appear than in the case of smaller strain rates. However, the
destruction of a seam (pillar) part may cause a discharge of a great amount of elastic
energy accumulated in the overburden rocks.

5. The influence of strain rate on the reduction of bump hazard should be
analysed for specific cases of strength of coals and the neighbouring rocks, e.g.

a) for strong roof and weak seam we have a static failure of the seam
(Eroor > M ,,). In the case of roof caving, there exists a possibility of a discharge of
great energy accumulated in a strong roof.

b) for weak roof and strong seam the seam-roof system behaves as a rock sample
compressed in a soft test machine (E, < M., After the coal strength is exceeded,
the dynamic effect is simultaneously reinforced by the discharge of elastic energy
accumulated in the roof.

6. The prevention of bumps requires the analysis of particular cases of the
seam-roof system and the application of a suitable control of the advance front rate
which has an influence on rock strain rates as well as the control of the roof of
a seam, the accumulated energy of which should be decreased by the forced bumps
or roof rocks wetting.
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