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Abstract. The paper describes the sequence of fracture de-
velopment in pyrophyllite specimens containing a soft inclu-
sion. The inclusions were induced by drilling a number of
small boreholes into the central part of the specimens. It
is assumed that the soft inclusion models a crustal earth-
quake source region. The specimens were deformed uniax-
ially using a servo-controlled loading system, which permit-
ted controlled fracturing from initial cracking to final speci-
men collapse. The transition from pre-peak randomly dis-
tributed cracking to the formation of macro-shear fractures
is characterized by a critical crack density and can be
defined by a unique critical crack interaction parameter,
which appears to be material-insensitive. The tests also per-
mitted us to estimate intrinsic fracture mechanics parame-
ters for mode-II fracture: For the critical energy release
rate Gy an average value of 8.3 kJ-m™2, for the critical
stress intensity factor K, an average value of
4.2 MNm ™32 were obtained. Both visual observation and
the analysis of acoustic emission activity demonstrate that
fracture in rock specimens is characterized by seismic pat-
terns similar to those known from active earthquake
regions, i.e. seismic gaps and periods of seismic silence.

Introduction

Seismological data such as the seismic radiation pattern
around earthquake-epicenters demonstrate that crustal
earthquakes are the result of macroscopic dynamic shear
fractures. Consequently, in a theoretical approach, the
process of earthquake rupture is modelled as the develop-
ment of a displacement disconituity on a plane surface,
either by the use of simple dislocation-type models (Haskell,
1964; 1966) or by using shear-crack-like models (Kostrov,
1975; Madariaga, 1976; 1977; Rudnicki, 1980). A compre-
hensive review on this subject is presented by Rice (1980).
In comparison, the present understanding of the defor-
mation processes precursory to earthquake rupture and as-
sociated with the longterm earthquake preparation is quali-
tative and speculative. Since these processes may be signifi-
cant to earthquake prediction research, the need for further
work in this area is obvious. Laboratory research on frac-
ture processes in rocks under controlled environmental con-
ditions, in particular, may provide intrinsic fracture me-
chanics parameters as well as allow a qualitative discrimina-
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tion of various fracture processes in the sequence of fracture
development in space and time.

Here we present some results from simple fracture tests
on pyrophyllite specimens which contain soft inclusions as
an analogy for an earthquake source region. The tests are
carried out to demonstrate the complete fracture process
from initial micro-fracturing within the soft inclusion region
to the development of a macroscopic shear fracture.

Qualitative Models of Earthquake Preparation

Existing models of earthquake preparation are derived pri-
marily from field observations in seismo-active regions,
which include e.g. seismological characteristics, fault creep,
pore pressure changes, and physical rock property alter-
ations. Significant contributions also came from rock me-
chanics experimental research, particularly from experi-
ments in stiff or servo-controlled testing systems (e.g.
Rummel, 1970; 1975).

Such experiments permit controlled fracturing and also
provide relevant fracture data for theoretical models
(Rummel et al., 1978; Rice, 1980). One impetus for the the-
oretical approach was the application of fracture mechan-
ics.

Most of the existing models of earthquake prediction
are reviewed by Myachkin et al. (1975) or by Rice (1979).
They differ as to the emphasis which is put on either volu-
metric cracking in “intact” rock, premonitory micro-frac-
turing in the vicinity of existing faults, time dependent frac-
ture mechanisms, or the importance of migrating pore
fluids. The stick-slip model e.g. (Brace and Byerlee, 1966)
neglects premonitory dilatancy and only takes into consid-
eration the most advanced stage of earthquake preparation,
namely frictional slip along existing shear surfaces.

Since all models to a certain extent take into account
the heterogeneity of the earth’s crust which includes the
coexistence of rocks with different deformation behaviour
and strength, as well as the spatial distribution of existing
fractures of various dimensions, we may derive the follow-
ing general concept of the earthquake preparation process:
Due to crustal heterogeneity we may expect a non-uniform
statial distribution of the stress field. Then, during tectonic
strain energy accumulation the first stage of earthquake
source preparation will be characterized by quasi-static
crack growth at locations of high stress concentration. This
fracturing should occur preferentially in crustal regions con-
sisting of weaker or softer rocks. Initially it will be ran-
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Fig. 1a and b. Common view of pyrophyllite specimens with ellipti-
cal soft inclusions after determination of fracture experiments. For
better crack detection specimen faces are painted with chalk b

domly distributed over a large volume and will cause dila-
tancy that may lead to precursory phenomena. During the
subsequent stage crack interaction will occur in areas where
the crack density approaches a critical value. This will
induce crack coalescence and will lead progressively to the
development of macroscopic shear fractures (Myachkin
et al,, 1974). Instability will occur if the available strain
energy exceeds the energy demand for stable fracture
growth.

At present the major problem in this general model is
to theoretically describe the transition from volumetric frac-
turing to macroscopic fault formation. This process is
known from seismological observations before several
earthquakes e.g. for the 1975 Haicheng earthquake (Hsu,
1976; see also Talwani, 1981), but was not observed e.g.
for earthquakes in the Garm region (Nersesov et al., 1979),

The model also does not explicitly explain seismological
phenomena such as the existence of seismic gaps or seismic
silence prior to main shocks.

One possible theoretical approach to addressing the
problem of fault formation on the basis of continuum me-
chanics is presented by Rice (1980). It consists of seeking
conditions “under which uniform patterns of deformation
become unstable in the sense that bifurcation of continuing
deformation into a localized shear bands becomes possi-
ble”. An alternative possibility is to assume nonuniform
crack distribution and crack interaction in areas with a
critical crack density as mentioned above (Myachkin et al.,
1974). This process was experimentally investigated for po-
lymers, metals and some single crystals by Zhurkov et al.
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(1977). The experiments revealed that the critical stage
when tensile cracks begin to coalesce can be specified by
only one empirical statistical parameter, which seems to
be material insensitive. This parameter may be called criti-
cal crack interaction parameter K* and is defined as K= ]:/T,
where 7 is the average crack length, and L is the average
nearest distance between neighbouring cracks. £ is propor-
tional to the number of cracks per unit volume (L ~n~13).
K ranges from 3 to 5 for all materials tested.

So far, no measurements of K-values have been con-
ducted for shear failure in rocks, although the transition
from micro-fracturing to shear fracture formation in rock
was carefully examined by several investigators (e.g. Waw-
ersik, 1968; Mogi, 1968; Lockner and Byerlee, 1977;
Sobolev et al., 1978). An attempt to measure K for seismo-
active faults showed K-values of 6-8 for the Kamchatka
seismic region (Sobolev and Zavialov, 1981).

Specimen Specifications and Testing Procedure

Pyrophyllite specimens were chosen for the experiments
since this rock is less brittle than most crystalline rocks.
Therefore experiments even under unconfined room tem-
perature loading conditions allow us to observe the total
sequence of fracture development. The relevant mechanical
properties of this rock were determined earlier by Sobolev
et al. (1978).

The specimens were rectangular prisms with a loading
area of about (4x10) cm? and a height of 10-14cm. In
order to both induce stress concentrations as well as simu-
late a soft inclusion within a relatively stiff surrounding
rock mass, a number of small holes of 2.5 mm diameter
were drilled into the central part of the large faces of each
specimen (Figs. 1 and 2). The holes were left open or were
filled with epoxy (Araldit E-HY 951). The soft inclusion
is represented by the total region containing drillholes. The
shape of the inclusion was either circular, elliptical or rect-
angular.

The effect of stress concentration on the fracture devel-
opment around circular holes in rock specimens was exten-
sively investigated by Rummel (1975) and Sobolev et al.
(1980). Such tests show tensile crack initiation at the holes
at the location of maximum induced tensile stress. Such
cracks become stable at close distances from the hole.. Fur-
ther cracking in the vicinity of the hole is generally complex.

The state of stress and strain within a homogeneous
inclusion in an infinite region can be calculated from the
far-field stresses and the elastic properties of the inclusion
and the surrounding material. Solutions for the case of cir-
cular or elliptical inclusions will be found in Muskhelishvili
(1953). For our case, elliptical soft inclusions consisting of
a region with drillholes as shown in Fig. 1, a rough estima-
tion of the induced average stress-field inside the inclusion
due to uniaxial loading was given by Kostrov (private com-
munication). The ratio between the effective shear moduli
inside and outside of the inclusion is about 0.87, resulting
in an internal maximum principal stress of about 90% and
an internal minor principal stress (tension) of about 5%
of the externally applied uniaxial stress. The direction of
the average maximum compression inside the inclusion only
deviates from the direction of the applied load by an angle

1 The symbol X for the critical crack interaction parameter was
used by Zhurkov et al. It should be distinguished from the stress
intensity factor K;, used later in this paper
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Fig. 2a and b. Example of a macro-shear fracture development
in pyrophyllite along the main diagonal in the soft inclusion.
a shear fracture partly developed with some unbroken barriers,
b fully developed 7 min later

less than 1%. Although no estimation exists for rectangular
soft inclusions we assume that the deviations from the stress
in the surrounding material are also small.

All data for the 15 specimens tested are included in Ta-
ble 1. Three specimens of smaller size were tested to esti-
mate the strength reduction as a result of the number of
holes. One specimen was without holes. The rest of the
specimens contained 28-113 holes. In two samples all holes,

in one sample only 70% of the holes were filled with epoxy.
All specimens were ground parallel to within +0.05 mm.

The specimens were uniaxially compressed in a 60 ton
capacity servo-controlled hydraulic loading system with a
response time of less than 5 ms (Rummel, 1975). All tests
except one (No. 3) were carried out at a constant strain
rate of £=3.10"% s~ 1. Specimen No. 3 was loaded to about
90% of its maximum strength and then the stress was kept
constant. Axial strain of the specimen or piston displace-
ment was measured by two inductive displacement trans-
ducers placed parallel to the specimen on opposite sides.
Both axial stress and axial strain were monitored contin-
uously on paper recorders. Acoustic emission activity was
picked-up by piezo-electric transducers (Panametrix) and
registered via amplifiers and a pulse counter parallel to
stress and strain. In most cases the transducers were placed
diagonally on both large faces of the specimens, so that
the inclusion area was between them. Several signals from
acoustic emission events were monitored with a transient
recorder with an upper frequency limit of 1 MHz. Periodi-
cally, the transducers were used for P- and S-wave velocity
measurements using the pulse-transmission technique.
Fracture development was observed visually through a
magnifying lense, and both photographed periodically and
filmed at a frequency of one picture per 1 or 2.5s. The
photos permitted a quantitative evaluation of visible cracks
on the surface as a function of time, the film allowing us
to observe the speed of fracture development.

Progressive Fracture Development

During initial loading the pyrophyllite specimens deformed
approximately linearly with stress. This results in a Young’s
modulus of E=2.3 GPa for the intact rock (Specimen
No. 7) and in an average effective Young’s modulus of
E,;;=1.8 GPa for the specimens containing a soft inclu-
sion. In comparison, the theoretical estimation by Kostrov
yields a reduction of the effective Young’s modulus due
to the soft inclusion of only 4%.

First fracturing appeared at a stress o, of about 75%
of the maximum strength o, and generally was confined
only to the soft inclusion (Table 1). It occured in the forma-
tion of axially oriented tensile cracks which initiated at the

Table 1. Specimen dimensions and physical properties (N number of holes, ¢, uniaxial strength, o stress at first visible fracture, ¢ axial
strain at a,, & strain at g, E,,, effective Young’s modulus, K critical crack interaction parameter)

Specimen  Size Shape of N Type of O oo, & &pfe E K
number cm inclusion holes MPa % GPa
A 4 x 4 x4 - - = 32.5
B 4 x 4 x4 rectangular 5 empty 28.0
C 4 x 4 x4 rectangular 14 empty 23.0
7 10 x 7.4x4.5 - - = 238 0.86 13 0.70 2.3 =
1 14 x10 x4.5 rectangular 113 empty 14.7 0.54 1.2 0.36 1.8 34
2 13.5x10 x4.5 rectangular 113 empty 11.6 0.93 0.87 0.86 1.6 5.0
4 14 x10 x45 rectangular 113 empty 14.2 0.80 1.1 0.73 1.4 4.1
5 12 x10 x4.5 elliptical 105 empty 18.5 0.69 1.0 0.62 21 35
6 12 x10 x4.5 elliptical 78 empty 13:7 0.86 0.97 0.82 1.5 5.4
9 14 x10 x4.5 elliptical 28 empty 11.5 0.79 1.13 0.71 1.1 5.5
8 12 x10 x4.5 elliptical 105 epoxy 134 0.79 0.93 0.69 1.7 33
10 13 x10 x4.5 circular 70 EpOXy 18.7 0.66 1.55 0.52 1.5 3.2
12 11.5x10 x4.5 circular 60 30% empty 14.2 043 1.27 0.34 1.4 3.2
70% epoxy
3 14 x10 x4.5 rectangular 113 empty - - - - 24 -
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Fig. 3a—f. Sequence of fracture development in soft inclusions con-
sisting of holes (schematically). 1 tensile cracks, 2 shear-like cracks,
3 closed tensile cracks, 4 opening of macro-shear fracture sections:
a tensile crack accumulation; b crack interaction by shear-like
cracks; ¢ macro-shear fracture formation; d continuation of crack
accumulation during a period of shear fracture stability; e appear-
ance of further macro-fractures and their interaction; f micro-
cracking in regions of high compression prior to macro-fracture
instability

locations of maximum induced tensile stresses around the
drillholes, and propagated over a distance of only about
one hole-diameter away from the hole. Crack initiation and
crack growth during this stage was not associated with
acoustic emission activity which could be detected with the
recording system (machine noise). The distribution of these
cracks was approximately random over the total area of
the inclusion. Generally, about 10-20 of such cracks could
be identified.

The formation of a diagonal shear fracture initiates near
the peak strength by the growth of inclined cracks around
the holes, which interact with each other. Generally, this
interaction occurs simultaneously in the vicinity of diago-
nally neighboured holes and is accompanied both by a rapid
stress drop and acoustic emission activity. A typical se-
quence of this type of shear fracture development is shown
in Fig. 2. During a first stage the shear fracture passes
through holes along the main diagonal in the upper and
central part of the specimen leaving three unbroken bridges
in the bottom right and the upper left region of the soft
inclusion (Fig. 2a). In a later stage (7 min after the first
event) the shear fracture has almost fully developed along
the diagonal within the soft inclusion (Fig. 2b). Other ex-
periments show the formation of several shear fractures
which develop subsequently. A new shear fracture usually
stops when it interacts with an existing old fracture. Gener-
ally, tensile cracking is absent during the growth of one
shear fracture, but may occur again in an unfractured
region as preparation for a subsequent macro-shear frac-
ture.

The mechanisms and the sequence of fracturing process
observed in pyrophyllite specimens with soft inclusions are
schematically summarized in Fig. 3. The plot will also em-
phasize that the macro-shear fractures do not originate di-
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rectly by interaction of tensile cracks, which developed dur-
ing the first stage of fracturing. The effect of closure of
tensile cracks by shear fractures, the stopping of shear frac-
tures at intersections, and the breaking of barriers are
clearly demonstrated. In Fig. 4 some examples of typical
stress-strain curves are presented. The average strength of
the pyrophyllite specimens follows the empirical relation

oy=0G¢—alogN 1)

where &, is the average strength of intact specimens, Gy
is the strength of specimens containing N holes within a
soft inclusion region, and a=8 MPa.

Preparation of Macro-Shear Fractures

A detailed picture of the development of the macro-shear
fracture is obtained if we consider the distribution of cracks
in space (or surface area) and time. This is demonstrated
for Specimens No. 2 and No. 1 in Figs. 5 and 6, where
all crack events associated with the formation of the main
shear fractures are plotted as a function of time ¢ (or
strain ¢) and the location along the narrow zone of the
future shear fracture of length A.

In Fig. 5a, h corresponds to the length of the shear
fracture in Fig. 2, which extends from the right bottom
to the left upper part of Specimen No. 2. The plot demon-
strates that the preparation of the shear fracture initiates
about 36 min after the start of the experiment
(6=3x10"%s71) in the central part of the soft inclusion
and then extends outwards. At =42 min the shear fracture
formation essentially is completed; only a few barriers are
left which count for less than 30% of the fracture length
h. During the subsequent deformation (42 < ¢ <62 min) only
two further fracture events occur, the last one in the bottom
part of the specimen, which leads to unstable slip along
the macro-shear fracture. If we assume that each of the
fracture events along the shear zone also corresponds to
a seismic event, then the existence of a period of “seismic
silence” is clearly demonstrated prior to unstable shear
along the macro-fracture (Fig. 5b). In comparison, the
cracks outside the zone of the future macro-shear are ran-
domly distributed in time until the termination of the exper-
iments (Fig. 5c).

A similar sequence of fracture development is observed
for Specimen No. 1 in Fig. 6. Here about 60% of the shear
fracture plane is developed after 74 min, while the remain-
ing “unbroken’ barriers in the central part kept the applied
load and broke only 2min before the final rupture (Fig. 6a).
Again one can discriminate the progressive fracturing dis-
tributed randomly in the rock adjacent to the main fracture
(Fig. 6¢), and the periodic distribution of fracture events
which lead to rupture along the main fracture. Although
other experiments demonstrate a more complex fracture
pattern (several faults may initiate), the tendency for a peri-
odic shear fracture formation both in space and time is
always recognized. In this respect, it was of only minor
importance if the holes were empty or filled with a material
(epoxy) of different elastic properties. Similarly, the shape
of the inclusion region has no significant effect on the se-
quence of the fault formation.

The experiments also allow us to speculate on two other
critical aspects associated with the development of macro
fractures. These are the question of the critical crack density
prior to crack interaction as well as an estimate of the value
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Fig. 4a—d. Stress strain curves: a intact specimen; b Spec. No. 2 with empty holes in rectangular soft inclusion; ¢ Spec. No. 6 with
empty holes in elliptical soft inclusion; d Spec. No. 8 with epoxy-filled holes in elliptical inclusion. ¢, axial stress, ¢ axial strain
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Fig. Sa—c. Fracture development in Spec. No. 2 as a function of
space and time t: a fracture preparation in the main shear zone
of length h; b sequence of crack events in the central shear zone;
¢ sequence of micro-fracturing outside the main shear fault. o,
peak strength

of the critical strain energy release rate or specific surface
energy.

In order to estimate the critical crack interaction param-
eter K mentioned above, we consider the length of cracks
within the soft inclusion region and the distance between
neighbouring cracks. The average length of visible initial
cracks is about /=6 mm, which also reflects the average
distance between the holes. Since large fractures originate

26 34 42 50 58 7. 82 90 98

26 34 42 S0 S8 66 7 82 90 98 106

t, min —e

Fig. 6a—c. Spec. No. 1, see caption for Fig. §

from interaction of initial cracks their length is taken as
a multiple of the initial crack length. The average distance
between neighbouring cracks may be estimated for the 2 D
case from L=(S/N)Y2, where N is the total number of
cracks of length I and S is the area of the large face of
the specimen. Then the evaluation at the moment of unsta-
ble shear fracture formation results in K-values for pyro-
phyllite between 3 and 5 (Table 1). These are of the same



order of magnitude as the values of K observed for technical
materials (Zhurkov et al., 1977). K-values derived for speci-
men failure range from 2 to 3. The only exception is the
value for specimen No.9 (K=4.9) which contained only
28 drillholes so that the average distance between cracks
was considerable less. If we confine this analysis to the
narrow zone around the diagonal macro-shear failure, the
K-value may be defined as the ratio between the total length
of the unbroken barriers and the length of the broken bar-
riers. This yields a K-value of 0.4-0.5. This may reflect
the fact that during the final stage prior to instability the
total load is carried by only a few, very strong obstacles,
and crack coalescence is neglegible.

The critical energy release rate G, is defined such that
G Of is the excess of work done by the external forces over
the total change in strain energy of the material and the
work against frictional forces which resist crack motion
(0f area of infinitesimal crack propagation). Physically G.
can be interpreted as the energy flux to breakdown pro-
cesses at the crack tip. For pure mode-II crack growth
under plane strain conditions G, is related to the critical
stress intensity factor K, ;- by

1—v?

Gric= TKf’f 2

where E is the Young’s modulus and v the Poisson ratio.
An estimate of the magnitude of the fracture energy Gy,
for fault motion where cracking is not only confined to
the crack tip region, can be obtained from the slip-weaken-
ing model suggested by Rice (1980). The model assumes
that the shear strength 7 of the material resisting slip varies
with the amount of slip, 4s and the excess of the actual
work of the breakdown process over the work of frictional
sliding against the residual stress t, corresponds to the
mode-II critical energy release rate G, and is given by
the relation

Aas*

Gric= g {t(4s)—1,} d(45). ()

In the simplest case the breakdown process is modelled
as rate insensitive and 7 exhibits a peak strength 7,, which
degrades to a constant residual friction level, 7,, when 45
exceeds an amount A4s*. The peak strength 7,, may corre-
spond to the onset of slip for fresh fracture, but perhaps
preceeded by slip at lower stress levels for a pre-existing
fault.

Although Eq. (3) relates to local shear events at stress
concentrations along a potential shear plane, Rice (1980)
suggested that G, c-values should be estimated from mac-
roscopic unstable stick-slip events in laboratory triaxial
compression experiments on specimens containing polished
sawcut faults (Rummel et al., 1978). In such experiments
the slip event occurs in an essentially simultaneous manner
everywhere on the fault surface, rather than in a cracklike
mode as assumed in Eq. (3). Similarly, we may derive frac-
ture parameters from uniaxial compression tests as carried
out within this study on pyrophyllite (Fig. 4, Table 1). For
this purpose we must express axial stress g, and strain 4///
in terms of t and 4s on the shear plane which is inclined
at an angle @ with respect to o, (Fig. 7).

For a first rough estimation of G, and K, values
from our experimental data we neglect pre-peak microfrac-
turing and assume that the shear fracture developed during
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Fig. 7a and b. Procedure inferring shear stress  and shear displace-
ment 4s from axial stress-strain curves g, vs. 4/. g, and 7, residual
strengths. 4/* irriversible specimen shortening. Shaded area in
b corresponds to G, (after Rice 1980)

Table 2. Fracture energy G,,c and critical stress intensity factor
K”C

Specimens ~ As* 4z Grc Kic
number mm MPa kJm~? MNm 32
1 3.4 6.9 12 541
2 21 5.5 5.8 3.6
3 1.5 5.4 4 3.0
4 2.6 6.7 8.7 4.4
5 1.8 8.7 7.8 4.1
6 1.7 6.4 5.4 3.4
8 1.5 6.3 4.7 3.2
9 29 5.4 7.8 4.1
10 3.05 8.8 13.4 5.4
12 2.4 6.7 8.2 4.2
7 2.4 11.2 13.7 5.5
average 8.3 4.2

only one instability event when the peak shear strength
was reached. This situation is typical for fracture in brittle
rocks and generally leads to zero residual strength (7, =0)
in uniaxial compression tests, particularly if carried out in
soft loading systems. As seen from Fig. 4 the fracture
behaviour of pyrophyllite is brittle although the fast-acting
servo-system prevented an immediate stress drop to 7,=0.
So, taking 0~55°, Ex2 GPa, 7,=0 and assuming v=0.3
we obtain with Eqs. (2) and (3) the results given in Table 2.
The average value of Gy is 8.3 kJm ™ 2, the average value
of K¢ is 4.2 MNm ™~ ¥2, These values are considerable less
than the data determined for frictional slip on granite shear
surfaces under high normal stresses (G;;c~40-70 kJm ™ ?;
Rummel et al., 1978; Rice, 1980). In comparison, Husseini
et al. (1975) derived values of G, associated with the arrest
of earthquake ruptures which range from 1 to 10° Jm~2.
They divide results into those for frictional sliding
(1-10* Jm~?) and for fresh fracture (10*-10° Jm~2).
Certainly, the assumption that the shear fracture devel-
ops during only one event is correct only for compression
tests carried out in soft loading systems which provide suffi-
cient energy for fracture growth. As seen in our experiments
using a fast-acting servo-controlled loading system (Fig. 4)
the formation of the main fracture is associated with several
distinct stress drops of about 0.4-2 MPa or even smaller.
For such events the magnitude of G, ranges from about
0.01 to 2kJm~? with an average of about 0.2 kJm~?2 if
we estimate the corresponding local slip amount from the
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Fig. 8a—c. Examples of typical acoustic emission events monitored
by a transient recorder during fracturing in a Spec. No. 7, and
b, ¢ No. 10

axial stress-strain curves as indicated in Fig. 7. This may
include considerable errors and therefore the low values
of G;¢ obtained from small stress drop events should be
considered with caution.

Acoustic Emission and Seismic Velocity Changes

As mentioned above, detectable acoustic emission activity
was mainly associated with shear fracture development in
the specimens. Some examples of acoustic emission signals
are given in Fig. 8. The frequency of P-waves as
20-100 kHz, decreasing with progressive fracture. The fre-
quency range corresponds to fracture lengths of 6-30 mm.
Since only one channel was used, the determination of S-
wave arrivals is difficult and a source location as well as
a discrimination of events from the shear fracture and the
surrounding rock was not possible. Thus, Fig. 9 shows only
the total number N of seismic events as a function of time
or strain (¢=3-10"° s~ 1), together with the change of stress
g, the change of seismic velocities v, and v,, and the in-
crease in the number of visible cracks, N. Acoustic emis-

Vs Vp, Ms™
200013100

sions appear close to the peak stress when shear fractures
initiate. Generally, one shear fracture occurence produced
hundreds of recorded events although it is recognized that
the counter was triggered continuously during the duration
of such a progressive fracture. Thus, only a rough correla-
tion exists between the number of visible cracks and the
number of seismic events monitored. Acoustic emission ac-
tivity was periodic and correlated well with distinct stress
drops. No defined period of silence in acoustic emissions
prior to the unstable shear fracture propagation is observed.
This is apparently due to the fact that shear fractures occur
randomly outside the main fracture before instability (seis-
mic silence, Fig. Sc, 6¢).

Both P- and S-wave velocities measured along the ¢, -di-
rection increased considerably during the elastic stage of
loading (Fig. 9). The S-wave velocity starts to decrease after
the first shear fracture appears. P-wave velocities tend to
decrease only in the post-failure region. The ratio v,/v,
seems to increase during the final stage of the experiments.

Conclusions

The experiments clearly demonstrate that fracture processes
will be confined to a soft inclusion in brittle rock, if loca-
tions of high stress concentrations exist in this region. Volu-
metric cracking in the form of tensile cracks is stable and
generally randomly distributed. Crack interaction starts
from more complex cracks which subsequently often appear
at locations of initially highest compression. Theoretical
studies to investigate the changes in the local stress field
due to first cracking are urgently needed to understand
the origin of these secondary cracks. The crack interaction
leads to the formation of a macro-shear fracture. The crack
interaction parameter for the total specimen volume has
the same value as for many technical materials. But it is
considerable smaller in the area of the shear fracture zone.
This indicates that the total applied load is carried by only
a small number of strong barriers in the shear fracture zone
during the final stage of macro-shear fracture formation.
This stage may be interpreted as the period of seismic
silence and the barriers as seismic gaps in the sequence
of earthquake occurence along seismo-active natural faults.

The values obtained for the fracture energy of the pyro-
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phyllite rock investigated are in the range of values dis-
cussed for frictional sliding associated with the arrest of
earthquake ruptures (1-10* Jm~2; Husseini et al., 1975)
and do not account for fresh fracture (10*-10° Jm™?2).
However, it must be realized that pyrophyllite is a rock
of low strength and, although brittle under uniaxial defor-
mation, will deform easily by discrete shear under moderate
confining stresses. Since only a few direct measurements
for determining values of fracture energy of mode-II behav-
iour exist it seems necessary to systematically investigate
this parameter for a large range of rocks. Simultaneously,
we carefully must consider the techniques and boundary
conditions in such experiments. Similarly, the question of
stress drop, and shear fracture growth or confined slip on
existing faults urgently need further quantitative experimen-
tal research.

Although numerous theoretical approaches exist and
this study revealed some first empirical information on
shear localization, it seems important to further quantify
experimental observations, particularly in coarse grained
rocks without artificial strain concentrators as well as under
various environmental conditions such as stress confine-
ment, temperature and pore fluids. Simultaneously, volu-
metric fracturing should be considered as it permits pore
pressure changes and the migration of fluids prior to earth-
quakes.
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