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Summary. A constant stress fracture experiment of Oshima granite was 
carried out at the confining pressure of 40MPa. Hypocentres of 2064 
acoustic emissions were located during the experiment. Using the ‘correlation 
integral’, we found that the spatial distribution of hypocentres of acoustic 
emission is a fractal, and that the fractal dimension decreases with the 
evolution of rock fracturing. The spatial distribution of earthquake’s hypo- 
centres reveals fractals ranging from regional to worldwide distribution. If 
we extrapolate from laboratory measurements, it is possible to predict the 
occurrence of large earthquakes by the decrease in the fractal dimension. 
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Introduction 

Fractal is a general concept for self-similarity introduced by Mandelbrot (1983), who took 
the term ‘fractal’ from the Latin fractus, which describes the appearance of a broken stone: 
irregular and fragmented. Actually, many natural rock surfaces are scaling, which are literally 
fractal. Brown & Scholz (198.5) showed that the geometry of the fracture surface of rocks, 
e.g. joints and faults, is a fractal. In his early study on fractal geometry, Mandelbrot (1967) 
showed that a coastline, which is a large rock surface, is also a fractal. If natural rock 
surfaces are generated by superposition of the fracture process of rocks, we can expect the 
fracture process of rocks to be a fractal (Mandelbrot 1983). 

The fracture process of a rock, including earthquakes, produces some fractal structures. 
The Gutenberg-Richter relationship indicates a self-similarity in frequency-magnitude and 
is apparently valid for various fracture scales from microcracking of rocks to large earth- 
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quakes (Mogi 1962; Aki 1981; King 1983). Kagan & Knopoff (1978, 1981) demonstrated 
that the time series of the seismic process is also fractal; if every earthquake is regarded as a 
multishock event, the rate of occurrence of dependent shocks on the occurrence of the 
mainshock increases with t-',  where t is the time from the origin time of the main shock. By 
using correlation functions, Kagan & Knopoff (1980) showed that the spatial distributions 
of earthquake epicentres have stochastic self-similarities and that the fractal dimension 
changes from 1 to 1.5 with the hypocentral depth. Using a box-counting algorithm, 
Sadovskiy et al. (1984) demonstrated that the spatial distribution of both the earthquakes 
on a worldwide scale and in the local Nurek-region earthquakes is fractal. The fractal 
dimensions of earthquakes on a worldwide scale and in the Nurek-region local catalogue are 
1.6 and 1.4, respectively. The box-counting method ignores the heterogeneous distribution 
of a fractal set and therefore gives (in principle) a greater fractal dimension than the 
correlation integral method (Grassberger 1983). The spatial distribution of earthquakes is 
also fractal. If the processes microfracturing and earthquakes are related, one can ask if the 
microfractures also display this fractal behaviour? Hypocentres of acoustic emission were 
located in the laboratory rock-fracture experiment, and examined to discover whether or 
not the spatial distribution of microfracturing is a fractal. 

T. Hirata, T, Satoh and K .  It0 

Rock fracture experiment 

We carried out a constant-stress fracture experiment of Oshima granite under a confining 
pressure of 40 MPa. The differential stress was held constant at 547 MPa, which was about 
85 per cent of the fracture strength obtained in a constant stress-rate fracture test of about 
2 x lo-' MPa s-'. Fluctuations of the axial stress and the confining pressure during the creep 
were controlled to less than +0.1 and k0.2 per cent, respectively. The rock specimen was a 
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Figure 1. Orthographic projections of acoustic emission hypocentres. Hypocentres of (a) 353, (b) 273 and 
(c) 1438 events were determined during the primary, secondary and tertiary creep, respectively. 
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Figure I-continued 

cylinder 50 mm in diameter and 100 mm long. The parallelism between the ends was set to 
within k0.005 mm. After vacuum drying, the specimen was kept at room environment over 
2 months prior to the experiments. 

When a rock is stressed, elastic waves called acoustic emissions are generated by micro- 
fracturing. These acoustic emissions were detected by 20  PZT transducers (resonant 
frequency is 2 MHz) mounted on the rock specimen. To eliminate the effects of the 
anisotropy of P-wave velocity in stressed rock for hypocentre locations, we measured the 
P-wave velocity both parallel and perpendicular to the loading axis during the experiment 
and used these velocities for determination of hypocentres. Using arrival times at each 
transducer, the hypocentre of acoustic emission was determined by basically the same 
algorithm used for determination of an earthquake's hypocentre (Nishizawa, Onai & 
Kusunose 1984; Yanagidani et al. 1985). 

Hypocentres of 2064 acoustic emission events were located during the creep. The 
accuracy of determination of acoustic emission hypocentres was within +2 mm. Fig. 1 
(a, b, c) (respectively) shows the hypocentre distributions of acoustic emission at the so- 
called primary or transient creep (0-4410 s), the secondary or stationary creep 
(4410-1 5 2 10 s) and the tertiary creep (1 5 2 10-22 410 s) which is an accelerating stage 
leading to failure. The stages of creep are determined from the time versus strain relation 
shown in Fig. 2. 

Correlation integral 

The correlation integrals C(r) for the hypocentre distributions ( p i ,  p 2 ,  . . . , p ~ )  shown in 
Fig. 1 were calculated in three dimensions. They are given by 
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Figure 2. Time versus average volumetric strain during the creep. Strains were measured with six strain 
gauges mounted on the centre of the specimen at 60° intervals. 

where Nr(R < r) is the number of pairs (p;, Pi) with a distance smaller than r, and N is 353, 
273 and 1438 for the primary, secondary and tertiary creep, respectively. If the distribution 
has a fractal structure, C(r) is expressed by 

C(r) a: rD, (2) 

where D is a kind of fractal dimension called the correlation exponent (Grassberger 1983) 
that gives the lower limit of the Hausdorff dimension. We can estimate the fractal dimension 
using a box-counting algorithm, but the estimation is unstable depending on the location and 
size of the boxes when the number of data is small. This alternative method can be used even 
for a small number of data. 

The correlation integrals versus the distance for the hypocentre distribution at each stage 
of creep is plotted on a double logarithmic scale in Fig. 3. The actual data fall on the straight 
lines, which indicate that the spatial distributions of acoustic emission have fractal 
structures. The fractal dimension estimated from the slope was 2.75, 2.66 and 2.25 at the 
stages of primary creep, secondary creep and tertiary creep, respectively. 
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Figure 3. Correlation integral versus distance for each stage of the creep. Fractal dimensions are 2.75, 
2.66 and 2.25, for the primary, secondary and tertiary creep, respectively. 
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Figure 4. Distribution of the orientations of the hypocentre pairs ( p i ,  p i ) .  An upper hemisphere of equal- 
area projection has been used for the directions of the pairs. The values on contour lines are the deviation 
from the averaged density normalized as 100. 

The hypocentre pair of ( p i ,  p i )  forms a vector. The distribution of the orientations of the 
pairs at each creep stage is shown in Fig. 4. The orientation also tends to cluster with 
progress of the creep; according to Fig. 4,  this cluster means that the hypocentre localization 
is a volumetric one with some cluster centres rather than planar ones. This result coincides 
with the result of the uniaxial creep test of Oshima granite by Yanagidani et al. (1985). 

Discussion 

If hypocentres are distributed at random in three dimensions, the fractal dimension D 
defined by ( 2 )  is 3. The decrease of the fractal dimension to less than 3 as creep progresses 
means that hypocentres of acoustic emission tend to cluster with a self-similar structure in 
space. Since the dimension of the planar section of a fractal set with fractal dimension D in 
3-D space is generally D - 1 (Mandelbrot 1983), the fractal dimension of the planar section 
of the acoustic emission hypocentres is between 1.75 and 1.25, roughly coinciding with the 
fractal dimension ( 1 . 0 ~  D <  1.6) of earthquake epicentres which occur within a plate and 
thus are distributed in two dimensions (Kagan & Knopoff 1980; Sadovskiy et al. 1984). This 
suggests that fracturing of rocks is a scale-invariant process from the macroscopic level of 
earthquakes, at least small-scale earthquakes which do not fracture the entire crust, to the 
microscopic level of microfracturing as proposed by other workers (Allkgre, Le Moue1 & 
Provost 1982). 

The fractal dimensions obtained in the present study, Kagan & Knopoff (1980) and 
Sadovskiy et al. (1984) are one for the spatial distribution of point sources, but not for the 
shape of the fracture plane (Brown & Scholz 1985), nor for the size distribution of fractures 
which is related to b-values of earthquake magnitude-frequency relationships (Aki 198 1 ; 
King 1983; Main & Burton 1984). Each fractal dimension represents a different aspect of 
the fractal structure of fracturing and need not be equal. In the present study, we measured 
the magnitude-frequency relationship, obtaining the magnitude from the maximum 
amplitude of acoustic emission. The relationship is expressed by logN(m > M) = a - bM, 
where N is the total number of events of which magnitude m is greater thanM. We did not 
observe a correlation between b and D ,  though b tends to decrease just before failure. 

If the scale-invariant nature of fracturing holds from the microscopic level of micro- 
fracturing in rocks to  the macroscopic level of earthquakes, the results of the rock fracture 
experiment can be extrapolated to an explanation of the natural earthquake. For example, 
Ouchi & Uekawa (1986) reported that the degree of clustering of earthquakes increases 
before large earthquakes, which is supported on a microfracturing scale by our findings. We 
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therefore propose that the use of the decrease in the fractal dimension of earthquake hypo- 
centres may be valuable for predicting large earthquakes. Although b-values are also said to 
tend to decrease before large earthquakes, in our laboratory experiment, the fractal 
dimension D appeared to be more sensitive than the b-values for predicting the main 
fracturing. This may be due to a shortcoming in the laboratory experiment. 
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