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On the formation and growth of faults: an experimental study 
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Abstract--By using an experimental geometry, which includes a slot loaded to produce a mode 3 shear stress 
concentration, shear fractures have been grown in two fine-grained rock types. The deformation is accomplished 
by initially generating an array of oblique, mainly tensile, cracks at the tip of the slot, which are subsequently 
linked to form a rupture zone. This suggests a more general model for the formation of brittle shear rupture. A 
through-going shear surface will form if a damage zone is concentrated enough in the appropriate orientation. 
This may occur at the edges of an existing shear strain discontinuity, such as a fault, particularly in a mode 3 
displacement field. Thus under some conditions faults may grow or link up as true macroscopic shear ruptures. 
This may be part of a solution to the apparent paradox of the existence of long faults. We suggest features that 
would indicate this sequence of formation in the field and review some geological examples. 

INTRODUCTION 

UNOER the temperatures and pressures present in the 
upper part of the earth's crust, most of the constituent 
materials have an elastic-brittle response to stresses. 
The most significant deformation accommodating struc- 
tures are faults, which are the brittle form of a shear 
strain concentration. These can be very long with large 
amounts of slip concentrated on essentially planar dis- 
continuities. 

Early studies of the brittle behavior of materials in the 
framework of continuum mechanics led to predictions of 
the orientation of failure surfaces relative to the stress 
directions (Mohr-Coulomb theory). By applying this on 
a large scale to faulting in the earth, Anderson (1951) 
provided a valuable tool in structural geology for con- 
straining the orientations of stress fields. Attempts to 
rationalize the failure envelope with models of the pro- 
cesses leading to fracture on a micro-mechanical scale 
have had some success (Brace 1960). However, the 
genesis of continuous faults has been a source of some 
discussion: specifically on the displacement mode of the 
fractures that later become long uniform shear dis- 
continuities. 

Simple model experiments by Brace & Bombolakis 
(1963), Lajtai (1971) and Shamina et al. (1975), and on. 
rock by Ingraffea (1981), support the theoretical predic- 
tion (Lawn & Wilshaw 1975) thatsingle cracks growing 
from slots in plates, even loaded to produce large shear- 
stress concentrations, rapidly reorient to become paral- 
lel to the maximum compressive stress. Holzhausen 
(1978), using a rock-like model material, managed to 
grow shear cracks a short distance before th+y turned 
and the experiments of Laqueche et al. (1986) grew 
shear cracks by taking advantage of the natural fabric in 
a schist. Taken at face value these experiments imply 
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that short shear cracks cannot normally grow to become 
long ones, hence there is a major problem in explaining 
the existence of long faults. 

Segall & Pollard (1983) have convincingly shown that 
extension fractures may be reactivated with shear dis- 
placements. However, as a general model of fault forma- 
tion this is unsatisfactory, since every case of Anderso- 
nian faulting would have had to be preceded by an 
earlier stress field with the orientation appropriate to 
form the tensile fractures later reactivated in shear, and 
in the case of a conjugate set, by two. Furthermore, 
Segall & Pollard (1983) and Segall & Simpson (1986) 
found that the length of the reactivated joints is quite 
limited and the total shear displacements very small. For 
general applicability, the initial tensile fractures would 
have to be persistent enough to form very long fault 
systems-capable of accommodating the large displace- 
ments observed in nature. At moderate depths, in the 
absence of high-fluid pressures, large lithostatic stresses 
would tend to resist the dilation required for long tensile 
crack formation. 

At the very least, some form of linking and coales- 
cence of shorter existing flaws must play a major role in 
the formation of long faults (Brace & Bombolakis 1963, 
Shamina et al. 1975, Horii & Nemat-Nasser 1985). Large 
faults typically have several strands and considerable 
roughness that suggest some compound origin (e.g. 
Knipe & White 1979, Gamond & Giraud 1982, Naylor et 

al. 1986). 
Previous experimental studies of fault formation in 

initially intact samples (e.g. Ohnaka 1973) have used 
geometries in which it is difficult to observe the micro- 
mechanics of rupture propagation, since when samples 
are retrieved the plane is either already completely 
formed, or it is unclear exactly where the incipient 
fracture zone is located. Recent sandbox experiments by 
Naylor et al. (1986) illustrate the growth of a fault from a 
displacement discontinuity in a granular material. 
Shamina et al. (1975) studied the interaction in plates of 
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alabaster with two parallel slots inclined to the compres- 
sive stress direction and found that for certain geomet- 
ries linkage by shear fracture was possible if the separa- 
tion between the slots was not too great, and Sobolev 
(1986) has recently extended this with lubricated glass 
plates representing the pre-existing fault; but otherwise, 
where a single initial crack was introduced in rock, it has 
proved difficult to produce shear fractures in simple 
cases of in-plane loading. 

We have conducted a series of experiments loading 
samples of rock in a configuration that imposes an 
extended shear stress concentration. Mechanical data 
are described in a companion paper (Cox & Scholz in 
press). We report here on microscopic observations of 
the rupture zone and discuss the implications for fault 
formation in the earth. 

E X P E R I M E N T A L  P R O C E D U R E  

Table 1. Summary of experimental samples 

Sample 

Starter 
Axial notch Peak Final 
load depth torque offset 
(kN) (ram) (Nm) ~uradians) 

Westerly granite 
pl2 0 8.6 34 1200 
p16 5 8.0 95 900 
p17 5 8.0 8l 2000 
p21 25 8.0 110 900 
p22 1 8.0 66 1000 

Solnhofen limestone 
s02 0 8.3 32 600 
s03 0 7.6 36 t350 
s06 0 7.0 42 350 
sO'/ 0 7.0 40 400 
s17 1 8.0 51 200 
s18 2.5 8.0 60 200 
s19 2.5 8.0 59 230 
s21 5 8.0 73 300 

Under the fracture mechanics approach to brittle 
failure we distinguish three displacement modes at crack 
tips (Fig. la) which may be superposed to form the 
general case. The edges of cohesionless shear cracks 
have mode 2 and 3"geometries. The earlier experimental 
studies had various proportions of combined mode 1 and 
2 loading. Here we studied the deformation induced by 
a pure mode 3 (anti-plane shear) stress concentration. In 
the earth, large-scale mode 3 stress concentrations (c.f. 
screw dislocations) would be present at the lateral edges 
of dip-slip faults, or at the base of a finite depth strike-slip 
fault, assuming a sufficient reduction in cohesion on the 
existing fault plane. 

Sample configuration 

The basic experimental configuration is summarized 
in Fig. l(b). Cylindrical samples of rock (Solnhofen 

a) 

MODE 1 2 3 

o-_L~' t  a21 , 
l 
I 
starter 
slot 

Fig. 1.(a) The three fundamental modes of fracture. (b) Experimental 
configuration: M--torque;  P--axial force. 

limestone and Westerly granite) had a thin circumferen- 
tial slot cut to a uniform depth around the central 
section. These were loaded in torsion about the longitud- 
inal axis. An additional constant axial load was applied 
in some experiments, giving normal stresses across the 
expected failure plane. The loading conditions of the 
various samples are given in Table 1 and more details of 
the apparatus and mechanical technique are given in the 
Appendix and in Cox & Schotz (in press). 

With purely torsional loading, this configuration has a 
mode 3 stress concentration, where brittle deformation 
initiates, all around the root of the slot. The strength of 
this for a sharp slit is given in standard tabulations (e.g. 
Tada et al. 1973), though the finite root radius reduces 
the actual value here. Since the thickness of the slot is 
also great enough to prevent closure of the flanks by 
elastic deformation under the axial loads used here, the 
mode 3 stress concentration is present under all the 
mixed loading states. The extent of failure was moni- 
tored using a compliance technique (Cox & Scholz 1988) 
and samples were deformed to varying total tangential 
(shear) displacements. 

The central section of the samples (containing the 
notch plane and the material in the adjacent region) 
were removed and sections cut parallel to the specimen 
axis, normal to the notch plane (Fig. 2). Several parallel 
or oblique sectors were made from a single sample. 
After polishing, interior cracks piercing the surface of a 
section could be seen quite clearly. 

Details of the section preparation and microscopy are 
given in the Appendix. The micrographs below are from 
the S.E.M. Line drawings have been copied from both 
S.E.M. and reflected light images. 

MICROSCOPIC OBSERVATIONS 

The cylindrical configuration used has a significant 
advantage over other configurations, in giving us a long 
but compact shear stress concentration, but the three- 
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Fig. 2. Section preparation. (a) Extraction of notch section. (b) Radial 
section geometry. (c) Parallel section geometry. (d) Notation for 

location of chord sections used in examples shown here. 

dimensional geometry makes it more difficult to present 
the results. In order to investigate the full microstruc- 
ture, we had to study multiple sections from each 
deformed sample. 

Two schemes were used to take serial sections from 
samples. The first was to take sections along radii of the 
cylinder at even spacings around an arc (Fig. 2b). Each 
of these spanned the transition from the starter notch to 
the deep interior of the sample perpendicular to the 
starter notch tip. The second was to take sections starting 
with one across the diameter and move out parallel 
along chords until just a short distance beneath the notch 
tip (Fig. 2c). This final section is mainly parallel to the 
notch tip. 

At this scale of observation we will where possible 
make a distinction between cracks (discrete partings 
within or between single grainsmprobably showing 
some crystallographic control at the atomic level), rup- 
tures (general brittle deformation zones clearly compris- 
ing a suite of cracks) and, at an intermediate level, 
fractures (thin brittle partings at the lower magnifica- 
tions, but which may still comprise more than one crack 
when looked at more closely). 

Radial series 

A series of radial sections from a sample of Solnhofen 
limestone is shown in Fig. 3. Fractures had grown most 
of the way through this sample before an oblique surface 
(c in Fig. 3) caused a sharp load drop which forced the 
termination of the deformation experiment. Two par- 

I sO7 x 

12" 

16.8" 

1/,.2" 

c 13.3" 

1/..3 ° 

Fig. 3. Radial series of sections from Solnhofen limestone sample s07. 
The azimuthal spacing between adjacent sections is indicated, a, 
b----continuous fracture strands; c----catastrophic spiral fracture; x - -  

axis of sample. 

ticular fracture strands are indicated which can be corre- 
lated between adjacent sections. Strand a initially 
extends inwards past the center of the sample, while 
originating well behind the notch root. In the second 
section a is farther away from the notch plane and is not 
seen in the other sections. Strand b initially appears 
opposite a but in successive sections, as we move parallel 
to the notch root, it moves into the notch and past to the 
other side until it is in the same location as a was farther 
round the sample. 

This sequence of the deeper fractures follows a spiral- 
ing path around the sample comparable to those 
observed in brittle torsional failure of a simple rod (e.g. 
Petrovic & Stout 1981). An idealized fracture surface 
may be reconstructed from these observations (Fig. 4). 
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:~teh 

Fig. 4. Perspective view of the form of the long looping fracture 
surfaces shown intersecting the plane of the starter notch, as recon- 
structed from Fig. 3. The fracture surface is shown with cross-hatched 
lines, dashed where hidden beneath the plane of the starter notch, 

which itself is indicated by the stippling. 

. /  

, A . ~  yj 

Fig. 5. Notation for the observed fracture types: T---oblique tensile 
fractures: L--linking fractures. 

The fractures mainly follow the trajectories expected for 
tensile failure predicted by the initial elastic stress field. 
They grow into the sample in an oblique orientation and 
intersect at the cylinder axis (as seen by a in Fig. 3). 
Behind the notch root the traction free surfaces of the 
flanks of the slot cause the fractures to loop mad intersect 
the slot in perpendicular planes. 

Parallel series 

In Fig. 6 we show a parallel set of sections from a 
sample of Westerly granite. The central sections (Fig. 
6a) have pairs of fractures emerging from the notches 
similar to the looping fractures in the limestone (Fig. 3), 
though they do not intersect the slot as far behind the 
root. In sections successively closer to the notch root 
(Fig. 6b-e) we find that the parallel fractures emerge 
from en 6chelon spiral fracture arrays growing at the 
notch root itself. This sample has reached a relatively 
advanced state of rupture development and the oblique 
fractures have linked together to form a through-going 
shear zone in the region closer to the notch root (Fig. 
6c--e). The linking fractures, however, do not corre- 
spond to trajectories for tensile cracks predicted by the 
continuum stress field. 

From their relationship to the initial stress field we 
distinguish between the two sets of fractures genetically 
as well as geometrically. To simplify the discussion we 
use the notation indicated schematically in Fig. 5 and 
refer to the oblique and linking fractures as T and L 
fractures, respectively. 

Fracture surfaces approximately parallel to the notch 
plane essentially envelop the T fracture array to form an 
incipient linked shear zone in Fig. 6(b) & (c). Closer to 
the starter stress concentration, however, the T fractures 
extend beyond the linked zone (Fig. 6d & e). In Fig. 6(e) 
a fairly well developed rupture cuts right through a set of 
closely spaced parallel T fractures. The net displace- 
ments on this shear zone were still very small, around 
10/~m in the center of Fig. 6(e). 

Development of  rupture 

The sequence of formation of the fracture types is 
suggested by an analysis of the stress state within the 

samples. We believe the T fractures formed first in 
response to the initial stress field. L fractures are formed 
later as the deformation increases. This interpretation is 
confirmed by those samples which were deformed to 
different total offsets under otherwise identical loading 
conditions (Fig. 7). The samples in Fig. 7(a) & (d) have 
a few widely spaced long T fractures only. Under increas- 
ing deformation there is a large increase in the density of 
short T fractures close to the notch plane and L fractures, 
which have local mode 2 shear displacements, break 
through the disrupted zone to form a complete shear 
rupture (Fig. 7b, c, e & f). The formation of fractures is 
accomplished with very little total strain in the samples. 
The T fractures are closed over most of their length and 
must still have considerable interaction between their 
walls when the L fractures form. The final stage of 
rupture development is seen at the notch root in Fig. 7(e) 
where the accumulated damage has led to a complete 
loss of cohesion of the material within the zone, so the 
slot has been effectively extended. 

The fracture development can also be followed from 
the total load bearing capacity of the samples. The 
initiation of L fractures and the linking of the shear zone 
into alternating tensile and shear segments correlates 
well with the first stages of weakening past the peak 
torque, and increasing shear zone development leads to 
further reductions in the strength. This is discussed in 
more detail in Cox & Scholz (in press). 

This model may be compared with one proposed for 
cyclic fatigue crack growth in steel (Ritchie et al. 1982) 
after experiments in a similar configuration. In that 
model, favorably oriented pre-existing flaws ahead of 
the main crack front serve as initiation sites for the shear 
rupture, rather than fractures growing out of the notch. 
This difference is due to the completely brittle nature of 
the materials here, compared with the ductile behaviour 
of metals which resists dilatation and will blunt running 
cracks. 

We also found extreme cases of the cross-cutting L 
fractures growing directly out of the starter slot (e. g. Fig. 
6e and 7a). These appeared to be the primary damage in 
some of the more lightly deformed samples of Solnhofen 
limestone. These cracks are examples of pure shear 
fracture growth, though the depth from the starter notch 
is typically limited to only about 1 ram. 
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Fig. 6. Parallel series of sections from Westerly granite sample p12, parameter d is defined in Fig. 2(d). (a) d = 6.2 mm, (b) 
d = 4.2 mm,(e)  d = 2.3 m m , ( d ) d  = 1.4 ram, (e) d = 0.5 ram. 
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Fig. 7. The development of the shear zone. Solnhofen l imes tone- -  (a) s06, d = 0.75 mm, final offset about 350 #radiant, 
(b) s02, d = 1.2 ram, -~600/~radians offset; (c) s03, d = 0.55 ram, ~ 1350 ktradians offset, continued 
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Fig. 7 continued. Westerly granite---(d) p16, d = 0.85 ram, final offset about 900/~radians; (e) and (f) p17, d = 0.5 mm 
and 1.25 ram, ~2000 juradians offset. 
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Ct b 

1 m m  1 m m  

Fig. 8.(a) Detail from Fig. 6(e) ~ n l l  ~ n  L fractures and rotated f r o n t s :  no axial load. (b) Detail from Fig. 7(e) 
showing an intense ~ r M i o n  of T ~ r e s  in tersee t i~  single grain! 5 kN axial load. 
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Orientation of  T fractures and effect of  normal loads 

The predicted angle for tensile fractures in a pure 
shear stress field is 45 ° . If an axial load is added, tensile 
fractures will be steeper as the least compressive stress is 
rotated farther from the axial direction. 

We found shallower angles, however, particularly in 
the granite, even with large applied axial stresses: adja- 
cent to the notch and in the notch plane 20-30 ° is typical 
and this increases only farther into the sample (compare 
Fig. 6c with Fig. 6e and Fig. 7f with Fig. 7e). 

The effect of normal loads is seen better on the longer 
T fractures. In a sequence with increasing normal loads 
(Fig. 9) we find the T fractures at progressively steeper 
angles to the notch plane farther away from the notch 
plane. At high axial loads, axial cracks mainly grow from 
the initial cracks that formed in the shear zone itself (e.g. 
in Fig. 7e). The symmetry of the torsional loads makes 
this effect increase towards the axis (Fig. 7f). Linked 
rupture zones deeper than about 2 mm beneath the 
notch root were unusual for samples deformed with axial 
loads. Complete shear ruptures across the samples, 
uninterrupted by a steep crack catastrophically running 
away, were only produced in those deformed with no 
axial load. 

Since the Tcracks are rarely as steep as expected in the 
notch plane even these have a component of true shear 
fracture, especially as they initially emerge from the 
notch root. Naylor et al. (1986) saw a similar pattern in 
their sandbox, and identified the oblique discontinuities 
with Reidel shears. However, those are usually consi- 
dered to be a characteristic of slip in a plastic material of 
low dilatancy, so we will not use that terminology here 
for fracture in rock. 

Indeed, it appears that in some cases close to the notch 
root, and particularly deeper into the specimens, L 
fractures have grown from T fractures that swung over to 
become parallel to the notch plane (Fig. 9b, also Fig. 6b 
& c). This does not account for all cases, however: close 
to the notch root L fractures usually cut right across T 
fractures (Figs. 6e and 7b & e) inhibiting further dis- 
placements on the tensile fracture strands outside of the 
shear zone. 

Details of  the shear rupture zone 

In order to further illustrate the nature of the displace- 
ments and disturbance within the shear zone, we show in 
Fig. 8 some enlargements from the well developed shear 
zones already shown in Figs. 6(e) & 7(e). The L cracks 
close to the notch cut right across in an irregular fashion 
quite distinct from the parallel set of T cracks. 

The effect of axial loads on the formation of the L 
cracks, and deformation within the zone can be seen 
clearly by comparing the samples in Fig. 8. With zero 
normal stress, multiple linking L cracks have opened up 
to create detached particles and grains within the zone 
which can be clearly seen to have rotated out of their 
initially interlocked positions (Fig. 8a). Although the 
sample deformed with a significant axial load has suf- 
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Fig. 9. The  effect of  normal  loads on the  orientat ion of T fractures and 
the relat ionship of  Twi th  L fractures in Solnhofen l imestone.  (a) s17, 

d = 1.5 m m ,  (b) s19, d = 0.6 m m ,  (c) s21, d = 0.9 ram. 

fered greater permanent offset, this has been 
accomplished by a more intense generation of T cracks 
(Fig. 8b). The linking of the shear rupture at the higher 
normal stress occurs in the presence of a very high 
concentration of Tcracks by the buckling of the columns 
between the T cracks, similar to that described for shear 
localization by Peng & Johnson (1972) and Wong (1982), 
rather than by a discrete generation of L cracks parallel 
to the notch plane. A similar effect, with high confining 
pressures producing a higher density of cracks and 
microcracks prior to failure, has also been described 
from triaxial experiments by Wawersik & Brace (1971), 
Kranz (1980), Wong (1982) and Wong & Biegel (1985). 

A feature observed generally in the granite, but visible 
particularly in the higher contrast images (Fig. 7e & f) is 
that long Tfractures are unaffected by grain boundaries. 
On the scale on which our observations were made, 
crystallographic control of fracture orientations along 
cleavage planes, as found in the feldspars by Wong 
(1982) does not appear to be dominant. The darker 
prominent grains in the micrographs are mostly quartz 
and, unless they intersect the boundary close to the edge 
of a grain, the cracks propagate fight-across the grains 
without deflection at the boundaries. In the sample 
shown in Fig. 8(b) parallel T fractures in a finely spaced 
array thoroughly fragment quartz grains within the shear 
zone and continue out undeflected by the elastic mis- 
match with the surrounding feldspars or discontinuities 
of the grain boundary. Furthermore, the effect is not 
simply associated with grains disturbed during the cut- 
ting of the starter slot, since the prominently fractured 
grains seen in Fig. 7(e) are a few grain diameters from 
the nearest section of the notch root behind the plane of 
the figure. This shows how the concentration due to the 
notch dominates the local stress field, over the material 
heterogeneity. 
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This contrasts with observations of microcrack dila- 
tancy by Tapponier & Brace (1976) and crack growth by 
Kranz (1979a,b) who found that long microcracks in 
triaxially loaded samples usually involve grain bound- 
aries and show only limited persistence across several 
grains. Swanson (1984) observed a greater proportion of 
transgranular to intergranular fractures in tensile sam- 
ples fractured at relatively higher rates, but all of the 
samples here were fractured quasi-statically. Overall, 
the tendency for oblique fracture was greater if higher 
deformation rates were used. On a few occasions when 
dynamic torque loading was applied accidentally, the 
samples broke with just spiral fractures. When care was 
taken to allow complete relaxation between twist incre- 
ments, shear rupture in the notch zone was successfully 
generated. 

Effect of rock rype 

We found some significantly different behaviour 
between the two rock types. T fractures in the limestone 
near to the notch are closer to the predicted trajectory of 
tensile cracks, while those in the granite seem to grow 
from cracks formed initially at the notch root with a 
shear component. The limestone samples were also 
more prone to uncontrolled failure by oblique or axial 
fractures at early stages in the deformation experiments. 
In samples which were deformed to approximately the 
same extent there is a lower total crack density in the 
limestone compared with the granite. Even the long T 
fractures are rarely a single strand in the granite as they 
are in the limestone. 

This is due to the much greater initial flaw concentra- 
tion in the granite, in the form of weak grain boundaries 
and pre-existing transgranular microcracks. Many more 
initiation sites for cracks are available and cracks will 
blunt more easily preventing them running away. The 
limestone, however, is well cemented and has no flaws 
larger than its grain size, which is much smaller than the 
features we are observing here; thus it behaves as a 
simple homogeneous elastic material. In fracture 
mechanics terminology, the granite is tougher (tending 
to absorb more energy in individual crack tips and in 
creating the more complex fracture strands) and the 
limestone is more brittle (the individual flaws, once they 
have formed, are much more likely to grow to a consider- 
able length with little interaction with other cracks). 

The crack density contrast is in the opposite sense to 
the grain size contrast. Furthermore, the overall width 
of the well developed shear zones, though correlating 
well with the grain size of the granite, rather seems to be 
related to the dimension of the starter slot and sample 
used here, since it is similar in width in the limestone 
whose grain size is several orders of magnitude less than 
the size of the saw cut. 

PREDICTED STRESS FIELD 

We calculate the stresses within the sample treating it 
as a perfectly elastic continuum. Our analysis gives the 

field before any damage has taken place, so should 
predict the formation of the initial fractures. 

Analytical model 

The stress field in an elastic material in the vicinity of 
a sharp crack may be characterized by superposition of a 
term with a singularity at the crack tip on to the remotely 
applied stress field (Lawn & Wilshaw 1975). For the 
general case in an infinite medium, the singular field, in 
a cylindrical polar system (0, 0) relative to the crack tip, 
may be expressed as 

K~ (01 ° 0 -  hi .  , (1) 

where n is the mode of the applied stresses (mode 3 in 
this case) and f i s  a well defined trigonometric function. 
The geometrical terms describing the field may thus be 
separated from a term K, the stress intensity factor, 
which gives the strength of the singularity and includes 
all that is needed about the loading geometry. Expres- 
sions giving K as a function of applied stress have been 
compiled for many specific geometries by a number of 
authors (Paris & Sih 1965, Tada et al. 1973, Rooke & 
Cartwright 1976). 

The symmetry of our configuration makes the shear 
stresses zero at the axis, overriding the prediction of 
equation (1) at this distance from the notch. Likewise, 
the free surface of the rod cannot support the tractions 
implied by equation (1). For the case of a long rod with 
a torque M applied at the ends, which has a deep 
circumferential notch leaving an intact ligament of 
radius a, Harris (1967) derived an expression for K3 from 
stress concentration factors given by Neuber (1958) 

3M 
K3 - 4X/-~-~5 (2) 

and Neuber also gave a solution for the shear stress 
component r0 at radius r in the notch plane 

30=  1 - 7 ]  (3) 
which may be expressed in terms of the stress intensity 
factor, equation (2), as 

_ K 3 r (  _ ~.2)-le2 
r0 V ~ a  1 - -  --~ - (4) 

Comparing this with the solution for an infinite medium 
given by equation (1), we find that the stresses within the 
intact part are modified by a factor 

1 
- 2 

V'V7 r ( a + (5) 

giving zero at the axis. We may assume that this factor 
will also apply to the other stress components, giving 
us the full elastic solution for that part of the sample 
r < a .  

In Fig. 10(a) we show the stress field on a section 
across a diameter of the sample, calculated using equa- 
tion (1) modified by equation (5) for the case of a sharp 
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Fig. 10. Stress field in the sample from the analytical solution for the 
initial configuration. The ticks plotted are vectors aligned parallel to 
the intersection of the plane of this projection with the plane normal to 
the least compressive (or greatest tensile) stress. The lengths of the 
vectors are proportional to the differential stress (greatest-least). The 
ticks are thus the expected orientation and 'strength' of any tensile 
cracks formed in the interior of the sample due to the initial stress field 
(before any damage had occurred). (a) Radial plane. (b)--(e) Chord 

sections with d / a  = 0.28, 0.21,0.14 and 0.07. 

slot under pure torque loading. This project ion plane 
was chosen to give an overview of the stress field 
throughout  a specimen and was usually the first section 
studied from the samples. Figure 10(b)-(e)  shows sec- 
tions across chords of the notch plane parallel with the 
axis of the cylinder. Figure 10(e) is almost completely 
parallel to the direction of shear loading at the root  of the 
notch. 

We see from Fig. 10 that the T cracks in the samples 
are the brittle response to the tensile stresses in the field 
generated by the torque loading. With no axial load, 
purely tensile cracks will make an angle of 45* with the 
notch plane, though we expect the fractures to become 
'opportunistic '  as the magnitude of the stress field 
diminishes towards the axis and depends more  on the 
location of the earlier formed fractures for  their locations 
in the center of the sample. Figure 10(a) also shows how 

aG l o ; 4 - r  

the looping form of the cracks intersecting the notch 
behind its root  is predicted by the stress analysis. The  L 
cracks seen in the interior of the samples, particularly 
closer to the notch, are not predicted from the initial 
elastic stress field. 

Wong (1982) calculated the deflection of the optimum 
tensile crack orientation from the directions predicted in 
a homogeneous  stress field due to the elastic anisotropy 
of the component  minerals in Westerly granite and 
found that variations of up to 12 ° could be explained this 
way in the feldspars, though only 5 ° in quartz. This is 
clearly insufficient to account for the deviations of 20-25 ° 
observed here,  which were also in long fractures trans- 
acting several grains, so cannot be explained by models 
of the elasticity of single grains. 

From the symmetry of the configuration, the normal 
stress distribution in the notch plane is that of a rigid 
circular indenter  into a half space under  remote  normal 
force P, 

tr, = ~ 1 - (6) 

(Boussinesq 1885). There  is a singularity in the normal 
stress, equation (6), as well as the shear stress, equation 
(3), at the notch root. The normal stress concentrat ion is 
not as strong, but the normal stress has a finite value 
across the notch plane, while the shear stress decreases 
to zero at the axis. A significant disadvantage of this 
experimental  configuration, therefore,  is that towards 
the axis of the cylinder, the overall field becomes domi- 
nated by the uniaxial field. For  the samples deformed 
with an axial load we do not expect rupture to grow in a 
shear plane right across the sample, so only the observa- 
tions towards the outside of the rupture zone are relevant 
to the problem being addressed here.  

N u m e r i c a l  m o d e l  

A numerical method was used to model  the overall 
stress field for the more  detailed case here  (with the finite 
boundaries,  a less sharp notch and a superimposed 
compressive axial load). We devised a three-dimen- 
sional finite-element mesh with 500 elements and 563 
nodes (Fig. 11), and studied the static elastic response 
using the A D I N A  (1981) package. The eigenvectors for 
stress at the Gauss-integration points were computed 
using the method of successive approximation (Nye 
1985). 

The  mesh was constructed to give finer detail close to 
the notch tip and coarser away from it. However ,  some 
deflection of the stresses appears to have been intro- 
duced where degenerate  e lement  geometries had to be 
used, suggesting that a more  uniform finer mesh may 
improve results. 

We ran experiments to simulate the suite of loading 
conditions used in the laboratory.  These included two 
end members  with p u r e t o r q u e  and pure axial load, and 
combinations with the torque held fixed and a varying 
axial load. Figure 12 shows the stress field projected on 
to a radial plane for three cases. 
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Fig. 12. Predicted tensile fractures on a radial plane from the finite-ele- 
ment  model.  Shaded zone is where all the stresses are compressive. (a) 
50 Nm torque, zero axial load, (b) 5 kN axial load, zero torque, (c) 

50 Nm torque and 5 kN axial load. 

We may compare Fig. 12(a) (the numerical case for 
pure torque) with Fig. 10(a) (the analytical case plotted 
for the same points on the same radial plane) to deter- 
mine the success of the numerical model. Figure 13 
shows a radial stress profile determined using the two 
methods. In the core of the sample, where our observa- 
tions were made, the two methods agree very well, while 
the analytical solution overestimates the stress mag- 
nitude towards the outer surface of the sample as 
expected. 

The effect of the axial loads in the range used is mostly 
outside the notch zone. In the mixed loading case (Fig. 
12c) the two rows of stress vectors closest to the notch 
plane are in nearly the same orientation as for pure 
torsion (Fig. 12a). This emphasizes the dominant effect 
of the strong stress concentration on the stress field. 
Only farther from the notch zone do the axial stresses 
become important and tensile cracking at these distances 
from the plane is expected to become dominantly axially 
oriented. In Fig. 12 we also show the areas where all 
normal components of the stress tensor are compressive. 
Applying axial loads expands this zone in the core of the 
sample, while the torsional load re-establishes tensile 
stress components in the region adjacent to the stress 
concentration. 

Figure 14 shows a sequence of sections across the 
diameters of samples deformed at increasing axial loads. 
The zone of fracturing growing from the notch gets 
wider as the axial load is increased and axially oriented 
cracks are seen at first just towards the centers of the 
samples, as expected from the normal stress distribution. 
At the higher loads axial cracks dominate right across 
the zone. Comparing the distribution of internal cracks 

seen here to the stress field (Fig. 12), we find that 
fracture is mainly confined to the regions where one of 
the principal stresses is tensile. 

In a case of polyaxial compression, however, we 
would expect the additional stresses normal to the axial 
direction to stabilize crack growth in that direction 
(Nemat-Nasser & Horii 1982). Stereological studies 
have also shown how increasing the confining pressure in 
samples deformed under triaxial loading leads to a sig- 
nificant reduction in anisotropy of microcrack develop- 
ment (Wong 1982, Wong & Biegel 1985). This suggests 
that outside of the zone, where tensile stresses dominate 
due to the stress concentration, fracture may not con- 
tinue to propagate just in this axial direction. Thus the 
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Fig. 13. Normalized shear stress magnitudes along the row of points 
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Fig. 14. Effect of axial loads on the fracture patterns in the interior of 
samples---these sections are across the diameter of the samples. 

problem of the widening, of the damage zone seen so 
dramatically at the higher axial loads may be mitigated 
under natural conditions due to the more uniform com- 
pressive stress field and the absence of zeros in the shear 
stress field, compared to the torsional geometry. 

In Fig. 15 we show projections of the stress field on 
chord planes a small distance beneath the notch root, as 
computed using the model for a variety of axial loads. 
This projection corresponds to the central fibers of the 
chord sections (Fig. 10b-e). Even for quite large normal 
loads the orientation of the tensile stresses close to the 
stress concentration are not changed very much. Again, 
we see the importance of the stress gradient imposed by 
the slot behind the plane of the figure, and thus, the 
significance of the full three-dimensional geometry we 
are examining here. 

A model with softened elements in the zone where 
fracture is expected to initiate was also examined. We 
modified the elastic constants of the elements 
immediately beneath the starter notch to reduce the 
modulus of rigidity by varying amounts. This simply had 
the effect of reducing the intensity of the stress concen- 
tration, thus transferring some of the load to the regions 
of the sample outside of the vicinity of the starter notch. 
The more serious effect of weakening in the central 
zone, however, is in concentrating the strain. Of course, 
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Fig. 15. Effect of axial loads on the predicted tensile fractures on chord 
planes close to the notch root. Results shown from the finite-element 
model: horizontal dashed line = notch root, diagonal lines = stress 
vectors. (In some cases several stress vectors are superimposed making 
the vectors look heavier.) Top--d/a = ~0.11. Bottom---d/ 

a = ~0.35. 

if the central zone elements are made weaker by an 
inelastic process, then a limit on the stress that can be 
supported will localize all subsequent deformation here. 
These effects have not been incorporated into our finite- 
element model, since heterogeneous and time depen- 
dent material properties have to be used. 

Multiple crack models 

In order to investigate the stress field within the 
disrupted zone, we need to introduce the T cracks into 
the elastic model. We have not attempted that explicitly 
here, so we will review some related studies that may 
indicate likely results. 

Peng & Johnson (1972) presented a treatment of shear 
localization by buckling of an array of columns between 
microcraeks formed parallel to the principal compressive 
stress. A limiting fiber stress on the surface of the beams 
was used for the failure criterion, producing a set of 
failure envelopes which described their macroscopic 
observations in triaxial loading. However, though the 
model was based on micromechanical considerations, 
the statistical approach precluded prediction of specific 
local fracture geometries in the rupture zone. 

We initially consider the two-dimensional field around 
two staggered parallel cracks. Kranz (1979b) simply 
superposed the stress fields computed for isolated cracks 
(his fig. 3), and found a slight tensile stress concentration 
between the tips of non-overlapping tensile cracks, 
which may form the nucleus of the L fractures. In a 
review of models of a single crack inclined to the princi- 
pal stresses, however, Sobolev & Shamina (1975) 
showed that cohesion across the crack can have a signifi- 
cant effect on the distribution of the stress field, although 
model experiments described by Shamina et al. (1975) 
still produced tensile cracks from the tip of an inclined 
slot whose walls were in contact. 

Segall & Pollard (1980) used a numerical method to 
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Fig. 16. (a) Geometry for calculating the two-dimensional stress field 
modified by two non-coplanar fractures. (b) The predicted next gener- 
ation of tensile fractures (from Gamond 1983. Reprinted with permis- 
sion, Copyright 1983, Pergamon Press Ltd. and after Segall & Pollard 

1980). 

analyze the field around a specific array of cracks, also 
including tractions on the walls of their initial cracks. 
The geometry in Fig. 16(a) sets up a problem similar to 
our arrays of T fractures: initial en 6chelon cracks at a 
shallow angle to the greatest principal stress, aT. The 
expected orientation of the next generation of tensile 
cracks shown in the solution in Fig. 16(b) indicates that, 
at least when the overlap between T fractures is small, 
new tensile cracks do not tend to link the T fractures. 
Thus, the L cracks we see in our samples appear to be 
true shear cracks. 

The effects of the whole suite of cracks in the true 
three-dimensional sample geometry seen in our experi- 
ments will be more complicated than such simple con- 
tinuum models. In particular these do not allow for the 
strong stress gradient caused by the slot outside of the 
plane of the two-dimensional crack arrays described. A 
calculation of the local stress field at each stage for this 
geometry, however, requires an incremental approach 
to the elastic modeling beyond the scope of the present 
study. 

A MODEL FOR SHEAR FRACTURE? 

These experiments have demonstrated some impor- 
tant features of shear rupture development using a 

technique which is complementary to previous studies in 
three significant ways: (1) we have grown shear rupture 
zones in a controlled way and predictable location by 
using a stress concentrator-fracture mechanics type 
configuration; (2) by using a mode 3 stress concentration 
we generated a pattern of deformation which requires a 
consideration of the full three-dimensional nature of the 
stress field and crack arrays; (3) our studies of the crack 
interaction are at a scale intermediate to previous inves- 
tigations, either of microcrack development on a grain 
size scale or of fault interactions in the field. 

The first two of these features may be related. Previ- 
ous experimental studies of crack growth from a well 
defined shear stress concentration (Brace & Bombolakis 
1963, Lajtai 1971, Shamina et al. 1975, Ingraffea 1981) 
used essentially two-dimensional configurations to study 
mode 2 (in-plane shear) loading. Rupture extension as a 
single crack which follows the compressive stress trajec- 
tory is compatible with the displacement field around a 
mode 2 concentrator. From a mode 3 stress concen- 
trator, however, a suite of initial cracks formed en 
6chelon at the notch root accommodates the shear dis- 
placements. Subsequent development may be domi- 
nated by interactions between these flaws, to produce a 
shear rupture (Brace & Bombolakis 1963, Wong 1982) 
with a single one of these oblique cracks unable to run 
away to take up the whole deformation. The complex 
stress field around such an extended concentrator may 
be necessary for true shear rupture extension. 

Since a single tensile crack will develop only from a 
pure mode 2 stress concentration, multiple oblique 
cracks are generally expected to form around a shear 
crack. Taking a discontinuity initially loaded in shear as 
the primary feature, the growth of tensile secondary 
cracks from its tip has been demonstrated in studies in 
the field (e.g. Granier 1985) and the laboratory. These 
studies, therefore, have considered the first stage of 
rupture growth only. Here we have generated the next 
stages of shear rupture development--the linking of the 
initially formed tensile cracks by shear cracks and inter- 
nal deformation of the rupture zone with increasing 
shear displacements. 

We tentatively propose a multi-stage model for brittle 
shear rupture growth. An initial planar shear stress 
concentrator causes the formation of an array of 'tensile' 
cracks close to the tip: with subsequent shear deforma- 
tion, shear cracks form which link and intersect the 
tensile cracks to enclose a zone of debris (microbreccia) 
whose thickness is of the order of the width of the initial 
stress concentration. Finally, when internal deformation 
has caused sufficient cohesion loss in the brecciated 
zone, the extended rupture zone is the source for a 
subsequent generation of tensile crack formation. 

Comparing this to two-dimensional models of brittle 
rupture localization in triaxial experiments by Peng & 
Johnson (1972) and Wong & Biegel (1985), the addi- 
tional feature here is a concentration of the shear stress 
by an initial elastically contrasting inclusion outside the 
plane considered in those studies. 

A crucial element of the geometry is the width of the 
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developing rupture zone. For the formation of long 
discrete faults a mechanism is required to prevent any 
single tensile crack running away, or the fractured region 
growing continually in width until general, rather than 
localized, shear deformation is taking place ('damping' 
of Granier 1985). There is some tendency for cracking to 
spread away from the notch plane, particularly at higher 
axial loads. However, in those samples which were 
deformed sufficiently to cause damage right across the 
diameter, the fracture arrays are still confined within a 
small zone close to the notch plane and generally strain 
will be concentrated into the softened zone. Once 
formed, the cross-cutting shear cracks suppress sub- 
sequent extension and deformation on those parts of the 
T fractures outside of the zone. Furthermore, in an 
overall compressive stress field the stresses normal to the 
T fractures outside of the shear zone will act to stabilize 
the growth of the tensile cracks there. 

We may also interpret the deformation extending 
right across samples as a model of how coplanar cracks 
link up under shear loading, or as the rupture of an 
'asperity' on an earthquake fault (Das 1986). 

Regarding the scales, the cracks we studied here are 
not, on the whole, on cleavage planes, such as most of 
those shown by Tapponnier & Brace (1976), Kranz 
(1979a) and Wong (1982). Those are subject to strong 
crystallographic control and may indeed be consistent 
with a simple energy-balance understanding of fracture 
mechanics prediction. The fact that transgranular T 
fractures follow the stress trajectories as well as they do 
in the granite requires that the fractures be compound at 
the crystallographic level, at least as linked cleavage 
cracks. In many of the granite sections fractures are 
made up of several irregular strands; in the fine-grained 
limestone we could not distinguish between transgranu- 
lar and intergranular cracks, but fracture strands typi- 
cally encompass a few grain widths. However, the zone 
contained within the complete shear zone across the 
sample is narrow (less than 5 mm wide in Fig. 6 for 
example), so the rupture zones produced are still essen- 
tially sharp and planar on the scale that field observations 
are made. Large-scale shear fractures may yet encom- 
pass several of these small features while developing into 
well developed fault zones. 

DISCUSSION AND IMPLICATIONS 

Our model of damage zone control of fracture 
development is similar to Griffith's (1920) hypothesis of 
the critical flaw which leads to tensile failure. We find 
here, however, that multiple flaws are necessary for 
shear fracture development. 

An initial damage zone, or process  zone ,  has been 
frequently hypothesized in fracture mechanics to explain 
the greater energy dissipation found in the fracture of 
polycrystalline materials than expected from the fracture 
energy of the constituent phases. Recently an alternative 
model has been proposed which dispenses with a distri- 
buted damage zone in the formation of tensile ruptures 
in brittle materials (Swanson 1987). In the generation of 

shear ruptures, however, the process  zone  appears to be 
a crucial component (Brace & Bombolakis 1963, Wong 
& Biegel 1985). 

An array of cracks may form in several ways. In 
conventional triaxially loaded cylinders, axially oriented 
microcracks form throughout the sample, with deforma- 
tion localizing onto an arbitrarily oriented single plane at 
a relatively late stage when the overall crack concentra- 
tion is high throughout. Alternatively, as demonstrated 
here, an existing plane of stress concentration will cause 
localized damage at lower applied loads, which acts as 
the locus for subsequent rupture development. The 
origin of this initial discontinuity may be from a number 
of sources, certainly including tensile fractures (joints) 
as suggested by Segall &-Pollard (1983). 

The development of an array of en 6chelon cracks 
from the tip of a parent crack in the field has been 
described by Pollard et al. (1982) and Etchecopar et al. 
(1986). The mechanical model proposed by Pollard etal.  
includes a tensile stress on the parent crack to explain 
dilatant echelon cracks. In the general case oblique 
'tensile' cracks will form even without a remote applied 
tensile stress, although not opening significantly. The 
damage leading to rupture extension will form preferen- 
tially where the stress has at least one locally tensile 
component; although a case of tensile fracture extension 
under conditions of overall compressive stress has 
recently been described by Scholz et al. (1986). We thus 
have a mechanism for elevated pore pressure to affect 
the development of shear rupture, comparable to the 
dominant influence it has on joint formation or tensile 
rupture (Engeider 1985). 

If shear rupture formation is always preceded by 
oblique tensile fracturing, then we might expect to see 
some evidence of this as a damage zone around faults. In 
a study of a fault in California, Chester & Logan (1986) 
noted a well defined disrupted area adjacent to the zone 
where slip is concentrated, with subsidiary faults forming 
a "diffuse, but generally conjugate, set". We suggest 
that they are broadly aligned in the direction of our T 
fractures and represent evidence of the way their fault 
formed. Where high fluid pressures are involved in 
hydrothermal systems this could also involve the deposi- 
tion of vein material in dilatational fractures. This pro- 
vides a rationale for the common field practice, when 
mapping in low-grade terranes with small exposure, of 
finding nearby faults by the presence of veining. Scholz 
(1987) has also found that the rate of formation of gouge 
in natural faults is much greater than that found in the 
wear of artifically prepared surfaces. This would be 
expected if the wall-rock around the initially formed 
shear rupture is as disrupted as we suggest here. 

More orderly arrays of dilatational cracks associated 
with semi-brittle shear zones have often been observed 
in the field. Knipe & White (1979) deduced three stages 
in the evolution o.f some shear zones in a low grade 
arenite, finding that an en 6chelon zone of oblique 
fracturing was the first step in the localization of defor- 
mation even in this case, where subsequent strain was 
mostly by plastic and diffusional processes. 
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Fig. 17. Examples of complex fault zones. (a) Dasht-e-Bayaz, Iran, (b) Ales, France, and (c) Taranaki graben, New 
Zealand---(a)-.-(c) all map views adapted from Naylor et al. (1986). (d) Cross-section through a fault array in the Coeur 
d'Alene mine, Idaho, compiled from observations in an extensive series of mine galleries (shown as thin dotted lines, after 
Wallace & Morris 1986). (e) Fresh fracture in a deep mine, Republic of South Africa (alter McGarr et al. 1979). 
J--pre-existing joint, P--primary and S--secondary fractures as described by McGarr et al. (1979). 

Quite generally, when a complete investigation of the 
three-dimensional geometry of large faults is made, they 
are found to be composed of multiple anastomosing 
strands (Fig. 17). In the map views in Fig. 17(a)-(c) the 
oblique and splay faults all have the correct orientation 
to have initiated as T fractures. Sharp (1979) suggested 
that such complexity in fault traces may be mainly a 
surface phenomenon with the geometry simplifying at 
depth; however, in a steeply dipping normal fault map- 
ped underground (Fig. 17d) we find that a fault that is 
mapped as a single trace at the surface is comprised of an 
extensive zone of fracturing at depth. In a unique study 
of a freshly formed shear fracture zone in a mine, 
McGarr et al. (1979) found a fracture array (Fig. 17e) 
whose geometry bears remarkable similarity to some of 
our sections. On the basis of our model, however, we 
would relabel their primary fractures (P in Fig. 17e) as 
tertiary or L fractures, with the primary (stress concen- 
trating) fracture being out of the plane of the sections 
that they studied. The existence of the mine excavation 
would introduce local tensile stresses in this case. It is 
also interesting to note that a pre-existing joint (J in Fig. 
17e), which crosses the shear zone, is in the same 
orientation as the secondary (T) fractures within the 
zone. Thus, it may have formed under the same stress 
field before the deformation was concentrated into the 
zone observed by the L fractures, which cut across it in a 
fashion similar to that seen in our sections. 

We must have some caution in our comparisons how- 
ever, as McGarr et al. 's  (1979) structure formed in a 
seismic event, hence much of the fracturing may have 
been dynamic. These observations have been made at 
scales much larger than our microscopic investigation, 

so we only draw attention to the gross similarities 
between the geometries in Fig. 17 and the micrographs. 

CONCLUSIONS 

From a careful study of the geometry of fracture 
formation induced by a large shear stress concentration 
in rock, we now think that under certain circumstances, 
a shear fracture zone may extend in length and in its own 
plane. A dominantly mode 3 stress concentration has a 
greater likelihood of in-plane extension than mode 2 due 
to its initially more complex damage zone and three- 
dimensional constraints. Subsequent development is in 
the presence of a stress field modified by the first formed 
tensile cracks. A complete theory of shear rupture 
growth is not possible at this time, but we believe that we 
have suggested components that need to be considered 
and some of the ways we can identify these in the Earth. 
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A P P E N D I X  

Materials used 

Two contrasting rock types were used in this study. Solnhofen 
limestone is an ultrafine-grained (max 2/~m) micritic limestone. It is 
uniform except for thin (< 1 mm) irregularly spaced (5-30 mm) finer 
grained layers parallel to bedding. The cores were cut with axes 
parallel to bedding. Westerly granite is a uniform, fine-grained (0.1- 
1 mm) pink granite with composition approximately 30% quartz, 35% 
orthoclase, 30% plagioclase feldspars and 5% biotite. The block from 
which the samples were cut has no petrographic fabric, but a weak 
microcrack fabric defines the 'rift' plane. All cores were cut parallel 
and with the rift plane along the axis. The samples had a diameter of 
34.8 mm and the slot was cut with a diamond saw with thickness 
0.4 mm to a depth of between 5 and 8.6 ram. 
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Experimental details 

Loading was servo-controUed with tangential displacements (twist) 
as feedback making the machine very stiff in this loading mode. The 
samples were deformed by imposing a series of twist offsets, after each 
of which the torque was observed to relax until it reached an equilib- 
rium level, in the range 30-100 Nm. Thus, shear deformation was 
mainly achieved under load relaxation, producing dominantly quasi- 
static behavior. 

Some deformation experiments were terminated when sharp drops 
in the load supported were observed. In all cases abrupt load drops 
were found to correlate with spiral or axial fractures when the samples 
were sectioned. 

Preparation of sections 

Deformed specimens were removed carefully from the loading 
apparatus while supported by a cradle employing the mounts of the 
displacement transducer used for the mechanical experiments. A 
low-viscosity epoxy was iniected into the notch and allowed to cure 
before the sample was removed from the cradle. In this way we are 
confident that no extra damage was introduced in the specimen after 
the termination of the controlled loading and before sections were 
prepared. The central section was removed using high-speed, very low 
feed-pressure, parallel diamond saws, then sections cut parallel to the 
specimen axis using a low-speed gravity feed thin (0.5 ram) diamond 
saw (Fig. 2a). After the initial cut, subsequent thick sections (0.2- 
1 ram) were supported by an aluminum plate glued to the surface with 
epoxy cement. The low-speed saw was used to minimize near surface 

damage in the sections. The cut faces were hand lapped successively 
with 20, 5 and 0.3 #m Al:O3 polishing compounds, and finally cleaned 
in water in an ultrasonic bath to remove polishing residue. At the 
magnifications used here, iron milling was not required. 

We found that the reflectivity contrast between the polished surfaces 
and the emerging cracks allowed us to easily identify cracks in the 
granite. Cracks in the limestone showed up in two ways: (1) open 
cracks, sometimes filled with epoxy, gave a reflectivity contrast similar 
to the granite; (2) fine damage zones, with little visible offset, appeared 
as white lines, apparently of finer grain size material, against the 
cream-colored background. 

These could all be seen with the unaided eye by orienting the sample 
carefully. However, the latter proved particularly demanding to 
photograph clearly, and generally getting reflected light microscopic 
images with sufficient contrast presented some problems. Bright field 
illumination provided the best image from reflectivity contrast, but an 
oblique specimen surface angle was required, which led to focusing 
difficulties over the large field depth. Also, in photographs, the high 
contrast led to reduced definition of the crack morphology. 

After examination under reflected light, some of the sections were 
then cleaned again and prepared for the scanning electron microscope 
by coating with a gold-palladium film. The scale of the features being 
studied meant that the very lowest magnifications had to be used. The 
advantage of using a back-scattered electron image from the S.E.M. is 
that its primary image is of topography, which is the way in which the 
cracks are manifested on an otherwise smooth polisbed surface. 
Particularly good images were obtained again for the granite, though 
for the limestone, some of the closed damage zones that could be seen 
in reflected light could not be soeasily detected with the S.E.M. 


