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ABSTRACT

The paper concerns the acoustic emission (AE) generated in rock specimens by fracture process of a
variable origin and scale. Two different experiments have been conducted: uniaxial compression and
gas sorption. Generalised correlation exponent dimension Dq of the distribution of AE energy rate
have been determined and the reconstruction of the attractors of the phase space for the AE time series
have been calculated. It was shown that Dq may also be associated with fracturing mode and that
process of rock fracturing during compression is of lower order than that of coal fracturing induced by
gas sorption.

INTRODUCTION

AE techniques may be applied to a wide range of activities in the geotechnical area, e.g. mine safety,
rock and soil slope stability, surface subsidence, in situ stress evaluation, underground storage, nuclear
waste disposal, geothermal energy development and others too numerous to mention. In all these
activities the rock failure is of prime importance. In general, AE techniques are used as a diagnostic
tool but attempts are made to find the relationship between the AE characteristics and the basic physics
of the phenomenon under study [1]. Recent studies have produced substantial evidence, which
indicates that fractal statistics can be successfully applied to AE generated in rocks samples under
stress [e.g. 2-8].

This paper is concerned with an examination of fracture process in rocks in terms of non-linear
dynamics of observed AE during two very different types of tests - uniaxial compression and gas
sorption on hard coal. Rock fracture in compression is a progressive process and AE characteristics
together with the stress-strain curves in the pre- and post-failure regions can provide an insight into the
failure process. The purpose of the gas sorption tests on hard coal was to study the specific interactions
between coal matrix and gas molecules leading to coal fracturing, which is revealed as AE. Presented
in this paper are studies of non–linear dynamics of AE from microfracturing monitored during uniaxial
compression experiments and gas sorption tests comprised of:
! analysis of fractal /multifractal character of AE energy distribution [Dq (q)],
! analysis of time variability of fractal dimensions D2 and D∞,
! analysis of phase space of AE process (calculation of embedded attractors).

EXPERIMENTAL

Uniaxial compression tests
Three rock types were used in this study; coal, dolomite and sandstone. All specimens were cylinders
42 mm in diameter and 84 mm in length and were loaded uniaxially using the Instron 8500 stiff testing
machine operated at constant strain rate 10–6 s-1 (axial or circumferential). The load and strain history
of each specimen was obtained. AE was detected by Dunegan SE1000-HI transducer with an integral
40dB preamplifier mounted on the upper platen of the Instron. AE signals were further amplified by
low-noise, high gain preamplifier and then fed to a microcomputer controlled AE analyser. AE
monitoring system was operated with the following settings: filter 10 kHz – 100 kHz, gain 90 dB.
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Gas sorption tests
Studies have been conducted on two types of hard coal: high rank and medium rank, obtained from
two Polish coal basins (Lower Silesia Basin and Upper Silesia Basin). Test specimens were 22 mm in
diameter and 44 mm in length. Experimental facilities used in high pressure sorption of CO2 on coal
comprised a pressure vessel and associated pressurisation and monitoring systems. The coal specimen
could be pressurised and depressurised using a system of pressure valves. AE from coal specimen was
monitored by an externally mounted transducer on the cap of the test vessel. The other elements of AE
monitoring system were the same as before. Each specimen was first vacuum degassed (10-4 torr).
Next, carbon dioxide from a gas cylinder was admitted into the vessel at a pressure of 4 MPa. AE
measurements were carried out during fifty hours of gas sorption.

THE BASIC CALCULATIONE PROCEDURE

In this study the generalised dimension Dq was estimated by means of the statistical moment of order q
of the correlation integral [Grasberger and Procaccia, 1983]:
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where N is the total number of measures 
ρ
xi and Θ is the Heaviside function. An object is multifractal if

log logC lq qDq l(, )∝ +1 (2)

The linearity of the log-log plot indicates the existence of statistical self-similarity of events. The slope
of log C(l, q) vs. log (l) plots gives Dq, the estimate of the generalised dimension. For q=2 the
generalised dimension is the correlation exponent dimension, denoted by D2. The estimate D∞ clears up
information about the most intensive clustering in a heterogeneous fractal set. The difference between
estimates D2 and D∞ represents the degree of the heterogeneity of a heterogeneous fractal set. Here the
D12 is taken as the estimate of D∞.
The Dq vs q relation characterises the specific conditions of the process under study. According to the
Takens theorem, from the set of observations of particular values s(n) d-dimensional vectors 
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the delay co-ordinates (shifted by the time lag T) were created [e.g. Abarbanel, 1996]:
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These vectors create d-dimensional embedded space, in which the reconstructed attractor is
investigated. Single variable time series of the AE energy rate have been examined. The correlation
dimensions D2, for increasing embedding dimensions d, from 1 to 15, were calculated. When the
Euclidean dimension reaches a certain value d beyond which the fractal dimension D2 no longer
increases, that d value estimates the dimension of the reconstructed phase space and the dimension of
the attractor. A small number of degrees of freedom confirms the deterministic chaotic behaviour of
the process.

RESULTS

Only selected results are presented due to the limited space. Acoustic emission and loading history of
two specimens – dolomite (loaded with constant circumferential strain rate) and coal (loaded with
constant axial strain rate) are shown in figs. 1 and 3a. There are characteristic changes of AE energy
rate during loading cycle. The AE development is different for the two samples examined. In dolomite,
the anomalous rapid initial increase in AE corresponds to high stress concentration arising still at crack
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closure. During the linear elastic phase, AE energy slows down and rises significantly for the second
time near the failure strength. Changes of AE energy rate follow that of load, both in pre-failure and
post-failure regions.

Fig.1 AE energy rate distribution for dolomite specimen under uniaxial compression test.

Coal, at the beginning of loading behaves in different way from the dolomite - only very few AE
events are recorded and a marked increase in AE is evident but beyond fifty percent of the failure
strength. A sharp rise in AE occurs at eighty percent of the failure strength and is followed by a drastic
drop just before failure.

Fig.2 AE energy rate distribution and temporal changes of D2 and D2-∞
for dolomite specimen under uniaxial compression test.
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Figures 2 and 3b reveal that temporal variations of D2 and D2-∞ indicate consecutive stages of specimen
deformation. The pre-failure and post-failure regions for dolomite specimen are described by two
different Dq vs q relations (Fig.6). The pre-failure region characterises monofractality and strong self-
similarity of AE energy rate distribution while a weak multifractality and a weak self-similarity is
observed in post-failure region. It seems that a various focal mechanisms of AE are responsible for it.
In uniaxial compression rock failure occurs in two modes [e.g. 11, 12]:
1. local fracturing predominantly parallel to the applied load,
2. both local and macroscopic shear failures.

Fig.3 AE energy rate distribution (a) and temporal changes of D2 and D2-∞ (b)
for coal specimen under uniaxial compression test.

For heterogeneous rocks, the first mode of failure is characteristic in pre-failure region whereas the
consecutive development of faults at the boundary and in the interior of the specimen take place in
post–failure region. The essential similarity of the plots Dq vs q for coal (which failed violently) and
dolomite in the pre-failure region confirms the above explanation. Figure 7 shows that the embedded
phase space of AE energy rate associated with rock fracturing under uniaxial compression is around
six dimensional.
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The AE phenomenon induced in hard coal by gas sorption can be explained, to some extent, on the
basis of copolymeric model of coal structure [e.g. 13, 14]. From the model, hard coal consists of:
! a surface part (macro, meso-, micro- and submicropores),
! a volume part (macromolecular and molecular fractions).
Gas molecules can be deposed in coal structure on the surface of macropores (surface adsorption),
located into mesopores (capillary condensation) and into micro- and submicropores (volumetric
adsorption). Furthermore, some molecules may penetrate into macromolecular and molecular fractions
(absorption). The sorption capacity of coal is made up of the submicropores, molecular fraction and
macromolecular three dimensional cross- linked network.

Figures 4 and 5 show the AE energy rate and changes of D2 and D2–∞ estimates during CO2 sorption for
two types of coal tested. In general, three subprocesess within the sorption of CO2 can be distinguished
in the plots, namely: adsorption, adsorption – absorption and absorption. At first, the adsorption take
place, then two simultaneous processes (adsorption and absorption) proceed at various rates, hereafter
absorption is carried through. The difference in kinetics of CO2 adsorption and absorption is evident.

Fig.4 AE energy rate distribution (a) and temporal changes of D2 and D2-∞ (b)
during CO2 sorption on specimen CA.

Plots Dq vs q (Fig. 6) show that sorption process in specimen CA (high rank coal) is more
heterogeneous than in specimen CK (medium rank coal). Moreover, the reconstruction of the
embedded phase space indicates that CO2 sorption in high rank coal is a chaotic process of lower order
than it is in medium rank coal (Fig. 7).
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Fig.5 AE energy rate distribution (a) and temporal changes of D2

and D2-∞ (b) during CO2 sorption on specimen CK.

Fig. 6 Generalised fractal dimension
of AE energy rate.

Fig. 7 Plots of correlation dimension D2

versus embedding dimension d.
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The observed differences in behaviour of coal tested are interpreted as due to the direct impact of coal
rank. In high rank coal, the content of a molecular fraction is low and a contribution of the aliphatic
and heterocyclic cross – linked chains of macromolecular fraction increases, what results in structure
stiffening. In contrast, the very high content of mesopores and slight amount of molecular size pores is
peculiar to medium rank coal as a result of a marked differentiation in dimensions of coal structure.
Therefore, for this coal, the contribution of the elastic absorptive part is lower than it is in high rank
coal.

CONCLUSIONS

- Multifractal analysis of the AE generated in rocks subjected to uniaxial compression shows that
generalised fractal dimensions may also be linked with fracturing mode,

- the heterogeneity of fractal structure of the distribution of AE energy rate associated with CO2

sorption on coal depends on coal rank and grows along with it, and
- process of gas sorption in high rank coal is a chaotic process of lower order than it is in medium

rank coal.
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