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A MODELING METHOD ON FRACTAL DISTRIBUTION OF CRACKS
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Abstract

For underground mining and construction, it is important to obtain a discontinuities’

model of rocks for simulations to evaluate rock stability around the working space and fluid

flow in these rocks. We have developed a method using the fractal property of acoustic

emission (AE) source distribution to construct a feasible crack distribution model. We con-

firmed the usefulness of the model through laboratory experiments for granite specimens.

The experiments demonstrated that the AE source distribution was fractal and that the rela-

tionship between amplitude and frequency of AE was fractal. Crack distributions in the

specimen and on the surface were both fractal. Based on the results, 3-D crack distribution

models were constructed using AE monitoring data obtained. This model describes the

crack as a disk. The disk orientation was determined by a moment tensor analysis of AE

waveforms.  In this study, we applied the modeling method to uniaxial and triaxial compres-

sion tests on specimens of coal measures rocks (sandstone, siltstone and coal). Results

showed that micro-cracking activity, which occurred prior to failure, differed depending on

the rock type. We obtained characteristic models for each rock type. This technique was

also applied to a micro-seismic data set obtained during mining at an underground Austra-

lian coal mine. The crack distribution model of roof rock on a longwall mining panel

showed that most cracks were located in roof rock in front of the working face.
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1. Introduction

Existing crack distribution models for rock mass have been developed based on crack

systems’ stochastic and fractal characteristics [1–5]. These crack distribution models are

useful for simulation of structural stability and fluid flow, etc. To establish a much more

feasible model that represents the actual rock crack system, we developed a method using

source location and moment tensor analysis for acoustic emission (AE) data [6,7]. This

method describes the crack as a disk without thickness. The fractal dimension of sectional

lines that appeared on the specimen surface was adjusted to coincide with the dimension of

lineaments that were extracted from an actual crack image of the same surface of the speci-

men by correcting the AE parameters. That is, the relative AE energies for respective events

were altered iteratively until both fractal dimensions were matched. Through
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application of this technique to laboratory experiments (uniaxial compression tests) for

granite specimens, we confirmed that the AE source distribution was fractal and that the

relationship between amplitude and frequency of AE was also fractal. Crack distributions in

the specimen and on the surface were both fractal. Consequently, it became possible to con-

struct a reasonable 3-D crack distribution model according to fractal properties of AE

source and amplitude-frequency distributions [6, 7].

As a next step, this modeling method was applied for the evaluation of an underground

rock mass during stress change by coal excavation in an Australian coal mine. The rock

mass comprised siltstone, sandstone and coal. A series of laboratory experiments was car-

ried out for these coal measures rock samples before constructing a large-scale 3-D crack

distribution model of an underground coal mine.

2. Experimental Procedures

2.1 Rock Specimens and Experimental Conditions

For 17 pieces of coal measures rock specimens (11 sandstone, 2 silt stone and 4 coal

specimens), uniaxial and triaxial compression tests were conducted while changing the con-

fining pressure and the strain rate. These core sample rocks were extracted from approxi-

mately 301 m to 334 m below the surface of an underground coal mine of Australia. Speci-

mens were cut from the core samples and ground into a cylinder of 30-mm diameter and 60-

mm height.  The confining pressure of triaxial compression test were set at 1, 4, 9 and 14

MPa for sandstone, 1 and 9 MPa for siltstone, 1, 4 and 9 MPa for coal specimens in addition

to the uniaxial compression tests. For the sandstone specimens, the strain rate was set at 2.5

x 10
-6

/s, 5 x 10
-6

/s and 25 x 10
-6

/s. For other specimens, the strain rate was fixed at 5 x 10
-

6
/s. However, the influence of the strain rate was not evident through the tests.

2.2 Apparatus

Figure 1 shows an AE monitoring system for laboratory experiments. As an AE sensor,

10 pieces of PZT elements (shown in Fig. 2) were attached to the surface of the specimen.

After attaching sensors to the surface of the specimen, the specimen was covered by end-

pieces and oil shield plastics, and set into a pressure vessel. Setting the confining pressure

Fig. 1 AE monitoring system. Fig. 2 PZT element as an AE sensor.
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as constant, Eight sensors were selected from the 10 elements while checking individual

sensitivity. AE waveforms from the 8 sensors were digitized with a sampling time of 100 ns

using a Multi-Digitizer (APC-5108; Autonics Corp.), and recorded on a hard disk of PC. All

signals were amplified 35 dB using preamplifiers (AE2A; Physical Acoustics Corp.). The

frequency band of the system was restricted using a 100–400 kHz bandpass filter of the pre-

amplifier. The numbers of AE events and AE counts that were detected by the one of the

sensors were also digitized and recorded on a hard disk of another PC. These events and

counts were regarded to represent the total amount of AE activity during the experiment.

3. Modeling Procedure

3.1 Disk Crack Model

This crack distribution model was constructed under the assumption that micro-cracking

in rock coincides with an occurrence of AE event in most brittle rocks under stress. Ac-

cording to that assumption, the micro-crack inside the rock with AE generation was de-

scribed as a disk in this crack distribution model. To arrange the disk-type crack into a 3-D

rock space, the following must be known:

1) crack location (coordinate of the disk center),

2) crack size (disk diameter),

3) crack orientation (normal vector of the disk), and

4) crack type (tensile strength, shear and other characteristics).

The crack location, i.e. the coordinate of the center of disk, was determined by AE source

location. In this model, the crack size is represented by the relative energy of an AE event.

The relative energy was calculated from the amplitude of the AE waveform considering the

correction of propagation loss and directional sensitivity of the AE sensor. The crack orien-

tation was determined from the result of moment tensor analysis of AE waveforms [8].

However, in the case of a shear crack, it is difficult to choose a shear plane from conjugate

directions. Therefore, in this modeling method, the orientation of the shear crack plane was

determined randomly. The crack type was determined by the tensile crack ratio obtained

from the principal value of the moment tensor and Poisson’s ratio. AE events that were

classified as tensile cracks were those with a ratio of more than 60%. A ratio or less than

40% was regarded as a shear crack; others were inferred to be a combination type.

3.2 Compensation by Fractal Property of AE Amplitude-Frequency Distribution

If the amplitude-frequency distribution of AE are regarded as fractal, the number of AE

events with smaller size amplitude could occur during loading of laboratory experiments.

Figure 3 shows a typical amplitude-frequency distribution of AE. Assuming a fractal prop-

erty based on the linearity of a higher amplitude region, many AE events are expected to

have occurred according to the difference between the observed number and the estimated

line. These events with small amplitude seemed not to be detected by the AE monitoring

system used for the experiments.  In this modeling method, small AE events were added

into the model that was constructed using AE data analysis. The crack number and size

were estimated from the amplitude-frequency distribution. Locations, orientations and types

of compensation cracks were arranged randomly in the rock space with regard to the statis-

tics of crack distributions obtained by AE data analysis.
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Fig. 3 Amplitude-frequency distribution.

Fig. 4 Confining pressure effect for peak stress. Fig. 5 Confining pressure effect for number

of AE events.

4. Experimental Results

4.1 Effect of Confining Pressure

Figure 4 shows the relationship between confining pressure and peak stress of triaxial

compression tests for sandstone. This figure shows the confining pressure effect: the peak

stress increases with increasing confining pressure. Figure 5 shows the relationship between

confining pressure and the number of AE events that were detected during load increase.
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The number of AE events tends to decrease with increased confining pressure. The relative

energy of AE events also decreased concomitant with the increasing confining pressure.

Siltstone and coal also showed these tendencies.

4.2 AE Source Locations

Figures 6, 7 and 8 show typical results of AE source location for siltstone, sandstone

and coal. The confining pressure was 1 MPa for these specimens. These results were dis-

played three-dimensionally from different perspectives by means of virtual reality modeling

language (VRML). Pictures in the figures show specimens after loading tests. In Figs. 6 and

7, most AE sources were located along the fracture planes. However, in the case of coal

specimen shown in Fig. 8, almost all AE events were characterized as concentrated into the

center region of the specimen. Identical results were obtained from two other coal speci-

mens in the low confining pressure of 1 MPa. Observation of the specimen showed that

these concentrations of AE events reflected the coal specimens’ crush zone.

     Fig. 6 AE source locations (siltstone).      Fig. 7 AE source locations (sandstone).

4.3 Crack Distribution Models of Specimens

Figure 9 shows typical results of crack distribution models for siltstone, sandstone and

coal specimens. In addition to the cracks determined by AE data analysis, small cracks were

included. The darkest disk indicates the shear crack. The brighter color disk shows the ten-

sile crack; the brightest disk is for the combination type crack.  Regarding siltstone and

sandstone specimens, orientations of the tensile crack planes were almost parallel to the

loading axis; the shear crack planes were perpendicular (vertical) to it. The percentages of

tensile cracks and shear cracks for sandstone specimens were about 30–40% and 40–50%

respectively. A tendency for shear cracks to be slightly dominant for the sandstone speci-

mens was shown by the coal specimens as well. However, no relationships were found be-

tween the percentage of tensile and shear cracks and the confining pressure.
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Fig. 8 AE source locations (coal).

      Siltstone           Sandstone         Coal

Fig. 9 Crack distribution models.

5. Crack Distribution Model During Mining of Underground Coal Mine

5.1 Micro-seismic Monitoring of Coal Mine

Micro-seismic monitoring was conducted in an underground coal mine of Australia us-

ing 20 triaxial velocity meters (geophone). Figure 10 shows the plan view of underground

mining panel in the depth of about 285–335 m from the surface. Micro-seismicity was re-

corded during mining of longwall No. 4, which is 400 m wide and 600 m long. Geophones

(GS-20DX; Oyo Geospace Corp.) were installed from the surface inside the four drill holes.
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Fig. 10 Plan view of longwall mining panel.

Fig. 11 Vertical projection of geophone locations.

Figure 11 shows the vertical projection of the drill holes and the locations of triaxial geo-

phones. During mining of longwall No. 4, 170,000 micro-seismic events were triggered.

5.2 Crack Distribution Model of Coal Mine

This report relates the results of three periods: the first period of 5–8, October 1999; the

second period of 18–20, October 1999; and the third period of 26–28, October 1999. Fig-

ures 12, 13 and 14 show results of final crack distribution model that were constructed us-

ing micro-seismic data analysis. Figure 12 shows the crack distribution model during min-

ing of the first period. It was found that most cracks were generated in the sandstone roof

rock; the crack locations were in front of the longwall working face. Figures 13 and 14
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Fig. 12 Crack distribution model of first mining period.

Fig. 13 Crack distribution model of the second mining period.

illustrate that the locations of cracks became closer to the mining area with advance of

working face. In the third period, many shear type cracks were concentrated around drill

hole C.  Subsequently, the geophones of this drill hole were broken. Through the mining

periods, it was clear that the shear-type cracks were dominant in the roof rock. This result

accorded with results of laboratory experiments using sandstone specimens.

6. Conclusions

This paper introduced a method to construct 3-D crack distribution model using AE

monitoring data. We described its application to coal measures rock specimens and to an

underground coal mine.   
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Fig. 14 Crack distribution model of the third mining period.

Uniaxial and triaxial compression tests were carried out for 17 pieces of siltstone, sand-

stone, and coal rock samples. The number of AE events decreased with the increase of con-

fining pressure. Crack distribution models showed that shear type cracks were dominant for

coal and sandstone specimens.

For 170,000 AE waveforms recorded in the mine, AE source location and moment ten-

sor were analyzed to construct a crack distribution model of the longwall panel. The AE ac-

tivity and 3-D crack distribution model showed that the most cracks were generated in the

roof rock of the longwall panel; furthermore, they were located in front of the working face.

The dominant crack type developed inside the roof rock was shear type, as in the sandstone

specimen, under the triaxial stress state.

The effectiveness of this modeling method, which considers the fractal properties of AE,

was demonstrated through a series of laboratory experiments and subsequent application to

micro-seismic data of field monitoring. As the next step, we plan to conduct a simulation

that uses this crack distribution model to evaluate gas flow in an underground coal mine.
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