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SUMMARY 
The formation and evolution of faulting in three initially intact, oil-saturated 
specimens of Clashach sandstone is examined under conditions of constant strain 
rate loading at three different confining pressures, simulating the effect of tectonic 
loading at different depths in the Earth’s upper crust. After a fault is formed the 
specimens are slid for a time, and then the initial confining pressure is increased to 
simulate the long-term recovery of strength expected in the Earth. The differential 
stress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu and natural acoustic emissions (AE) are measured during the three separate 
phases of fault nucleation, sliding and strengthening. At the end of each individual 
phase the fluid permeability is measured by a pulse-decay technique at constant 
stress. The A E  are interpreted using a mean field theory for damage evolution 
which calculates a mean crack length (c)  from the seismic event rate N and the 
b-value, and a mean energy release rate (G)  from u and (c). 

(c) and (G)  both increase non-linearly in the nucleation stage, and are 
associated with large fluctuations in the scaling exponent b. In contrast, the b value 
remains almost constant at a value near unity in the sliding phase, even when the 
fault is mechanically strengthened. Small fluctuations in ( G ) observed during sliding 
may be associated with the breaking of individual asperities. The relative stability of 
b, combined with a relatively constant sliding stress, implies that frictional sliding 
has all the hallmarks of a self-organized critical (SOC) phenomenon. In contrast, the 
fresh fracture of intact rock shows a continuum of states with power-law scaling at a 
variety of b values, where b is negatively correlated to (G).  During the fault 
nucleation stage the implied subcritical crack growth index n’ obtained from the A E  
data shows a distinct break of slope during the failure of the intact specimens, from 
n’<2 to n’>2, consistent with a theoretical transition from stable damage to 
dynamic instability. A possible mechanism is the transition from local mechanisms 
dominated by dilatant hardening (negative feedback) to microcrack coalescence 
(positive feedback). Interpreted in this way, the results imply that the organized 
coalescence of microcracks to form a fault occurs before the ultimate strength (peak 
stress) is reached. This emphasizes the fact that local mechanisms of softening or 
hardening do not always scale simply to the macroscopic rheology in a heteroge- 
neous medium. The fluid permeability reduces steadily throughout all phases of 
deformation, testament to the self-sealing nature of deformation in porous sedimen- 
tary rocks. 

Key words: acoustic emission, damage mechanics, fractals, permeability, self- 
organized criticality. 
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INTRODUCTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The brittle deformation of rocks in the Earth’s upper 
crust is characterized by the formation and growth of cracks, 
followed ultimately by their organized coalescence into 
larger-scale faults on which sliding can occur at much lower 
stresses. The long-term evolution of such systems has been 
compared by Bak & Tang (1989) with the phenomenon of 
self-organized criticality (SOC), where the system evolves to 
a state where the material is close to failure everywhere, but 
deformation is concentrated on the larger faults (Sornette, 
Davy & Sornette 1990). This state is characterized in the 
Earth by: a constant remote strain rate; a relatively constant 
remote driving stress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu, where the local stress drop Au in 
individual earthquakes (-3 MPa) is small compared to the 
breaking stress a,(-100 MPa); and a power-law distribution 
of earthquake source length with a ‘universal’ negative 
exponent D --. 2, usually corresponding to a seismic b value 
of unity, and which remains relatively constant in space and 
time. Such phenomena are seen both in natural seismicity 
and in seismicity induced by mining, dam impoundment and 
pressure drawdown during hydrocarbon production. One of 
the problems of examining the relevance of SOC to the 
Earth is the difficulty of measuring the applied stresses. This 
problem can be overcome to some extent in the laboratory 
where experimental conditions can be controlled, but where 
for example it is impossible with current technology to 
achieve strain rates as low as those applicable in the Earth 
(even for cases of induced seismicity, where there is often a 
time delay of months or years to the onset of earthquakes). 

In this paper we examine the development of a fault over 
a few hours under servo-controlled conditions of constant 
strain rate (-1OPs-l) in an initially intact specimen of a 
relatively homogeneous rock type (Clashach sandstone), 
soaked in a relatively chemically inert pore fluid (oil), 
through successive stages of (I) fault nucleation; (11) 
frictional sliding; and (111) sliding under conditions 
simulating longer-term sbengthening of the fault. In a 
separate paper we investigate the structural effect of the 
formation of fault gouge on fluid permeability across the 
fault surface in the same suite of experiments (Crawford, 
Main & Smart 1993). The results are interpreted with a 
mean field theory for damage evolution (Main 1991), in 
which a mean energy release rate ( G )  (per unit surface 
area), sometimes referred to as a crack extension force, is 
inferred from the distribution of acoustic emissions and the 
measured differential stress. In stage I previous results 
obtained by the same technique on samples of Darley-Dale 
sandstone saturated in water (Main, Sammonds & Meredith 
1993a) are confirmed, except that a transition from 
macroscopic stability to instability in the constitutive 
equations is clearly seen prior to the onset of macroscopic 
strain softening and the development of a macroscopic shear 
fault. The b value, stress and the mean crack extension force 
(G) inferred from the acoustic emissions both fluctuate in 
an ordered way which is nevertheless not consistent with a 
universal SOC phenomenon. In contrast, the results from 
stages zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 and 111 do show evidence of universal SOC, with 
relatively constant b, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu and (G) at constant strain rate, 
even though N and ( G )  may fluctuate as a particular 
asperity on the fresh fault surface is sheared off. 

EXPERIMENTAL PROCEDURE 

A series of triaxial compression tests on right cylindrical 
Clashach sandstone specimens measuring 1.5 in. in diameter 
by 3.75 in. in length (1 in. = 2.54cm) was carried out on an 
experimental rig described elsewhere (Main et al. 1993b), 
and summarized in Fig. 1. These relatively homogeneous 
samples, from a commercial quarry near Hopeman Village 
on the Moray coast of Scotland, consist of medium to coarse 
(0.5-1.0 mm) subrounded grains of quartz (90 per cent) and 
potassium feldspar (10 per cent) with minor amount of their 
smaller fragments, and muscovite, apatite and zircon. 
Application of the required stress field was achieved by 
using a servo-controlled compression frame applying axial 
load to the specimen under displacement control at a 
constant strain rate of 1.6 x s-’, and a standard Hoek 
cell with axisymmetric confining pressure. The samples were 
saturated with a refined mineral oil, with a fluid pressure 
applied at the top of the sample, and drained to atmospheric 
pressure at the lower end. Any changes in permeability are 
therefore more likely to be due to mechanical effects (such 
as pore throat closure; clogging by fine particles liberated by 
the brittle failure of grain-grain contacts; or the 
comminution of fault gouge in the later stages) than 
combined physico-chemical effects in the presence of an 
aqueous phase. The fluid permeability down the core axis 
was estimated from the rate of decay of a pressure pulse 
applied to the top end of the sample under conditions of 
constant stress (Crawford et al. 1993). The current 
experimental arrangement allows either the active seismic 
monitoring of the effects of microcracking via load-bearing 
velocity transducers mounted above and below the sample, 
or the passive monitoring of microcrack activity by the 
detection of AE via a waveguide attached to the sample. 
Here we report on results from monitoring AE and 
permeability. 

Figure 2 shows a schematic illustration of the test 
conditions, which involved: (0) initial compaction of the 
sample (part-closure of pores and pre-existing fractures) by 
applying an initial hydrostatic pressure; (I) taking the 
initially intact specimen over its failure cycle; (11) sliding the 
material over the newly created fault surface; and then (111) 
sliding further on increasing the confining pressure, implying 
a greater normal stress across the fault surface. The aim of 
this procedure was to allow a comparison of acoustic and 
fluid transport properties of the system during (I) the 
nucleation phase of faulting (failure of an intact specimen) 
with (11) the initial sliding of the fault after quasi-static and 
dynamic slip-weakening, followed by (111) a longer-term 
recovery in frictional strength. The mechanical strengthen- 
ing effect of increasing the normal strength across the fault 
by increasing the confining pressure mimics to some extent 
the quasi-static strength recovery which may result in the 
Earth from combined physico-chemical processes over 
longer time-scales, and with a more chemically active pore 
fluid, than those appropriate for our tests. Phase I is further 
split into (a) a linear quasi-elastic phase, (b) a phase of 
strain hardening up to the ultimate strength of the material, 
(c) a stable strain-softening phase which may or may not be 
long enough to be recorded by the instrument, and (d) 
dynamic stress drop, also marked on Fig. 2. Phase (a) is 
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Figure 1. A schematic block diagram of the experimental arrangement, showing the compression cell with attached microseismic monitoring 
equipment and pulse-decay permeameter. 
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Figure 2. A schematic load-displacement curve for (0) initial hydrostatic loading and elastic pore closure; (I) fault nucleation; (11) frictional 
sliding; and (11) sliding at increased confining pressure. Phase I may be further split into (a) a quasi-linear elastic phase; (b) a strain-hardening 
phase; (c) a phase of stable strain softening and (d) dynamic failure of the specimen. 
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222 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. Liakopoulou-Morris zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 1. Initial confining pressures for dynamic failure and 
frictional sliding and final confining pressures for re-shearing for 
all test specimens. 

Specimen (Test) Confining pressure Confining pressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Number in Phases I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& I1 in Phase 111 

(psi) [MPal (psi) [MPal 

3000 [20.7] 4000 [27.6] 

5000 [34.5] 6000 [4 1.41 

7000 [48.3] 8000 [55.2] 

called ‘quasi-elastic’ since, although it is linear, local 
inelastic processes resulting in AE  are also a characteristic 
element. Table 1 lists the confining pressures applied for 
phases 1-111 for the three tests described in this paper. 

PRELIMINARY ANALYSIS OF SEISMIC 
DATA 

Signals from the AE transducer were logged and processed 
using a LOCAN 320 system, widely used in material 
research and non-destructive testing. Its recording threshold 
was set to 50dB and the dynamic range between this 
threshold and the maximum amplitude recorded during the 
experiments was found to about N d B ,  or two orders of 
magnitude. Fig. 3 shows snapshots of the discrete and 
cumulative frequency-magnitude distributions at different 
points on the loading curve during phase I for Test 3, 
(corresponding to phases marked (a)-(d) on Figs 2 and 7), 
together with plots of the recorded amplitude and duration 
of the recorded events. The event amplitude and duration 
form a cluster and are approximately linearly correlated on 
a log-log scale. An approximately linear scaling would be 
expected on this plot if we assume an approximate 
self-similarity in the acoustic source function (Kanamori & 
Anderson 1975). Howeve‘r, a large scatter which increases 
with ongoing deformation occurs due to events appearing to 
become progressively longer, most likely due to crack 
coalescence. In deriving a damage criterion from the 
recorded AE, Cox & Meredith (1993) suggested that events 
with small durations but high amplitudes that lie outside the 
cluster should be excluded in the model since they probably 
are the result of instrument noise, but that long-duration 
events should be included in the statistical treatment as they 
are probably due to summation of smaller events. The latter 
may lead to an apparent masking effect as individual 
separate smaller events which are otherwise unrelated 
overlap in time (Oda, Koami & Seya 1989). However, it is 
impossible to distinguish this artefact from the real effect of 
overlap in space and time due to the avalanche effect of the 
coalescence of neighbouring microcracks. 

Apart from an apparent masking of the occurrence of 
smaller events during strain softening (Fig. 3c) and dynamic 
failure (Fig. 3d), the distribution of event amplitudes was 
generally found to be consistent with the log-linear 
Gutenberg-Richter relation, where the number of recorded 
events N of a magnitude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm or greater is: 

log N = a - b(m - mJ. (1) 

a is the number of events above a threshold magnitude m,, 

determined largely by the background noise; and the scaling 
constant b is the seismic b value, calculated here by the 
maximum likelihood method (Aki 1965). In Figs 3(c) and 
(d) deviations from eq. (1) at low magnitude (right-hand 
column) occur simultaneously with the development of 
longer events as discussed above. AE amplitudes were 
measured in decibels, and so the log-linear slopes from the 
AE distribution in dB were divided by 20 to produce a b 
value comparable to that reported in the seismic literature, 
either for a discrete time interval corresponding to the 
logging interval (of duration 10 s), or for a longer data set in 
the form of an integrated sum of all events up to a particular 
time (e.g. Fig. 3). 

Values of b near 1 are produced when mc=50dB 
(Fig. 4), corresponding to the lowest reasonable threshold 
given the background noise in the laboratory during a 
typical test run. Thus the AE results of our experiments 
scale in a simple way to those of real earthquakes. Fig. 4 
also shows that the effect of arbitrarily increasing this 
threshold by removing the smaller events from the resulting 
data is simply to scale b by a constant factor throughout the 
test, rather than change the form of its evolution. The 
implication is that at the transducer frequencies of 0.5 MHz, 
the recording instrument is acting as a velocity meter (Cox 
& Meredith 1993) for events of magnitude greater than 
50 dB. 

EXPERIMENTAL RESULTS AND MEAN 
FIELD INTERPRETATION 

Figures 5 to 7 show the basic results from all three 
experiments, in the form of the measured differential stress 
u, permeability, AE  event rate N (within a 10s time 
interval) and the corresponding . seismic b value. The 
diagrams also show the inferred (normalized) mean crack 
length (C>/(C,,,) = f ( N ,  b) and mean energy release rate 
(G)  /( G,,,) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa u’( c )  obtained from a modified Griffith 
criterion for an ensemble of cracks (Main 1991). The theory 
was applied in exactly the same way as described in Main et 
al. (1993a), and hence is not repeated here. All parameters 
are plotted against the measured strain applied under 
servo-control. 

Figure 5 shows the results from Test 1 with the smallest 
initial confining pressure (i.e. the most brittle case 
macroscopically). A linear quasi-elastic phase of deforma- 
tion (a) is followed by a strain hardening phase (b) up to the 
peak stress (ultimate strength), which is marked by a 
dramatic stress drop (d) marking the end of phase I (fault 
nucleation). In this case the strain-softening phase (c) is 
simply too short to be recorded by the experimental 
apparatus. The stress remains fairly constant in phase I1 
(stable sliding) and increases in phase 111 (reshearing under 
a higher confining pressure). In phase I the AE event rate 
increases very slowly in the linear quasi-elastic phase, but 
accelerates markedly in the strain-hardening phase, 
consistent with dilatant microcrack growth. (The two 
minima in AE event rates at the end of phases I and I1 are 
artefacts of the experimental procedure, where stress is held 
constant and the AE monitoring discontinued while axial 
permeability was measured.) The b value exhibits a small 
initial decline followed by a broad intermediate-term 
minimum which changes to a rapid decrease in the 
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Fault nucleation and frictional sliding 223 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Test zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X 

X I  

5 10- 
50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 10 10 OC 100 

w a 7 o w a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 m IOO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

D 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 70 80 00 100 lo'-\ 5 0 .  M 70 M 90 IW 

amplitude (dB) amplitude (cB) 

Figure 3. Plots of the scaling of AE amplitude and duration (left-hand column) and frequency-amplitude distributions (right-hand column) 
integrated over phases I(a)-(d) for Test 3, and marked on Fig. 7. The discrete frequency-magnitude distribution is indicated by the solid line, 
and the cumulative frequency-magnitude distribution by the circular symbols. 

strain-hardening phase and reaches an absolute minimum 
value of 0.75 at dynamic failure. In contrast, phases I1 and 
111 are characterized by relatively small fluctuation in AE 
event rate and an almost constant b value. The inferred 
mean crack length ( c )  increases with increasing AE rate 
and reaches its maximum value at peak stress very close to 

dynamic failure. The inferred mean energy release rate (G) 
(plotted as its square root) also increases monotonically 
throughout phase I, accelerating in the strain-hardening 
phase, and peaks at dynamic failure, although the values of 
( G )  near this time are likely to be underestimates due to 
the importance of local interactions in the stress field during 
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Test zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

2.5 ; 

. .. . .. . .. . . .  . . .  , 
. .  . . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 1 I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

12 14 16 18 20 22 24 26 28 30 

axial strain (x 1000 microe) 

Figure 4. The effect of amplitude threshold (choice of cut-off 
magnitude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm,) on the seismic b value for Test 3.  

organized shear localization and stress concentration on the 
incipient fault plane. The reduction in in the sliding 
phases, to 40 per cent of its peak value at dynamic failure, is 
consistent with the weakening effect of the presence of a 
throughgoing fault. 

Figure 6 shows the results from Test 2. Apart from a small 
increase in ultimate strength resulting from the higher initial 
confining pressure, these results are very similar to those in 
Test 1. The b value exhibits the same general decrease in 
'Phase I, marked by a broad minimum followed by an 
inflection to a sharper minimum of 0.7 just before failure. 
The mean energy release rate and average crack length vary 
in a way similar to Test 1, both reaching their maxima at 
dynamic failure, which also coincides with peak stress. Here 
the fluctuations in event rate, (c) and (G) ,  are relatively 
more marked on sliding compared to Test 1, but again are 
small compared to those seen in phase I in either test. 

Figure 7 shows the results of Test 3, exhibiting the highest 
confining pressure, the highest ultimate strength, and the 
most 'ductile' rheology on a macroscopic scale, involving a 
clear phase of stable strain softening. The b value decreases 
to a broad minimum at about the onset of strain hardening, 
similar to Tests 1 and 2, but has a much earlier and more 
gradual reduction to a second minimum during the 
strain-softening phase. Its absolute minimum is 0.56 at 
dynamic failure. Another marked difference is the relative 
decrease in AE event rate during the strain-softening phase, 
implying an apparent seismic 'quiescence', accompanied by 
a concomitant decrease in the inferred values for (c )  and 
(C), and consistent with previous observation on a 
different rock type (Darley-Dale sandstone: Main et al. 
1993a). The b value is negatively correlated with AE event 
rate during strain hardening but positively correlated during 
strain softening. The b value is positively correlated to stress 

Test 1 a) 

5 10 15 20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25  30 35 40 

b) 

b-value t l .*  

0 5 ;o 1; 20 25 30 35 40 

(Cl 
1.0 

' ' 

0.6 - 

0.4- 

I /" 

0.0 ! I 1 I I 

0 5 10 15 20 25 30 35 40 

axial strain (x 1000 microe) 

Figure 5. Results for Test 1 ,  plotted against strain: (a) differential 
stress (solid line) and fluid permeability (dashed line); (b) b value 
(solid line) and AE event rate (dashed line); (c) inferred mean 
crack length (c)  (solid line) and energy release rate ( G )  (plotted as 
its square root-dashed line), both normalized to their maximum 
values. Phases (a)-(d) are marked according to the phases marked 
on Fig. 3 ,  phase c being apparently absent in this case. 

in the strain-softening phase, in direct contrast to the 
negative correlation observed on strain hardening, first 
observed by Scholz (1968). In phase I1 quite large 
fluctuations in event rate are seen in the form of two sharp 
peaks, but these are not associated with significant 
fluctuations in b value. The fluctuations in event rate at 
constant b value imply a larger maximum magnitude and 
hence a larger inferred source length and energy release 
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Figure 6. Results for Test 2, plotted as in Fig. 5. 

rate. The most likely explanation for these effects is the 
failure of strong ‘asperities’ on the newly created fault 
plane, marked by local peaks in the inferred mean energy 
release rate ( G ) .  

In summary, phase I1 is characterized by a relatively 
constant sliding stress and b value, despite occasional 
pronounced fluctuations in event rate. However, these 
fluctuations are much smaller than the overall variation in 
Phase I, where large fluctuations in stress, event rate and 
particularly the seismic b value are observed. Once the 
confining pressure is increased further (phase 111) the sliding 
stress increases asymptotically to a constant value, but little 

0.0 ! I I I I 1 I I 

0 5 10 15 20 25 30 35 I 

axial strain (x 1000 microe) 

Figure 7. Results for Test 3, plotted as in Fig. 5, this time with a 
phase of strain softening being present (marked c). 

variation is observed in event rate or the b value. In all 
three tests the inferred mean crack length and energy 
release rate are much smaller in the sliding phase than their 
peak values at dynamic failure, consistent with the material 
weakening often associated with fault formation. Fluctua- 
tions in ( G )  within this phase may be attributed to the 
breaking of stronger asperities. The values of ((3) also 
change very little on increase in confining pressure, 
indicating that the weakening effect may be relatively 
insensitive to changes in normal stress of the magnitude 
noted in Table 1. 

In all three tests the four measurements of permeability at 
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the end of the individual phases 0-111 show a monotonic 
decrease, testament to the self-sealing properties of fault 
formation and frictional sliding. The most likely mechanisms 
are (a) the liberation of fine particles during anelastic 
microcracking or pore closure of the intact specimens (Main 
et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1993b), and (b) the production of efficiently packed 
fractal gouge produced by comminution in the sliding phase 
(Sammis et al. 1986; Crawford et al. 1993). No strong 
correlation could be made at this stage with the AE 
parameters since their measurements are not coincident with 
the present experimental arrangement. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

10' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

lo': 

10' 

10' 

10 ' 

SCALING OF A E  PARAMETERS WITH ( C )  

The scaling of event rate and b value with ( G )  gives an 
indirect means of estimating the form and parameters of the 
local constitutive laws producing the macroscopic rheology 
seen in Figs 5-7. These may then be compared to those 
determined for open tests in tensile loading where G (or the 
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n :: 
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10' 

10' 

100 

10 ' 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

lI 

stress intensity K a l6) can be measured independently 
(e.g. Fig. 2 in Main et al. 1993a). 

Event rate 

Figure 8 shows the scaling of N with for the 
individual phases (columns) for the three tests (rows), 
plotted on log-log axes. The straight lines of slope zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn' imply 
power-law scaling, but with an exponent n' in the range of 
1.3-5.6 rather than 20-60 observed for tensile crack growth 
(Meredith & Atkinson 1983). The exponent n (or subcritical 
crack growth index) for the power-law scaling of crack 
extension velocity with stress intensity is equal within the 
experimental resolution to n' in their (tensile) tests. n > 2 is 
an absolute requirement for the development of instability 
at constant stress (Das & Scholz 1981), and if a similar 
equality holds for these compression tests, the effect of a 
confining pressure is to reduce n' to a point near the 
boundary of stability. In Fig. 8 the index n' also increases 

n = 5.17 

3 ,  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7- 

0.07 0.1 0.2 0.4 0.7 

10' 

10' 

10' 

10. 

10- ' 
I 

10' 

10' 

10' 

10' 

1 0  ' 

n = 5.57 

=i 

m 
n = 4.62 

/ 
0.07 0.1 0.2 0.4 0.7 1.0 

10' 

10' 

10' 

100 

1 0 ~  ' 

n = 5.01 

, (  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
OM 0 0 7 0 1  02 04 0 7  10 OM 0 0 7 0 1  02 04 0 7  

sqrt(<G>/<G>max) 

Test 

Test 

Test 

1 

2 

3 

Figure 8. Plot of the correlation between the AE event rate and ( G )  for the three tests (rows) and their individual phases (columns). The data 
plot as straight lines on this logarithmic plot, consistent with a power-law relationship, but with indices zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn' marked by an abrupt change of slope 
during phase I, preserved during sliding (11) and strengthening (111). 
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14- 

1.2- 

10- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.1- 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 -  

0 4 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

marginally with increasing confining pressure. These results 
confirm previous work based on compressional loading of 
specimens of Darley-Dale sandstone and Westerly granite 
(Main et al. 1993a). 

During phase I all of the tests show a clear break of slope 
from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn' < 2 (implying stable damage at low (G) )  to n' > 2 
(implying unstable acceleration to dynamic rupture at high 
(G)), particularly for Tests 2 and 3 under relatively greater 
compression. This new result implies a change in the local 
parameter in the constitutive law rather than its form (still a 
power law). A possible mechanism might be the transition 
from distributed local dilatant hardening due to the opening 
of cracks to fault nucleation by the organized coalescence of 
cracks along the future fault trace. This inferred transition 
from marginal stability to instability occurs irrespective of 
whether or not local strain softening is observed 
macroscopically. Once a fault has been created the values of 
n' remain constant in the unstable regime during phases I1 
and I11 (columns I1 and I11 of Fig. 8). 

These results imply that the initial damage in (a) the 

CIO 

, , 7 

I 
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1.2- 
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0.6- 

0.4 

14 y=-0.08+0.83 
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0.44  ~ , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
OM 0 0 7  0 1  0 2  0 4  0 7  1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

II 

linear quasi-elastic and (b) the first part of the 
strain-hardening phases is stable (n' < 2), consistent with 
local rules which involve a negative feedback between crack 
growth and further crack growth. In contrast, shear 
lozalization during fault formation by microcrack coales- 
cence and frictional sliding under these experimental 
conditions are inherently in the unstable regime, implying 
accelerating crack growth even for a constant applied stress. 
The transition to instability defined in this way ( n ' > 2 )  

occurs in our experiments before the ultimate strength is 
reached, confirming that the exact point of the transition is 
not simply associated with the macroscopic rheology, and in 
particular that microcrack coalescence and shear localization 
is not necessarily (or perhaps even commonly) associated 
with macroscopic strain softening (Sobolev 1986). 

Seismic b value 

Figure 9 shows that the b value in phase I is negatively 
correlated to the inferred value of m, confirming 

1.2 1.4\ CI 

0.8 ''OI 

0 . 6 1  

0 4 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.M 0.07 0 1 0.2 0.4 0.7 

0.04 0.07 0.1 aZ 0.4 0.7 1.0 

"1 y=-0.12x+0.77 1 

04- 
OM 0 0 7  0 1  0 2  0 4  0 7  1 0  O M  007 0 1  0.2 0.4 0 7  1 0  

m 

Test 1 

OM 007 0 1  0.2 0 4  0 7  10 

sqr t( <G>/<G>max) 

Test zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

Test 3 

Figure 9. plot of the correlation between the seismic b value and ( G )  for the three tests (rows) and their individual phases (columns). 
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previous results in tension (Meredith, Main zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Jones 1990, 
using a measured value of K) and com ression (Main et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
al. 1993a, using an inferred value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP- (G)). In contrast, 
the plot in phases zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 and 111 cluster at values of b = 1 and 

== 0 . 4 m m a X  during frictional sliding and stren- 
gthening. During frictional sliding-even under conditions 
simulating strength recovery of the fault-we appear to have 
a system which exhibits all of the hallmarks of universal 
self-organized cirticaiity, i.e. a constant strain rate, small 
local stress drop compared to the sliding stress (expressed by 
the relatively constant stress in these phases in Figs 5-7), 
and a relatively constant scaling exponent b. The nucleation 
phase does not exhibit all of these diagnostics, notably the 
large variations in u, ( G )  and b. However, if we compare 
the location of the clustering of data points in columns TI 
and 111 of Fig. 9 with the spectrum of states in column I, 
then we see that the state of universal SOC to which the 
system evolves represents a particular point in a continuum 
of states (m, b) in the nucleation phase of faulting. The 
nucleation phase, although critical in the sense of having a 
power-law distribution implying order on all scales, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis not 
universal, and manifestly does not self-organize to a state 
with constant stresses and scaling exponents. 

SENSITIVITY ANALYSIS OF THE MEAN 
FIELD MODEL 

The mean field model is based on a proportionality of the 
seismic b value and the exponent D of the crack length 
distribution, and on proportionality between the event rate 
N and the number of cracks N, in the rock via the scaling 
constants C = 3 b / D  and A =  N / N , .  The first is consistent 
with a dislocation model of the AE source, now validated 
at least for tensile laboratory test conditions (Hatton, Main 
& Meredith 1993), and the second with the exponential 
increase in event rate seen in the early stages of 
compressional rock deformation (Main et al. 1993a). The b 
value in Figs 5-7 remains near unity in the range 0.6-1.2, 
consistent with C = 1.5 (Kanamori & Anderson 1975). This 
justifies the use of C = 1.5 in deriving (c)  and ( G )  both 
here and in Main et al. (1993b), at least on the grounds of 
internal consistency, but leaves open the urgent requirement 
for more detailed seismological analysis of AE to measure 
such scaling exponents independently (Cox & Meredith 
1993). Fig. 10 shows that, after normalization, there is little 
variation in the evolution of (G)  with respect to the 
unknown parameter A (assumed unity both here and in 
Main zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1993a). 

DISCUSSION OF RESULTS 

Some characteristics were common to all three tests, and 
some differed largely due to the presence or absence of a 
significant degree of strain softening in phase I. All samples 
showed some degree of strain hardening, but only Test 3 
had a significant amount of strain softening before dynamic 
failure. After the tests all samples exhibited a dominant 
inclined shear fracture which was oriented at an angle of 
between 20" and 40" to the axial stress. An increase in 
confining pressure led to an increased sliding stress, but also 
led to local peak loads occurring at larger axial 

Test 3 

n 
X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz 
A 
(3 
V 
\ 
A 
(3 
V 
W 
c, 

b 
v) 

0.0 I I I I 

0 5 10 15 20 

time (min) 
Figure 10. Temporal variation of the inferred mean energy release 
rate ( G )  during phase I of Test 3 for different values of the scaling 
constant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. defined in the text. 

displacements, implying a small degree of strain hardening 
and softening even during stable sliding. 

The AE event rate showed features which have come to 
be expected during the linear elastic phase (e.g. Meredith et 
al. 1990). Few events were recorded in the initial loading 
stage since the active deformation mechanisms (pore/crack 
closure and compression of the matrix) invoke continuum 
elastic strain. A rapid exponential increase in N 
accompanies the inelastic phase, consistent with the use of A 
as a scaling constant. The dilatant phase of rock 
deformation can be separated into two phases (Meredith et 
al. 1990): the first dominated by the growth of new 
microcracks in the period up to peak stress, and the second 
dominated by the coalescence of existing microcracks to 
form a throughgoing fault in the period of post-peak strain 
softening. In much of the literature this transition has often 
been implicitly associated with the attainment of the 
ultimate strength. Here we have shown that local softening 
processes leading to instability may begin in the 
strain-hardening phase, implying that the microscopic and 
macroscopic rheologies are not necessarily uniquely 
correlated. The AE rate shows a period of apparent 
quiescence during the strain-softening phase of the stress 
history of Test 3. This is most likely due to the coalescence 
of pre-existing microcracks rather than formation of new 
ones, but we cannot rule out the possibility of some degree 
of artificial masking of smaller events (e.g. Oda et al. 1989). 
The" influence of scattering attenuation and anelastic 
absorption is also ignored in most commercially available 
AE logging equipment, but could be included if artificial 
seismic pulses similar to those used in standard velocity 
measurements were analysed in detail. As pointed out by 
Cox & Meredith (1993), much work still needs to be done 
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those observed experimentally for stress corrosion in 
tension, except that the indices zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn' are smaller, consistent 
with the greater stability of subcritical crack growth under 
compressive loading. The b value decreases with increasing 
stress in all phases except strain softening, where the 
opposite behaviour is seen. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA broad minimum in b is 
observed in the strain-hardening phase, followed by an 
inflexion to a steeper decrease in the strain-softening phase, 
and ending in a sharp absolute minimum associated with 
dynamic failure. The b value is always negatively correlated 
with the mean energy release rate (G) .  These results 
confirm previous observation. 

A theoretically stable value of n' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 2 is found in the phase 
of initial damage, whereas a marked transition to 
theoretically unstable behaviour (n' > 2) occurs during the 
acceleration to dynamic rupture and remains a feature of the 
rheology during further sliding. The exact location of this 
transition is not strongly associated with a change in the 
macroscopic stress-strain curve, but occurs at some point 
within the phase of strain hardening prior to the ultimate 
strength being reached. The absolute value of b is found to 
be dependent on the amplitude threshold of the recording 
instrument but the relative variation with time remains the 
same for different thresholds. During frictional sliding, AE 
event rates show smaller variations than in the fault 
nucleation stage, but occasionally show significant fluctua- 
tions which are not always associated with sharp fluctuations 
in b. The inferred mean crack length and mean energy 
release rate are significantly smaller than their peak values 
in the phase of stable sliding, implying smaller seismic 
sources and weaker mechanical properties than in the 
nucleation stage. They also remain relatively constant apart 
from a few sharp fluctuations which may be associated with 
the breaking of individual asperities. 

The frictional sliding phases we have seen in the 
laboratory therefore appear to have all the hallmarks of a 
SOC phenomenon, with scaling exponents and mechanical 
properties being relatively stationary. In contrast, the 
nucleation stage of faulting starting from intact rock involves 
systematic fluctuations most likely associated with systematic 
variations in the local mechanisms of energy dissipation, 

on digitially recorded AE before such possibilities can be 
eliminated. 

Quiescence during strain softening is marked by a positive 
correlation between the b value and the event rate, in 
contrast with the negative correlation observed throughout 
the other quasi-static phases of the cycles investigated here. 
Frequency-amplitude histograms for two of the discrete 
time intervals of Test 3 (Fig. 3) show a small deviation from 
the log-linear Gutenberg-Richter law in intervals of strain 
softening and dynamic failure. Such deviations from 
power-law scaling have also been reported by Cox & 
Meredith (1993) in intervals of events that include dynamic 
failure only. However, their uniaxial tests were conducted 
by definition under zero confining pressure, and we might 
expect the phase of crack coalescence to be longer when 
inhibited by a triaxial load. In their work and ours, the net 
effect is to underestimate the appropriate damage parameter 

The observed absolute minima in b value range from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.56 
to 0.75, but are dependent to some extent on the pre-set 
amplitude threshold of the recording instrument. The effect 
of the threshold magnitude (choice of m,) has been 
discussed above, implying that the fluctuations in b are more 
significant than their absolute values. Nevertheless the 
quoted absolute minima in b are in good agreement with 
observations of earthquake foreshock sequences on a much 
larger scale (Von Seggern 1980). A broad minimum in b 
value is observed in all tests, coinciding with the onset of 
strain hardening. A similar broad minimum in b has also 
been observed on a larger scale in the seismicity of the Lacq 
gas field (southern France) during pressure drawdown 
(Volant et al. 1992) as well as for tectonic earthquakes 
(Carter & Berg 1981; Imoto & Ishiguro 1986). 

A relative constancy of the scaling exponents b and n' is a 
feature of the sliding phase of our experiments and, together 
with the relative constancy of stress and mean crack 
extension force within each individual phase I1 and 111, is a 
feature consistent with faulting as a SOC phenomenon as 
defined in the Introduction. Most interestingly, b and n' do 
not change significantly even when the normal strength is 
arbitrarily increased in phase 111. This stability is in marked 
contrast to the large fluctuations of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu, (G),  b and n' 
accompanying the fresh fracture of the samples. This implies 
that a model with a time-dependent conservation parameter 
in the local constitutive law might be more appropriate for 
fault nucleation (e.g. Olami, Feder & Christensen 1992). 
This could occur because of variable energy dissipation due 
to stress relaxation in a process zone, or to fluid-rock 
interactions such as dilatant hardening or stress corrosion 
reactions. In our experiments the pore fluid (refined mineral 
oil) was relatively inert, but some stress corrosion could 
nevertheless be occurring due to residual aqueous fluids 
which are always retained in rock samples despite the best 
experimental vacuum and drying procedures. 

( ( c )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor ( c ' ) ) .  

CONCLUSIONS 

The results of three compressional rock mechanical 
experiments have been presented and interpreted in terms 
of a mean field theory for subcritical crack growth based on 
a modified Griffith criterion for a fractal ensemble of cracks. 
The inferred power-law constitutive relations are similar to 
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