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T;U%* %#13 (&&' 416 650 + 16 
T;U%* %#13 ';&&( 416 660 + 15 
T;U%* V %#13 (&&' 414 700 + 17 
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)&1; O. , (M0 %#13 402/ 2 850 6 23 
@I #)I&$W %#13 209/ 1 600 + 27 

T;U%* %#13 416 650 + 19 
X-#3 &0 -$ %#13 209 670 + 21 
C&I : 1(* %#13 507 / 51 N 700 + 23 

G&0 < Y -(#* %#13 502 765 + 20 
G-0 *164 &+(I #LM0 %#13 620 170- 300 6 20 

P(&+I -#) %#13 816 550 6 24 
G-0 *164 &+(I #LM0 %#13 510 640 + 26 
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a tangent of angle of inclination of tangent to the decreasing part of the stress-strain 
characteristic) and residual stress ures (residual strength to compression) were 
measured. It should be stressed that the determination of the post-critical parameters 
is both diffi cult 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 ee1, critical ecr and total e strains were determined 
for the corresponding stresses as well. 

The characteristic stress-strain parameters are presented in Fig. 3.2. 

CT 

CT er - - - - - - - - - - - - - - - - - - - -- - -- - - - - - ,- - 
I 

I 
I 

I 

E 

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

3.2. Deter mi n at i o n of the specific energy of 1 o n git ud i n a I 
strain in samples 

The following specific energies have been determined from the stress-strain 
characteristic: energy of elastic strain Ae1 and energy of non-reversible strain A

11 
at 

strength limit as well as energy of post-critical strain W 2. 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 1 and under the decreasing part W 2 of the characteristic. Then, the areas 
corresponding to the elastic Ae1 and non-reversible strain A

11 
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 1 (encompassing the energy of elastic and non-reversible strains at strength 
limit) and post-critical energy of sample destruction W7 (Fig. 3.2) (Gustkiewicz, 1987). 

3.3. Ki net i c energy f o r rocks h av i n g e I as to/ p I as t i c w i t h 
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. 

B ~ Dissipated strain 
~ energy 

b 
- Recoverable strain 

energy 

E 

A F G 
strain E 

Fig. 3.3. Scheme of division of total strain energy (Heasley, 199 I) 

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: 

(3.1) 

where: Ae1 defines elastic energy accumulated in a rock sample, W 2 is the strain 
energy in the post-critical part of the stress-strain characteristic, and W 3 shows the 
recoverable energy of strain. 
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4. Determining the indexes of susceptibili ty of rocks to bumps 
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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 coeffi cients were defined for each dependence y = f(e) 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(e) 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(e) for each rock sample separately. The dependences between the stress, strain, 
bump susceptibility indexes and the strain rate in the interval 10-4 to 10-1 s-1 can 
be best approximated by a power function (the highest correlation coeffi cient, 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 I - a = 0.95 and I -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 10-4 to 10-1s-1

, 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 CJe, 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 CJe, = f(log e) for sil tstones from different coll ieries and different 
lithostratigraphic complexes of the Carboniferous. This could be done thanks to the 
possibili ty of determining one regression equation for the whole li thological 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. 5.3. 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. Górnictwa 
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• drop modulus for conglomerates, sandstones and dull coals does not depend on 
the strain rate, 

• drop modulus or mudstones (Fig. 5.3) decreases with the increasing strain rate 
in the range 10-4 to 10-1 s-1, 



35 

! " #$%&$" ' (' ) *$# +#,- . / 0$1( 20$&%#3)),$4 )/#34- /. 56 /$ 78 9 : 1; ,40#31)3)
< ,/. /. 3 ,40#31)3 $* )/#1,4 #1/3 100$#" ,4- /$ 1 %$<3# #3(1/,$4=

! " #$% &$" ' (' ) *$# )3&,>+#,- . / 0$1() 20$&%#3)),$4 )/#34- /. 78 /$ 68 9 : 1;
" 30#31)3) < ,/. /. 3 ,40#31)3 $* )/#1,4 #1/3?

@?7? A 4 1 B C ) , ) $ * ) %30 , *, 0 3 4 3 #- C $* B $ 4 - , / ' " , 4 1 B ) / #1 , 4

D%30,*,0 343#- C $* ($4- ,/' " ,41( )/#1,4 . 1) +334 " 3/3#&,43" *#$& /. 3 - #1%. )
CJ- 1::, " ,)/,4- ' ,). ,4- /. 3 343#- C $* %#3>0#,/,01( )/#1,4 $* )1&%(3 W 5= +3,4- 1 )' &
$* 343#- C $* 3(1)/,0 )/#1,4 Ae1 14" 4$4>#3E3#),+(3 )/#1,4 A,, 14" 343#- C $*
%$)/>0#,/,01( )/#1,4 2F ' )/G,3< ,0H 3/ 1(?= 5I JKL M#HC)H/$N= 5I JI = 5I I 7L M#HC)H/$N=
D143/#1= 5I I 6;?

O. 3 343#- C $* )%30,*,0 )/#1,4 W 5 1/ )/#34- /. (,& ,/ ,40#31)3) < ,/. /. 3 )/#1,4
#1/3 *$# /. 3 ,4E3)/,- 1/3" *,E3 P1#+$4,*3#$' ) #$0G /C%3) ,4 /. 3 141(C)3" #14- 3 $*
)/#1,4 #1/3) 58>4 /$ 58>1 ) >1

. Q$# #$0G) )'##$' 4" ,4- 0$1( )31&) 14" *$# 0$1()
/. 3 " 3%34" 3403 $* )%30,*,0 )/#1,4 343#- C W 5 $4 )/#1,4 #1/3 1))' &3) /. 3 *$#& $*
1 %$<3# *' 40/,$4 14" ,4 1 )3&,>($- 1#,/. & ,0 )C)/3& ,4 /. 3 *$#& $* 1 (,431#
*' 40/,$4?

O. 3 343#- C $* 3(1)/,0 )/#1,4 Ae1 ,) )/#$4- (C ,4*(' 3403" +C )/#1,4 #1/3 ,4 /. 3 #14- 3
58>6 /$ 58>5 )>5

? O. 3 " 3%34" 3403 . 1) /. 3 *$#& $* 1 %$<3# #3- #3)),$4 < ,/. %$),/,E3
0$##3(1/,$4 0$3**,0,34/)?

O. 3 343#- C $* 4$4>#3E3#),+(3 )/#1,4 1/ )/#34- /. (,& ,/ A
11 

" $3) 4$/ 3R. ,+,/ #3- ' (1#
0. 14- 3) < ,/. /. 3 ,40#31)3 $* )/#1,4 #1/3) *$#1(( 141(C)3" #$0G)1&%(3)L *$#)14" )/$43)
,/ " $3) 4$/ " 3%34" $4 /. 3 )/#1,4 #1/3? O. 3 " 3%34" 3403 A

11 
S*2/; . 1) /. 3 *$#& $*

1 %$<3# *' 40/,$4?
O. 3 343#- C $* %$)/>0#,/,01( )/#1,4 W 2 $* 1 )1&%(3 " 3%34" ) $4 )/#1,4 #1/3? O. 3

)/1/,)/,01( 141(C),) . 1) ). $< 4 /. 3 &$4$/$4$' ) - #$< /. $* /. 3 %1#1&3/3# < ,/. /. 3
,40#31),4- )/#1,4 #1/3= 100$#" ,4- /$ /. 3 (,431# #3- #3)),$4 *' 40/,$4 *$# 0$4- ($&3#1/3)=
14" %$< 3# #3- #3)),$4 *' 40/,$4 *$# /. 3 #3&1,4,4- #$0G /C%3)?

Q$# /. 3 141(C)3" #$0G - #$' %)= /. 3 )/1/,)/,01( 141(C),) . 1) ,4" ,01/3" 1 #3(1/,$4
+3/<334 /. 3 /$/1( )/#1,4 343#- C W 14" /. 3 )/#1,4 #1/3 $* /. 3 #$0G )1&%(3? O. 3
" 3%34" 3403 W SJ(t) <1) 1%%#$R,&1/3" +C 1 %$<3# *' 40/,$4= 14" /. 3 " 3%34" 3403
W= T2($- /; >+C 1 (,431# *' 40/,$4?

M,43/,0 343#- C Ek " 3/3#&,43) /. 3 0. 1#10/3# $* #$0G )1&%(3 *1,('#3?
A E,$(34/ *1,(' #3 $* 1 )1&%(3 ,) 01' )3" +C /. 3 %$),/,E3 G,43/,0 343#- C= ,?3?
343#- C $* 3(1)/,0 )/#1,4 Ae1 &' )/ +3 )' **,0,34/(C . ,- . 3# /. 14 )/#1,4 343#- C ,4
/. 3 %$)/>0#,/,01( %1#/ $* /. 3 )/#3))>)/#1,4 0. 1#10/3#,)/,0? 9 $)/ $* /. 3 141(C)3"
#$0G )1&%(3) ' 4" 3#- $ #1%," *1,(' #3 1) /. 3 01(0' (1/3" G,43/,0 343#- C . 1) 1 0$4U
)," 3#1+(3 %$),/,E3 E1(' 3?

D,&,(1# /$ $/. 3# %1#1&3/3#)= /. 3 E1(' 3 $* G,43/,0 343#- C . 1) +334 141(C)3" 1)
1 *' 40/,$4 $* )/#1,4 #1/3? O. ,) " 3%34" 3403 014 +3 1%%#$R,&1/3" +C 1 (,431# $#%$<3#
*' 40/,$4? O. 3 " 3%34" 3403 $* G,43/,0 343#- C $4 )/#1,4 #1/3 ,) &$)/ 3E," 34/ *$#
0$4- ($&3#1/3)= )14" )/$43) 14" 0$1()?

V!



! "

6. Analysis of indexes of rock susceptibili ty to bumps in relation to strain rate 
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6.1. Histograms of i n dexes of rock sus cep tibi I it y to bumps 

It foll ows from the investigations that only 3 indexes of rock susceptibili ty to 
bumps depend on strain rate. They are: index of potential elastic energy PES, index 
of dynamic failure }, and index of bump softening W0y. 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 coll iery to 
coll iery (Fig. 6.1 a); 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. 6.1 b). 

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 muds tones and coals 
in the same way for the whole lithological rock type (Fig. 6.3). 

PES 
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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 energy with strain rates b) for siltstones, mudstones and 
conglomerate 
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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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! coals l!J mudstones 

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 Ae1, in the total strain energy W and 
comparatively small amount of the post-critical strain energy W 2 can be observed in 
the graphs. The recoverable strain energy W 3, dependent on the residual stress, has 
an insignificant value and in further considerations may be neglected. The kinetic 
energy Ek and the energy of non-reversible strain in the pre-critical part A

11 
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- coll iery 
"Rozbark") 
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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 - coll iery "Anna") 
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the introduced scale. The indexes CJ er and PES increase distinctly, although the 
indexes }, and W0T 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 OT determined as the elastic energy to post-critical 
strain energy ratio (Aeif W 2) 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 2 decreases, the 
drop modulus M assumes a greater value. 

8. Applicabili ty of the obtained results in the mmmg 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 (Eroof > M coal) (Table 2). 

TABLE 2 

Strong roof-weak coal seam system in the coll iery "Knurów" (seam 402/2) as an example of steady seam 
failure (strain rate 10-4,s- 1

) 

Modulus of Potential Kinetic 
Specific 

Rock 
Critical stress 

elasticity 
Drop modulus 

elastic energy 
energy of 

[MPa] [MPa] 
energy 

longitudinal 
[MPa] [kJ/m3

] [kJ/m3
] 

strain [kJ/m3
] 

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 possibili ty to the discharge 
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of a great value of the elastic energy accumulated in the strong roof. / n 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 (Eroor < Mcoai) 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 coll iery "Niwka-Modrzejów" (seam 510) as an example of 
dynamic seam failure (strain rate 10-4

, s- 1
) 

Modulus of Potential Kinetic 
Specific 

Rock 
Critical stress 

elasticity 
Drop modulus 

elastic energy 
energy of 

[MPa] [MPa] 
energy 

longitudinal 
[MPa] [kJ/m3

] [kJ/m3
] 

strain [kJ/m3
] 

conglomerate 67.7 7500 55886 305 213 443 

coal 42.9 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 (specifi c 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 ac, (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 (,1. = M/E) decreases with the 
strain rate of mudstones, siltstones and semi-bright coals. The index of bump 
softening (W or = Aei/W 2) shows the same tendency of changes for muds tones, 
semi-bright and dull coals. 
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