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This paper presents the problems associated with the complete stress-strain characteristics
of the destruction of rocks under load, in the full range of their strain. The most important
factors influencing the course of a stress-strain curve are discussed, i.e.: the shape and size
of samples and the conditions experienced when conducting the experiment in a testing
machine. Presented mechanical and energy parameters were obtained in laboratory tests
carried out by loading rock samples in a servo controlled testing machine as well as some
indices devised on the basis of these parameters. The interpretation of complete stress-
strain characteristics allow solve various issues connected with underground mining,
especially assessing natural hazards which are common in underground mining for min-
erals, as well as designing and managing mining works within underground workings.

© 2015 The Authors. Productioin and hosting by Elsevier B.V. on behalf of Central Mining
Institute in Katowice. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

In natural conditions a rock is subjected to load, resulting
from the influence of the other rocks surrounding it. Due to
load displacements and strains in their structure, the
destruction of rocks takes place. Using modern research
methodology and appropriate equipment, it is possible to
create a model showing the destruction of rocks in laboratory
conditions and therefore conduct tests on the destruction of
rocks whilst experiencing a range of different forms of stress,
i.e. compressive, tensile, bending, and shear stress. Using a
testing machine and destroying rocks in different load sys-
tems provides insight into the processes that lead to their
destruction. When testing under compressive stress states,
the system of ‘plates of a testing machine — compressed rock
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sample’ is the simplest model of rock mass, where the sample
is a model of a pillar, for example, and the plates of the testing
machine represent layers of rocks above (roof) and below
(floor). By inputting a rock sample in to a testing machine we
get a representation of its destruction in the form of a stress-
strain curve. The shape of the curve depends on the petrog-
raphy of the rock and for samples of the same type of rock it
depends on a range of factors. The most important of these
being: the size and shape of samples, the method used to
control the stiff testing machine, the strain rate applied during
tests and the moisture content of the rock tested. Using the
stress-strain curve values of mechanical parameters,
including those of stress-strain and energy, are determined.
The information, obtained from analysing the course of
destruction samples of rocks in different loading conditions, is
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used to solve problems associated with geoengineering and
mining. The example presented in this paper is: the use of a
stress-strain curve interpretation in mining practices to
determine rock and rock mass susceptibility to rock bursts.

2. Stress-strain characteristics of rocks —
selected problems

We obtain the stress-strain curves of rocks in tests conducted
with testing machines. Until the 1970s research was con-
ducted in so-called ‘soft’ testing machines. The tests repre-
sented the increasing of stress-strain characteristics,
eventually reaching the value of maximal stress (where the
destruction of rocks takes place) (Wawersik & Fairhurst, 1970).

Bieniawski's research (1970) enabled the stress-strain
characteristics of a compressed rock sample in the full
course of its strain to be obtained. The full characteristics
were obtained through testing rock samples in servo
controlled testing machines. To obtain the full course of
destruction of a sample in a testing machine a number of
conditions must be met. The machine has to be sufficiently
stiff in relation to the rock sample, and the hydraulic system
supplying the machine has to be sufficiently efficient.

Stress-strain characteristics obtained during tests on a rock
sample in a servo controlled testing machine have a non-linear
course and consist of an increasing and decreasing part. The
rising part of the stress-strain characteristics reflects the pre-
critical phase, when there is an increase both in stress and
strain until the compressed sample reaches the value of
maximal stress. In the decreasing part of stress-strain charac-
teristics, which we call the post-critical phase, there is a
decrease in stress until it reaches the value of residual stress. A
decrease in stress in the post-critical part is accompanied with
anincrease in strain until the value of residual strain is reached.

Stress-strain characteristics of rocks are not linear, as
rocks are not linearly deformable. To determine the values of
some of the mechanical parameters of the stress-strain curve,
in its pre-critical phase (Ulusay & Hudson, 2007) and post-
critical phase (Bukowska, 2013), are represented by straight
lines.

The course of stress-strain characteristics is different for
different rocks and depends on numerous factors including
the conditions in which the experiments were conducted and
the size of the samples. Numerous researchers have described
stress-strain characteristics of rocks by using a compression
test in a stiff testing machine since the 1960s (Cook, 1965;
Wawersik & Fairhurst, 1970; Peterson, 1978; Okubo &
Nishimatsu, 1990; Bezat, 1987; Pells, 1993).

Many years of research into the strength and deformability
of rocks under uniaxial compression and conventional triaxial
compression shows that there are multiple stages of strain in
rocks across their full stress-strain characteristics.

In the pre-critical part of a stress-strain curve we can
distinguish three main stages of the destruction of a rock
sample (Fig. 1):

e Stage I — the clamping and sealing phase. The plates of the
stiff machine adjust to the surface of a sample, and the
rock stiffens as pores and micro-cracks close.
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Fig. 1 — Ideal stress-strain characteristics obtained in a
servo controlled testing machine during a uniaxial
compression test: ¢ — stress; ¢ — strain; o, — critical stress;
Gres — Yresidual stress; e, — critical strain; e, — residual
strain; E — Young's modulus; Eg — elasticity modulus
recovery; M — post-peak failure modulus.

e Stage II (elastic phase) — the course of the curve is linear.

e Stage III — starting with the threshold of dilation and fin-
ishing when the sample reaches its maximal strength. The
course of a stress-strain curve in this phase is non-linear.
The angle of inclination of the tangent to the stress-
strain curve decreases, illustrating a more dynamic in-
crease in strain in relation to stress. Additionally we can
observe here a significant increase in transverse strain, and
a rapid increase in volumetric strain. The phenomenon in
Stage III is associated with an anomalous, in elastic in-
crease in the volume of rocks resulting from compressive
load. Moreover, Stage III is the beginning of the process of
destruction the structure of the rock.

Based on tests conducted under axisymmetric compres-
sive stress we devised a more complex description of strain in
a sample in the pre-critical phase, and more stadia of the
strain. The stadia of rock strain under axisymmetric
compressive stress, including longitudinal strains, both
transverse and volumetric are presented in Fig. 1.

e Stadium I — the non-linear strain of rock. The influence of

differential strain causes the closing of micro-defects and

micro-cracks. Initially, all the characteristics are non-linear.

In later stadia of loading a rock sample there may be a linear

dependence between stress and transverse strain.

Stadium II — the linear strain of rock. Moduli of longitudi-

nal strain and transverse strain have a constant value.

e Stadium III — linear longitudinal strain, non-linear trans-
verse strain and volumetric strain. In the initial phase of
the rock destruction process a propagation of primary
micro-cracks, present in the rock, occurs. The relative
dilation process begins. The threshold of relative dilation
occurs at a value of between 0.3 and 0.6 of critical stress.
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e Stadium IV — non-linear strain of rocks, which characterise
an advanced process of stable crack propagation. In the
stadium the value of modulus of longitudinal strain de-
creases while the value of the modulus of transverse strain
increases.

Stadium V — non-linear strain of rocks, accompanied by an
increase in the volume of rock (absolute dilatancy). Crack
propagation is uncontrolled, the value of critical stress is
reached and the rock is destroyed.

In the post-critical part of stress-strain characteristics
Wawersik and Fairhurst (1970) obtained two curves reflecting
two different ways of rock destruction caused by loading
(Fig. 1). The post-critical curve resembling the curve of class I
refers to the behaviour of rocks after exceeding critical stress,
when static crack propagation occurs (Fig. 2). Then, a further
decrease in the carried load is possible if additional work is
carried out. This decrease occurs as a result of further loading
and supplying the compressed sample with additional energy.
In rocks in which the post-critical curve has a course similar to
the curve of class II the destruction process is maintained
spontaneously until the sample loses its strength. After initi-
ating the process of destruction it is continued uncontrollably
and to stop the process it is necessary to withdraw the piston
of a testing machine. The course of the destruction process,
according to a class II curve, is characteristic for rocks of very
high brittleness.

One of the factors influencing the pattern of the charac-
teristics of a stress-strain curve is the steering of a testing
machine. Testing machines equipped with servo-control sys-
tems allow for the programming of any pattern of loading a
sample. As a parameter controlling the test we can use:

e signals of longitudinal strains of a sample expressed with a
steady piston stroke speed,

o the value of increase in loading force (axial),

o the steady rate of axial strain, then the controlling signal is
the partial longitudinal strain of a sample, measured and
transferred to the steering system with a sensor fixed in
mid-height of the sample,
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Fig. 2 — Stadia of rock destruction under axisymmetric
compressive stress (Kwasniewski, 2002, 2007).

e the steady rate of the circumferential strain of a rock
sample, then the signal controlling the test is the signal
sent from a strain gauge measuring changes to the
circumference of a cylindrical sample.

To conduct the tests of the destruction of rock samples
according to Class Il by Wawersik and Fairhurst (1970)the tests
have to be controlled with a circumferential strain rate.

Pininska (1994), based on the uniaxial compression tests of
rocks in a stiff testing machine, conducted at a steady rate of
circumferential strain, mentioned four patterns of strain
course in a rock sample in the post-critical state (Fig. 3):

model I — destruction in one strain phase,

e model II — destruction in a few successive main phases
(macro-cracks),

model III — destruction in a few successive phases of a
single crack (micro-cracking), without a distinctive main
phase,

e model IV — steady destruction with weakly distinguished
phases of cracking.

Bukowska (2005a, 2005b), based on tests conducted in a
servo controlled testing machine steered with the signal of
total sample strain, reflecting the piston stroke, identified six
types of stress-strain curves for sedimentary rocks (sand-
stones, mudstones, claystones and hard coal) (Fig. 4). Differ-
ences in the shapes of stress-strain curves under uniaxial
compression are clearly visible in the pre-critical and the post-
critical phases. The differences are, to a large extent, associ-
ated with:

e the length of the phase of closing micro-cracks in the pre-
critical phase,

I ) Qe— Sl M
Esr Est
€ €
o] M M IV

Fig. 3 — Models of curves of strain of sedimentary rocks: ¢
— stress; ¢ — strain; R. — uniaxial compression strength;
Rre; — residual strength; E — Young's modulus; Epoy, — post-
peak failure modulus; E,., — residual modulus.
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Fig. 4 — Models of stress-strain characteristics of Upper Carboniferous sedimentary rocks of Upper Silesian Coal Basin,
testing machine controlled with signal of total longitudinal strain of a sample: ¢ — stress, ¢ — strain.

e the occurrence of local decreases in stresses representing
the length of cracks in the pre-critical and the post-critical
phase,

e a ‘smooth’ or ‘staircase’ post-critical curve,

e the possibility of approximating the post-failure phase
with a linear or hyperbolic dependence heading to residual
strain.

3. The influence of certain factors on the
shape of stress-strain characteristics

Dimensions of samples resulting from their slenderness and
diameter (base) influence the general shape of a stress-strain
curve. The process of destruction is closely associated with
the size of the object to be destroyed. When the rock is highly
fragmented and we have to deal with particles measuring only
hundredths of millimetres, then a significant portion of time is
spent on destruction mineral grains. When it is an object of a
few centimetres (rock sample) then its destruction occurs
mainly along the inter-granular surfaces. When we refer to
the destruction of a part of a rock massif where workings are
driven, then the magnitude is of between several metres and
hundreds of metres. We then analyse the structure of rock-
mass, considering structural defects occurring there. They
result from the fact that surfaces of weakening and disconti-
nuity occur in the rockmass. When applying a stress-strain
curve of a certain volume of rockmass to research tasks of
geoengineering and mining, we have to be aware of the effect
of scale.

Lowering the slenderness of a sample results in decreasing
the inclination of the post-critical curve to the strain axis
(Hudson, Brown, & Fairhurst, 1971; Labuz & Biolzi, 1991;
Merwe, 2003). Increasing the size of a sample results in an
increase in the inclination of the post-critical curve.

Natural phenomena occurring in the rockmass as well as
processes induced by engineering activities depend on the

strain rate of rocks. A lot of unfavourable phenomena in the
rockmass occur at different strain rates. The influence of
strain rates on the course of stress-strain characteristics has
been confirmed by numerous tests. Results of this research
were published abroad as early as the 1930s. More recent
research dates back to the 1960s and later (Bieniawski, 1970;
Peng, 1973; Blanton, 1981; Lis & Kijewski, 1987; Chong,
Turner, & Boresi, 1989; Krzyszton, 1990; Olsson, 1991; Lajtai,
Duncan, & Carter, 1991). The research shows that with an
increase in strain rate, the pre-critical curve has a steeper
inclination in relation to the strain axis. Bukowska's (2005)
research shows that the inclination of the pre-critical curve
for sedimentary rocks, within the range of strain rate used in
strain rate tests, generally, shows a slight increase or remains
the same.

As research conducted by Bieniawski (1970), Peng (1973)
and more recent research by Bukowska (2005) shows, the
inclination of the post-critical curve increases or decreases
with an increase in strain rate (Fig. 5).

The influence of temperature on the course of rock
destruction is not clear. The strength of rocks usually de-
creases as the temperature increases. In most rocks an in-
temperature causes an their
deformability. It means that at room temperature they behave
as though they have an elastic—brittle body, and at a high
temperature like an elastic—plastic one.

Tests of rocks under triaxial stress showed that an increase
in the value of the confining pressure causes an increase in the
strength of rocks and an increase in the value of residual
stress (Fig. 6). At high values of confining pressure there is a
transition from the brittle state to the ductile state and a
change in the model of rock destruction.

An analysis of the influence of strain rate and confining
pressure on the values of post-critical parameters, e.g. of
Carboniferous rocks of GZW, showed that a confining pres-
sure of 0—70 MPa has a greater influence on post-failure pa-
rameters than a strain rate of 10 *—10"* s* (Bukowska, in
press).

crease in increase in
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Fig. 5 — The course of force-displacement (time) curves for fine-grained sandstone at different values of strain rate used in
tests; a) rate 0.008 mm/s; b) rate 0.08 mm/s; c) rate 0.8 mm/s; d) rate 8 mm/s.

4, Geomechanical properties of rocks
determined by using full stress-strain
characteristics and the dynamics of rock
destruction

The stress-strain curve is an image of the destruction of a rock
sample. By analysing the course of the curve we determine
values of both mechanical parameters and energy parame-
ters. It refers to the uniaxial tests conducted in different load
systems and tests under a complex stress state. Using a servo
controlled testing machine the values of mechanical param-
eters and energy parameters of the rocks, in the pre-critical
and the post-critical part, are determined. The main param-
eters determined by analysing stress-strain characteristics are
presented in Figs. 7 and 8.

Based on the values determined using the course of
destruction a rock sample we can determine the values of
various parameters and indices which provide information on
the dynamics of destruction a rock medium and can be used to
solve tasks e.g. in geoengineering and mining. The most
important of these parameters are:

e critical differential stress (so called differential strength
hmlt) 01 — O3,

o residual differential stress o5 — O3,

o specific energy of pre-critical destruction Apre = Ap + Ael,
o dissipated strain energy Agyss = Ael + Apost,

o kinetic energy Ex = Ael — Apost + Ar post-

Using the obtained shape of stress-strain characteristics, we
obtain information concerning the dynamics of the destruction
of a rock sample. The shape of the post-critical part of the
characteristics and its inclination show the differentiated
dissipation of elastic energy. The fast course of this process,
when the dissipation rate increases, results in an increase in
the value of kinetic energy. This is attributed to the occurrence
of geodynamic phenomena in the rockmass. When the process
of dissipating elastic energy is slow, the dissipation of energy
can be significant and the value of kinetic energy will decrease
to zero. Organogenic rocks (hard coals) of the Upper Silesia Coal
Basin, in comparison with clastic rocks (sandstones, mud-
stones) and clay rocks (claystones), reach a smaller inclination
of the post-critical curve (higher values of post-peak failure
modulus) at lower values of compression strength. It means
that when being destroyed (exceeding critical stress) the dy-
namics of the destruction of coal is higher than the dynamics
of the destruction of clastic rocks and clay rocks. To illustrate
this, in Fig. 9, we present the values of post-peak failure
modulus for coal, clastic rocks and clay rocks (Bukowska, 2005),
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Fig. 6 — The course of force-displacement (time) curves for fine-grained sandstone at confining pressure of: a) 0 MPa; b)

20 MPa; c) 30 MPa; d) 50 MPa.

at a comparable value of compression strength of 25 MPa,
calculated according to the devised dependences.

5. Use of stress-strain curve in mining
practice

The image of the course of destruction rocks resulting from
loading them in their full range of strain, in the pre-critical

eYoung's modulus E
eelasticity modulus recovery Eq
euniaxial compression strength .,

ecritical strain determined at maximal
stress €,

eelastic strain g4

eirreversible strain g,

especific elastic strain energy Aq
especific irreversible strain energy A,

Pre-critical curve

and the post-critical phase, became a new quality; and the
post-peak failure modulus determined on the course of the
post-critical curve together with the residual strength and the
residual strain are parameters, which can be used to solve
various problems concerning mainly mining geomechanics
and geoengineering (Fig. 10).

For the needs of the Polish hard coal mining industry (un-
derground mining) various indices are devised based on a
stress-strain curve of rock samples compressed in a testing

epost-critical modulus M

eresidual stress e

eresidual strain ge

eenergy of post-critical destruction
Apost

erecoverable strain energy A st
(Heasley, 1991)

Post-critical curve

Fig. 7 — The main mechanical parameters and energy parameters determined with a stress-strain curve of loaded rock.
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machine. Some of them have found their practical applica-
tion. E.g.: the energy index of coal's natural susceptibility to
rockbursts Wgr (Szecowka, 1972). It is determined with pre-
critical stress-strain characteristics. Using the course of the
curve in its post-critical part the ODR index, called the ‘period
of dynamic destruction of coal ODR’, was devised in order to
be used to determine the ‘sensitivity’ of coal to dynamic load
concerning tremor and rockburst occurrence in hard coal
mining (Kidybinski & Smotka, 1988). An example of an index
considering a full range of the strain of rock samples, and the
pre-critical and the post-critical properties are: the index of
rockmass susceptibility to rockbursts Wrg and the index of
rockmass kinetic energy Wy (Bukowska, 2012).

Itis important that rockmass susceptibility to rockbursts is
its natural feature and depends on, among other things, the
geological factors (natural factors) which shaped the rock-
mass, and the current conditions in the rockmass. The most
important of them are:
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Fig. 9 — Post-peak failure modulus of coal and waste rock
calculated according to functional dependences
(Bukowska, 2005) for a compression strength of 25 MPa.

the geomechanical properties of the system consisting of a
coal seam and layers of rocks surrounding it (for Carbon-
iferous rockmass),

the lithology and petrography of rocks,

the depth of exploitation,

the geological history of the rockmass,

e coal seam thickness and water-bearing of rockmass.

Rockbursts occur in the exploited rockmass susceptible to
them. Important factors, influencing the occurrence of geo-
dynamic phenomena such as rockbursts, are mining factors
(technical factors) associated with current mining activities.

To evaluate Carboniferous rockmass susceptibility to
rockbursts we can use the index of rockmass susceptibility to
rockbursts Wrg and the index of rockmass kinetic energy Wg.
The first one uses the full stress-strain characteristics and on
its basis, with the pre-critical part, we determine Young's
modulus of rocks in a depth interval of between up to
100 m above the seam and 30 m below the seam; and with the
post-critical part we determine the value of post-peak failure
modulus within the same depth interval. The idea of con-
struction of the index originates from work by Petukhov and
Linkov (1979), where they considered the post-critical prop-
erties of coal and presented the influence of post-critical
strain on the stability of workings. However observations
and experiences of Carboniferous rockmass in the Upper
Silesian Coal Basin (GZW) in Poland show, that in the evalu-
ation of Carboniferous rockmass susceptibility to rockbursts it
is important to examine geomechanical properties of rocks up
to the height of 100 m above and 30 m below a given seam, as
the source of over 95% of rockbursts is located in the said
depth interval. Taking into consideration the information and
values of the index of rockmass susceptibility to rockbursts
W, a classification of Carboniferous rockmass susceptibility
to rockbursts was devised. The kinetic energy index Wgx was
devised based on the value of kinetic energy. Its value was
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sthe assessment of destruction of rock and rockmass
ethe assessment of rock and rockmass susceptibility to rockbursts

sthe assessment of water hazard, especially in active mines exploiting coal in the vicinity of water reservoirs
in goafs of abandoned mines and the interpretation of conditions within the source of a water hazard
(Bukowski & Bukowska, 2008; Bukowski, 2011)

sthe designing of barrier pillars due to water hazards in hard coal mines (Bukowski, 2010) and safety zones

(Bukowski, 2009)

rockbursts

stress-strain characteristics

Possible applications of full

sthe safe liquidation of works, e.g. in mine shafts (Prusek, Bukowski & Moszko, in press)

sthe forecasting of rockmass deformation and stability of underground workings (Prusek, 2010)
edetermining the causes of damage to the concrete shaft lining

edetermining the optimal mining advance rate considering induced seismicity and rockmass suceptibility to

epillar dimensioning in room and pillar mining system
sthe determining range of a destruction zone around roadways of various cross section shape

Fig. 10 — Original applications of data obtained when interpreting the full course of stress-strain characteristics in

underground mining problems.

calculated using stress-strain characteristics and the value of
normal energy from the pre-critical and the post-critical part
of the characteristics. To construct the index we used a coef-
ficient of structural weakening of the rockmass, according to
the classification of Geological Strength Index (GSI) and the
equation devised by Hoek (1994). Showing that the kinetic
energy of a seam and the surrounding rockmass is a function
of their strength index, W, was defined and a classification of
Carboniferous rockmass susceptibility to rockbursts up to
100 metres above a seam and 30 metres below a seam was
devised. It is important that both indices of rockmass sus-
ceptibility to rockbursts (Wrg and Wg) together with other
natural conditions of Carboniferous rockmass (seam thick-
ness and the depth of a seam, rockmass structure, the dis-
tance from a potentially seismogenic layer, and seismicity of
the rockmass) are the basis to develop GEO, a system of geo-
logical-geomechanical assessment of rockmass susceptibility
to rockbursts (Bukowska, 2013). The GEO system for assessing
susceptibility to rockbursts, together with the classification of
assessed susceptibility to rockbursts for Carboniferous rock-
mass, and a classification of rockburst hazard to mine work-
ings was verified in a few dozen tests sites in GZW.

6. Conclusions

The conditions of loading rocks in situ are, in laboratory con-
ditions, modelled through loading rocks in a testing machine.
Stress-strain characteristics are an image of the course of
destruction rock loaded in a stiff testing machine. The pre-
critical part of the curve represents the destruction of rock
until it reaches the value of critical (destructive) stress. In the
pre-critical part an increase in stress is accompanied by an
increase in rock strain. The post-critical part shows rock
destruction after the value of maximal stress is reached until

residual stress is reached. In the post-critical part a decrease
in stress is accompanied by an increase in strain.

The shape of stress-strain characteristics is different for
different rocks and depends on numerous factors. The most
important ones influencing the course of the destruction
curve are: shape and size of the sample and the conditions of
the experiment in the testing machine.

Analysing the course of the curve of rock destruction under
load, we obtained values of geomechanical parameters and
energy parameters and drew conclusions concerning the dy-
namics of rock destruction. Thus, the stress-strain curve gives
information about the destruction of the loaded rocks.

Based on the analysis of the courses of the curves and
calculations of the values of mechanical parameters and en-
ergy parameters, and various indices devised based on them,
itis possible to utilize the data when solving various problems
of underground mining. Particularly it refers to the assess-
ment of natural hazards and the designing of mining activities
in underground workings e.g. exploitation and liquidation.

Acknowledgments

This research was supported by the Ministry of Science and
Higher Education under the statutory activity of the Central
Mining Institute within the project no. 1120433-142, entitled:
Improving methodologies for assessing susceptibility to bumps
rocks and rock Carboniferous of the Upper Silesian Coal Basin.

REFERENCES

Bezat, F. A. (1987). Recent developments in the application of
closed loop servohydraulic control technology to post failure


http://refhub.elsevier.com/S2300-3960(15)00008-7/sref1
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref1
http://dx.doi.org/10.1016/j.jsm.2015.08.007
http://dx.doi.org/10.1016/j.jsm.2015.08.007

54 JOURNAL OF SUSTAINABLE MINING 14 (2015) 46—54

testing of uniaxially loaded cylindrical rock specimens.
Zeszyty Naukowe AGH, seria Gérnictwo, 129, 31—-36.

Bieniawski, Z. T. (1970). Time-dependent behaviour of fractured
rock. Rock Mechanics, 2(3), 123—137.

Blanton, T. L. (1981). Effect of strain rates from 10 2 to 10 sec *in
triaxial compression tests on three rocks. International Journal
of Rock Mechanics and Mining Science & Geomechanics Abstracts,
18(1), 47—62.

Bukowska, M. (2005a). Mechanical properties of carboniferous
rocks in the Upper Silesian Coal Basin under uniaxial and
triaxial compression tests. Journal of Mining Science, 41(2),
129-133.

Bukowska, M. (2005b). Forecasting rockmass susceptibility to
rockbursts with geological—geomechanical index method in Upper
Silesian Coal Basin. Prace Naukowe GIG, No. 866.

Bukowska, M. (2012). The rockbursts in the Upper Silesian Coal
Basin in Poland. Journal of Mining Science, 48(3), 445—456.

Bukowska, M. (2013). Post-peak failure modulus in problems of
mining geo-mechanics. Journal of Mining Science, 49(5),
731-740. http://dx.doi.org/10.1134/51062739149050067.

Bukowska, M. (2015). Post-critical mechanical properties of
sedimentary rocks in the Upper Silesian Coal Basin (Poland).
Archives of Mining Sciences, 60(2), 517—534.

Bukowski, P. (2009). Determining of water hazard zones for
mining exploitation planned in the vicinity of reservoirs in
abandoned mines. Mineral Resources Management, 25(3),
203-215.

Bukowski, P. (2010). Determining of safety pillars in the vicinity of
water reservoirs in mine workings within abandoned mines in
the Upper Silesian Coal Basin (USCB). Journal of Mining Science,
46(3), 298—310.

Bukowski, P. (2011). Water hazard assessment in active shafts in
Upper Silesian Coal Basin Mines. Mine Water and The
Environment, 30(4), 302—311.

Bukowski, P., & Bukowska, M. (2008). Changes in geomechanical
properties of carboniferous rocks under the influence of water
and their possible consequences in the areas of abandoned
mines of the Upper Silesian Coal Basin (Poland). Mine water
and environment. In 10th International Mine Waters Association
Congress (pp. 123—126). Karlove Vary: VSB — Technical
University of Ostrava, Faculty of Mining and Geology.

Chong, K. P., Turner, J. P., & Boresi, A. P. (1989). Strain rate effects on
the mechanical properties of western and eastern oil shales (pp.
611—-623). Balkema.

Cook, N. G. (1965). The failure of rock. International Journal of Rock
Mechanics and Mining Sciences, 2, 389—403.

Heasley, K. A. (1991). An examination of energy calculations applied to
coal bump prediction. Rock Mechanics as a Multidisciplinary Science
(pp. 481—490). Rotterdam: Balkema.

Hoek, E. (1994). Strength of rock and rock masses. ISRM News
Journal, 2(2), 4—16.

Hudson, J. A., Brown, E. T., & Fairhurst, C. (1971). Shape of the
complete stress-strain curve for rock. In Proc. 13th Symp. Rock
Mech., Illinois (pp. 773—795).

Kidybinski, A., & Smotka, J. (1988). Wptyw wytrzymatosci i
dynamiki rozpadu skat na sktonnos¢ gérotworu do tapan.
[Influence of strength and rock degradation dynamics on
rockmass susceptibility to rockbursts]. In Zeszyty Naukowe
Politechniki Slgskiej, No. 960, seria Gérnictwo, z. 172 (pp. 341—350).

Krzyszton, D. (1990). Influence of strain rate on strength
parameters of dry rocks and rocks saturated with water.
Rockmass as a multiphase medium. Wydawnictwo AGH, I,
137-156.

Kwasniewski, M. (2002). Behaviour of iso- and anisotropic rocks
under triaxial compression conditions. Zeszyty Naukowe
Politechniki Slgskiej Gérnictwo. No. 247.

Kwasniewski, M. (2007). Mechanical behaviour of rocks under
true triaxial compression conditions — volumetric strain and
dilatancy. Archiwum Gérnictwa, Krakéw, 52(No. 3), 409—435.

Labuz, J. F., & Biolzi, L. (1991). Class I vs class II Stability: a
demonstration of size effect. International Journal of Rock
Mechanics and Mining Science & Geomechanics Abstracts, 28(2/3),
199-205.

Lajtai, E. Z., Duncan, E. J. S., & Carter, B. J. (1991). The effect of
strain rate on rock strength. Rock Mechanics and Rock
Engineering, 24(2), 99—109.

Lis, J., & Kijewski, P. (1987). Influence of strain rate of rock models
on their behaviour in pre- and post-failure state. In Zeszyty
Naukowe AGH, 1117, seria: Gérnictwo, z. 129 (pp. 191-197).

Merwe, J. N. (2003). A laboratory investigation into the effect of
specimen size on the strength of coal samples from different
areas. Journal of the South African Institute of Mining and
Metallurgy, 103(5), 273—279.

Okubo, S., & Nishimatsu, Y. (1990). A study on the class behavior
of rock. Rock Mechanics, 4, 261—273.

Olsson, W. A. (1991). The compressive strength of tuff as a
function of strain rate from 107 to 10%/sec. International Journal
of Rock Mechanics and Mining Sciences & Geomechanics Abstracts,
28(1), 115—118.

Paterson, M. S. (1978). Experimental rock deformation — The brittle
field. Berlin: Springer Verlag.

Pells, P. J. N. (1993). Uniaxial strength testing. Comprehensive
rock engineering. In Rock testing and site characterization (vol. 3,
pp. 67—85). Oxford: Pergamon Press.

Peng, S. S. (1973). Time-dependent aspects of rock behaviour as
measured by servocontrolled hydraulic testing machine.
International Journal of Rock Mechanics and Mining Sciences. No. 3.

Petukhov, I. M., & Linkov, A. M. (1979). The theory of post-failure
deformations and the problem of stability in rock mechanics.
International Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts, 16, 57—76.

Pininska, J. (1994). Procesy deformacji pekania cylindrycznych
prébek skalnych — analiza poréwnawcza réznych litologicznie
typéw skat osadowych. [Processes of deformation cracking
rock samples — Comparative analysis of sedimentary rocks of
different lithography types]. In Prace Naukowe Instytutu
Geotechniki i Hydrotechniki Politechniki Wroctawskie, j z. 65.

Prusek, S. (2010). Empirical-statistical model of gate roads
deformation. Archiwum Gérnictwa, 295—312. No. 2.

Prusek, S., Bukowski, P., & Catus-Moszko, J. (2015). Laboratory
tests of filtration coefficient of selected materials used in
liquidating shafts in collieries. Journal of Mining Science, 50(2),
265-276.

Szecéwka, Z. (1972). Zmiana niektérych wiasnosci
mechanicznych wegla wskutek nawodnienia w aspekcie
zwalczania tapan poktadowych. [Changes in certain
mechanical properties of coal caused by water in the context
of preventing rockbursts]. Komunikat GIG. No. 568.

Ulusay, R., & Hudson, J. A. (Eds.). (2007). The complete ISRM
suggested methods for rock characterization, testing and monitoring:
1974—2006 (Commission on testing methods ISRM).

Wawersik, W. R., & Fairhurst, C. (1970). A study of brittle rock
fracture in laboratory compression experiments. International
Journal of Rock Mechanics and Mining Sciences, 7(6), 561—575.


http://refhub.elsevier.com/S2300-3960(15)00008-7/sref1
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref1
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref1
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref1
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref2
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref2
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref2
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref3
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref3
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref3
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref3
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref3
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref3
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref3
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref3
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref3
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref3
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref4
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref4
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref4
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref4
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref4
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref5
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref5
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref5
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref5
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref6
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref6
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref6
http://dx.doi.org/10.1134/S1062739149050067
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref8
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref8
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref8
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref8
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref9
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref9
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref9
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref9
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref9
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref10
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref10
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref10
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref10
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref10
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref11
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref11
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref11
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref11
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref12
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref12
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref12
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref12
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref12
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref12
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref12
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref12
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref12
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref13
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref13
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref13
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref13
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref14
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref14
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref14
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref15
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref15
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref15
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref15
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref16
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref16
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref16
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref17
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref17
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref17
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref17
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref18
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref19
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref19
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref19
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref19
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref19
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref19
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref20
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref20
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref20
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref20
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref20
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref20
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref20
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref21
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref21
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref21
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref21
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref21
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref21
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref21
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref21
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref22
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref22
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref22
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref22
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref22
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref22
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref23
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref23
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref23
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref23
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref24
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref24
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref24
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref24
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref24
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref25
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref25
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref25
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref25
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref25
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref26
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref26
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref26
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref27
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref27
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref27
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref27
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref27
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref27
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref27
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref27
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref28
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref28
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref28
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref29
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref29
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref29
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref29
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref30
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref30
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref30
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref31
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref31
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref31
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref31
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref31
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref32
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref33
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref33
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref33
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref33
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref34
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref34
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref34
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref34
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref34
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref35
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref36
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref36
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref36
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref36
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref37
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref37
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref37
http://refhub.elsevier.com/S2300-3960(15)00008-7/sref37
http://dx.doi.org/10.1016/j.jsm.2015.08.007
http://dx.doi.org/10.1016/j.jsm.2015.08.007

	Stress-strain characteristics as a source of information on the destruction of rocks under the influence of load
	1. Introduction
	2. Stress-strain characteristics of rocks – selected problems
	3. The influence of certain factors on the shape of stress-strain characteristics
	4. Geomechanical properties of rocks determined by using full stress-strain characteristics and the dynamics of rock destruction
	5. Use of stress-strain curve in mining practice
	6. Conclusions
	Acknowledgments
	References


