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Indentation Fracture in Brittle
Rocks and Glasses

M. V. SWAIN*
B. R. LAWNY

The nature of localised cracking about indentations in Westerly granite and
silicate glass is examined. Characteristic fracture patterns are identified, with
distinctions between ‘sharp’ and ‘blunt’ indenters, ‘loading’ and ‘unloading’
crack driving forces, providing the basis for classification. Indentation-induced
surface-removal processes in brittle solids are thence described in terms of
a tensile mode of failure, in which cracks initiate and propagate within an
(approximately) radially diminishing contact field. In their well-developed
form the indentation cracks tend to a certain geometrical similarity, which
lends itself to a simple fracture mechanics analysis. Using glass as a model
material, extensive measurements of crack size as a function of indentation
load are presented in support of the similarity equations. Comparative obser-
vations of crack patterns in sectioned glass and granite specimens serve to

demonstrate the applicability of the analysis to brittle rocks.

INTRODUCTION

The nature of surface-removal processes in indentation-
type operations on brittle rocks is poorly understood.
Part of the problem is that rocks are invariably com-
plex microstructurally, and the mechanisms by which
failure modes initiate and propagate tend to vary
widely. Also, rocks are opaque materials, so that one
is usually restricted to ‘before-and-after’ studies of in-
dentation specimens. The general approach adopted by
rock-mechanics workers appears to have been one of
devising some empirical failure criterion or ‘efficiency
parameter’ for specific surface-removal events. While
this approach may take us close to a characterization
of events in important geological engineering situations,
such as the drilling and crushing of ores, it provides
little or no insight into the fundamental modes of fail-
ure themselves.

These difficulties typical of the testing of rocks are
not so apparent in other, less complex brittle solids.
Inorganic glasses, in particular, being transparent, iso-
tropic and homogeneous, are ideal ‘model’ materials
for studying basic brittle properties [1,2]. This is par-
ticularly so in indentation fracture experiments
(reviewed in Ref. [3]), where the entire evolution of
fracture may be followed with minimal complication
during the testing. Such studies reveal features in near-
surface failure modes which are not at all evident from
mere before-and-after examinations. For instance, the
cracks most effective in causing surface chipping may
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actually initiate and propagate during unloading, rather
than loading, of the indenter [4,5]. While it is recog-
nised that the mechanical behaviour of brittle rocks
and glasses may differ widely in many respects, striking
similarities in the general indentation fracture patterns
suggest a certain universality in the processes associ-
ated with surface removal.

It is the main aim of this paper to survey the state
of knowledge of indentation fracture in glasses, and
thence to indicate how this knowledge may be applied
to the corresponding phenomenon in rocks. Basically,
the approach is to characterise the geometry and extent
of indentation-induced cracking in terms of the contact
stress field. This leads to expressions for the scale of
microfracturing in terms of the indenter load, from
which the role of material properties (e.g. hardness,
stiffness, toughness) and extraneous variables (e.g. in-
denter geometry, environment) may be (either explicitly
or implicitly) inferred. Some comparative observations
on commercial silicate glasses and Westerly granite
serve to illustrate the essential elements of the theoreti-
cal description. :

BASIC MODES OF INDENTATION FRACTURE:
USE OF THE GEOMETRICAL SIMILARITY
PRINCIPLE

Indentation stress fields

When the flat surface of a solid is loaded with a
hard indenter, the solid experiences a complex stress
field. The detailed nature of this field will depend on
several factors, notably the mechanical response of the
solid (linear elastic, elastic/brittle, elastic/plastic, and so
on) and the geometry of the indenter (e.g. ‘blunt’ or
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‘sharp’ [6]). While this multiplicity of factors rules out
a comprehensive discussion of the various types of con-
tact field, some perfectly general features may be identi-
fied in certain limiting situations. Thus, whereas ill-
defined regions of stress concentration may exist in the
immediate vicinity of the contact area, depending in
detail on the mechanical and geometrical factors just
mentioned, remote from this area, the elastic field may
be adequately represented by appropriate line- (stress
inversely proportional to radial distance) or point-
(stress inversely proportional to square of radial dis-
tance) loading configurations (St. Venant’s principle)
[7]. Consequently, once the indentation fracture system
reaches the stage where it may be considered ‘well-
developed’, fine details in the nature of the contact will
be of only secondary importance. Any such simplifica-
tions in the approach to a stress analysis will be lost
during the unloading, where residual fields associated
with incompatibility strains between irreversible defor-
mation zone and surrounding elastic matrix inevitably
come into play [5].

The stress field assumes a central position in the pre-
determination of both the path and the driving force
for fracture (see, for example, chapter 3, Ref. [2]). If
the fracture proceeds via a truly brittle cleavage (or
‘opening’) mode, as is generally the case in silicate
solids, it is the tensile component of the field* which
is of prime concern [3]. With blunt indenters the
dominant tension occurs in the near field just outside
the contact area, and drops off, very rapidly at first,
along a trajectory which extends downward and
outward from the surface. With sharp indenters, the
dominant tension tends to develop immediately below
the penetrating edge or point, correspondingly
diminishing along a downward-extending trajectory co-
incident with the loading direction. At the same time,
one cannot ignore the other components of stress,
notably the shear and hydrostatic components, in the
indentation field; for these control the operation of the
irreversible deformation modes (plastic flow, densifica-
tion, crushing) responsible for the hardness impression,
and thus ultimately determine (albeit indirectly) the
residual stress field upon removal of the indenter.

Evolution of crack patterns

We are now in a position to understand qualitatively
the evolution of the general indentation fracture pat-
tern, as depicted schematically in Fig. 1:

(i) Crack nucleation. We must first ask how the cracks
begin (see, for example, chapter 2, Ref. [2]). The typical
brittle solid contains a profusion of pre-existing ‘flaws’,
any one of which may provide a critical nucleus for
fracture. In homogeneous materials, such as glass, such
flaws must commonly arise as a result of microscopic

*Actually, the tensile stress component reduces toward zero as the
loading configuration tends from point-force to line-force type [7].
However, the tensile strain component (due to a Poisson’s ratio effect)
remains non-zero. The fracture can therefore always proceed accord-
ing to an opening mode in the general indentation field.
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Fig. 1. Schematic of indentation—crack evolution during loading (+)

and unloading (—) half-cycles. Fracture may initiate from flaws either

pre-present (usually at surface) or deformation-induced (at position

of maximum stress concentration, usually immediately below in-

denter tip). C, P denotes cone or prism crack, M denotes median
crack, L denotes lateral crack.

contact damage at the surface. In inhomogeneous
materials, such as rocks, the flaws correspond to mic-
rostructural defects, such as grain or interphase boun-
daries. Alternatively, crack nuclei may be created by
deformation processes during the very act of inden-
tation itself. The stress field considerations outlined
above indicate that pre-existing, near-surface flaws will
tend to dominate the crack initiation in the case of
blunt indenters, and that deformation-induced flaws
below the surface will likewise dominate in the case
of sharp indenters. The two classes of crack nuclei are
accordingly schematised in Fig. la.

(i) Crack formation. The dominant flaw begins to
extend into the solid, in a stable manner, as the in-
denter load is increased. This initial stage of restricted
growth may be described in terms of an energy barrier
to full propagation, due to the inhibiting effect of ‘stress
cutoffs’ in the field associated with a non-zero contact
area (bearing in mind that true line- or point-force
loadings would produce stress singularities at the con-
tact) [6]. Typically, the depth to which the crack must
grow before overcoming the barrier is small compared
with the characteristic dimension of the contact area.
The presence of an appropriate hostile environment,
e.g. water vapour in the case of glass fracture, can cause
‘barrier tunnelling’ via subcritical crack growth, thereby
lowering the applied load necessary to develop fully
the fracture pattern [8,9]. Depending on the indenter
geometry, as discussed in (i) above, either, sometimes
both, of the two flaw types represented in Fig. la will
form stable cracks. This is shown in Fig. 1b.

(iii) Crack propagation. Once the formation energy
barrier is exceeded for a given crack, spontaneous,
rapid propagation ensues. At a depth somewhat greater
than the contact dimension, the tensile driving force
falls below that necessary to maintain growth, whence
the crack again becomes stable. The crack is then said
to be ‘well developed’, in that near-contact details no
longer occupy an important place in the fracture
mechanics. Figure 1c depicts this stage in the growth.
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The best-studied case of a well-developed indentation
fracture is that of the Hertzian ‘cone’ crack, initiated
from a surface flaw by the elastic contact of a nor-
mally loaded sphere [3,6,8, 11] (outer crack traces in
Fig. 1c). Another important case is the ‘median’ half-
penny crack, initiated from a deformation-induced flaw
by the tip of a sharp cone or pyramid indenter [3-6]
(inner crack trace in Fig. 1c). Both types expand
radially outward on near-circular fronts, the axes of
which pass through the loading point and lie normal
and parallel to the surface for cone and median cracks
respectively. Several such well-developed cracks may
propagate successively or even simultaneously, under
the action of further mechanical or chemical forces, in
more general loading configurations.

(iv) Unloading cracks. Reversal of the indentation
load causes the cone and median cracks to close (im-
perfectly) [11], Fig. 1d. More importantly, residual
stresses due to mismatch at boundary between irrever-
sibly deformed material and surrounding elastic matrix
begin to impress themselves on the field, thereby cre-
ating conditions favourable to the initiation (Fig. le)
and propagation (Fig. 1f) of an entirely new crack sys-
tem. This is the system of ‘lateral’ cracks, which
emanate from the deformation zone and propagate
sideways and upward in a stable manner toward the
specimen surface [4, 5]. Lateral cracking is not yet well
understood, owing to the relatively ill-defined nature
of the residual tensile field responsible for it, yet would
appear to constitute the most efficient of all the inden-
tation fracture modes as a means of surface removal.
Its driving force is, however, clearly tied up with the
intensity of the deformation processes, a factor strongly
favoured by the enhanced stress-concentrating power
of sharp indenters.

Similarity relations—Iloading half-cycle

It is possible to avoid most of the analytical complex-
ities associated with the general indentation fracture
problem by noting that the cracks tend, in the
advanced stages of loading, to a certain geometrical
similarity. Thus, for example, in the case of point-force
indenters both cone and median cracks may be con-
sidered to be ‘penny-like’ (i.e. expanding on an ever-
increasing circular front), while in the case of line-force
indenters the counterparts of these cracks, prism or
extended median cracks, may be represented as
‘through-planar’ (expanding on an infinite, linear front).
This paves the way for a straightforward evaluation
of the Griffith-Irwin condition for crack equilibrium
(see chapter 3 of Ref. [2]), in terms of a scaling argu-
ment, to obtain basic relationships between the scale
of cracking and the applied load for the positive half-
cycle.

Accordingly, let us investigate the equilibrium re-
quirements for the indentation configurations of Fig.
2. In this figure P is the applied load, acting either
over a line L, i.e. P = P;L, with P, a line force per
unit length, or over a point contact, and ¢ is a charac-
teristic crack length. We consider the balance between
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the mechanical energy, U,,, and the surface energy, Uy,
for a virtual displacement d. in the crack system. The
appropriate surface energy change is immediately
written in terms of incremental crack area,

60Uy oc T'(Ldc) (line) (1a)
oUg oc T'(cdc) (point), (1b)

where T is the fracture surface energy (energy required
to create unit area of new crack surface). For the

-mechanical energy change, we note that the stress in-

tensity of the indentation field may be specified as the
load divided by a characteristic area (taken as area of
the surface everywhere distance ¢ from the contact) sup-
porting this load (¢ oc P/Lc, line; ¢ oc P/c?, point), that
the strain energy density is determined by the stress
squared divided by an appropriate elastic modulus
(oc P?/I2c*E, line; ocP?/c*E, point; E is Young’s
modulus), and that the volume of stressed material as-
sociated with the crack extension is that traced out
by the characteristic support area (oc Lc éc, line; occ?dc,
point). Then we have

Uy < — P?5¢/LcE (line)
Uy oc —P?*c/c’E (point).

(2a)
(2b)
Here the negative sign indicates that the mechanical
energy diminishes as the crack extends. The Griffith—-
Irwin energy-balance condition for crack equilibrium
simply requires that the total energy change of the sys-

tem be zero (principle of virtual work): ie. dUg =
—06U,,, from which we obtain

¢ = k;P?/2I'EL? = i, P} /2IE (line)
¢ = (k, P?/2I'E)*? (point),

(3a)
(3b)

where the dimensionless x terms are here defined in
accordance with an earlier notation [6]. Toughness (I')
and stiffness (E) are thus controlling parameters for this
type of cracking.

(a)

Fig. 2. Indentation—crack parameters for loading half-cycle. (a) Line-

force configurations, showing side view (left) and c¢nd view (right)

of median (M) and prism (P) cracks. (b) Point-force configurations,

showing side view of median crack (left) and side view of cone crack
(right).
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More rigorous fracture mechanics analyses, while
confirming the essential functional form of Eq. (3), indi-
cate that certain angular terms, representative of con-
tact and crack geometries, should enter via the propor-
tionality ‘constants’. These additional terms account for
the fact that only a fractional component of the total
applied load is effective in wedging open the cracks.
The appropriate constants in Eq. (3), as calculated for
smooth* contacts, are as follows [3,4, 6]:

k§ = (1 — v?)/ntan? ¥ (line, sharp) (4a)
k! = k?(v, @) (line, blunt) (4b)
k5 = (1 — v?)/n®tan? ¥ (point, sharp) (5a)
k% = k% (v, @) (point, blunt) (5b)

where ¥ is the wedging half-angle of a sharp indenter,
o is the crack inclination angle (Fig. 2) in the case of
blunt indenters, and v is Poisson’s ratio; the functions
k%v, o) for blunt indenters are relatively difficult to
evaluate analytically, and are generally computed by
numerical techniques such as finite-element analysis

[12].

Similarity relations—unloading half-cycle

Let us now investigate the possibility of obtaining
suitable fracture mechanics equations for the lateral
cracks which form as the indenter is unloaded. We have
already alluded to the uncertain nature of the residual
field which provides the driving forces for these cracks.
This would appear to rule out any possibility of obtain-
ing simple relationships, analogous to those of Eq. (3),
between the load level reached and the scale of the
ensuing lateral cracking.

On the other hand, some progress can be made if
the residual driving forces are of sufficient intensity that
the lateral cracks are made to intersect the specimen
surface. In this case one may reasonably hypothesize
that the ‘size of the resultant chip should scale with
that of the hardness impression, for the deformation
associated with this impression constitutes the source
of the residual field. Noting that for geometrically simi-
lar indentations we may relate the characteristic dimen-
sion « of the residual impression (Fig. 3) to the peak
load P™ through the standard hardness (mean contact
pressure) relations,

H = P™/2La (line)
H = P™/ana? (point),

(62)
(6b)

o being a factor determined by indenter geometry
(o« = 1 for axially symmetric indenters), we may write
the characteristic linear dimension ¢’ of the lateral

*For rough contacts the effect of friction may be incorporated
by replacing ¢ in Egs. (4) and (5) by ¥’ = ¢ + arctan yu, u being
the coefficient of sliding friction between indenter and specimen at
the contact [6]. According to this modification, friction may be seen
as effectively ‘blunting’ the indenter tip during the loading half-cycle.

tHowever, it is as well to acknowledge that toughness and stiffness
must play a role in determining the resistance to lateral crack propa-
gation prior to chip formation.
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Fig. 3. Indentation—crack parameters for unloading half-cycle, show-
ing chip-formation configuration of lateral crack system.

crack (Fig. 3) in the form
¢ = Jha= AP"2HL = A4, P}/2H (line)
¢ = A,a = A,(P"/arH)"? (point).

(7a)
(7b)

The A terms are scaling factors, which may be expected
to depend upon indenter geometry and perhaps mater-
ial structure. We note that the hardness (H), rather than
the toughness or stiffness, is the controlling parameter
in this case.}

EXPERIMENTAL RESULTS

Procedure

Indentation tests were carried out on slabs of glass
and granite under a variety of conditions. The indenters
used, Fig. 4, were chosen to represent typical tool bits
of rock drilling machines (e.g. ‘mole’ tunnel borer), and
were all made from tungsten carbide. Figure 4a shows
a bevelled wedge (centre), either ground to an edge (left:
included half-angle = 30° or 37.5°) or ground with
a flat (right: flat half-width o« = 0.75 mm), for producing
‘linear’ indentations. Figure 4b similarly shows 2 axially

(a)

|-—9.0mm—-| 1.5mm-| |-—

7/ \
2 yl/‘\

(b)

N
/] ‘\\ —-| F—2.0mm
,‘KZWA

Fig. 4. Indenters used in present tests. (a) Linear indenters (planar

symmetry), showing side view (centre) and end views of sharp (left)

and blunt (right) wedges. (b) Point indenters (axial symmetry), show-

ing side views of sharp (left) cone or pyramid and blunt (right) trun-

cated hemisphere. All indenters, other than commercial Vickers dia-

mond pyramid, of tungsten carbide. In the case of the sharp indenters
the characterisitic half-angle y was variable.
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symmetric indenter geometries, those of a cone (left:
half-angles ranging over ¥ = 30° to 80° in 10° intervals)
and a sphere with flat (right: flat radius « = 1.0 mm),
for producing ‘point’ indentations. For each individual
test the appropriate indenter was mounted onto the
crosshead of a Universal testing machine, and thence
brought to bear on the surface of the specimen. The
crosshead was operated at a fixed speed of 0.5mm
min~! throughout, and the load—displacement charac-
teristic of the entire indentation event duly monitored.

The glass specimens used were as-received slabs,
12.7 mm thick, of commercial soda-lime glass. Westerly
granite slabs were cut from large rock samples, and
ground flat to a thickness of 50 mm with a diamond
wheel (grade 200 grit). All specimens were indented un-
der normal laboratory environment conditions. The in-
dentation load was always made sufficiently great that
the resultant crack pattern could be considered to be
‘well developed’, as signified by the extensive damage
features observed about the contact site.

In the glass specimens the progress of the indenta-
tion-induced cracks was followed optically with a tra-
velling microscope used to record linear dimensions.
Section-and-etch techniques [9] were used to obtain
cross-sectional profiles of the crack patterns in both
glass and granite specimens after indenter removal
While the first of these procedures allows for a rela-
tively rapid accumulation of fracture mechanics data,
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the second has the advantage of providing a ready
means of comparing crack geometries in different
materials: Figs. 5 and 6 accordingly illustrate cross-sec-
tional profiles of indentation fracture patterns obtained
in glass and granite specimens respectively, using wedge
indenters.

Cracks formed during loading half-cycle

An extensive series of tests was carried out on soda—
lime glass using the ‘point’ indenters of Fig. 4b, in an
attempt to investigate the validity of Eq. (3b) for
median and cone cracks. In these tests, sharp drops
in the load-displacement curve were noted whenever
a new crack suddenly overcame its formation energy
barrier (‘pop-in’). Due precaution against the recording
of data not representative of configurations close to
equilibrium was accordingly taken by continually
translating the crosshair of the travelling microscope
to predetermined positions ahead of the principal
expanding crack, and by measuring the indenter load
at the instant the crack tip reached each such position.
The data obtained in this way have been reported in
full elsewhere [6] and we confine our attention here
to just 2 specific situations, those of median cracking
under the action of sharp cone and wedge indenters.
Figures 7 and 8 show the results, for several included
half-angles in the case of cone indenters: the data
points represent the experimental readings, and the

Fig. 5. Cross-section profiles of indentation fracture patterns in glass, in reflected light: (a) sharp wedge (Fig. 4a, left;
¥ = 37.5° P™ = 3.6kN); (b) blunt wedge (Fig. 4b, right; P™ = 9.0kN). Width of field 18 mm. cf. Fig. 1.

RMMS, 13/11
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(b)

Fig. 6. Cross-section profiles of indentation fracture patterns in granite, in reflected light: (a) sharp wedge (Fig. 4a, left;
Y = 37.5°, P" = 59 kN), (b) blunt wedge (Fig. 4b, right; P™ = 16.2 kN). Width of field 8 mm. cf. Figs. | and 5.

straight lines represent the theoretical predictions of
Eqgs. (3)«5) for valuesT' = 3.9Jm~2 E =73 x 10'°Pa
and v = 0.25 appropriate to soda—lime glass [13]. The
random and systematic errors evident in the plots
demonstrate an uncertainty of a factor of about 2
(somewhat more in the case of the wedge indenter)
which is typical of this work.

It is of interest to illustrate the fracture mechanics
principles involved here with particular reference to
the sharp-wedge indentation profiles of Figs. 5 and 6.
Any uncertainty inherent in the calculated x terms of
Eq. (4) may be circumvented by rewriting Eq. (3a) in
the convenient reduced form (for invariant indenter
geometry), I'y/T'y = (E,/E,)(Py2/Pp,)*(c1/c,). Taking
the measured value of Young’s modulus
E = 3.4 x 10'° Pa for Westerly granite [14] in con-
junction with the corresponding fracture parameters for

glass above, along with the comparative values of peak
load and principal median crack length appropriate to
Figs. 5a and 6a, we estimate I (granite) ~ 30 Jm™ 2. The
fracture surface energy of Westerly granite (indeed of
most minerals) is difficult to specify with any degree
of accuracy, owing to microstructural complications
(see Discussion), but independent fracture mechanics
measurements [15], giving " (granite) ~ 100 Jm™ 2, in-
dicate that the present estimate is at least of the correct
order of magnitude.

We should also be aware of certain differences in
the respective crack profiles of Figs. 5 and 6. In particu-
lar, a trend away from median cracking toward cone
cracking in changing from sharp to blunt indenters is
less evident in granite than in glass. This may be seen
as a consequence of difference in mechanism of crack
initiation. In granite, critical flaws develop more easily
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Fig. 7. Fracture mechanics relationships for median half-penny
cracks in soda-lime glass, with WC conical indenters (half-angles
as indicated). Data points represent experimental observations (each
symbol a specific crack), full lines represent theoretical predictions.

directly below the indenter tip than in glass, presum-

ably because of a greater microstructural weakness
within the bulk.*

Cracks formed during unloading half-cycle

Very little attention has been paid to the mechanism
of lateral cracking. Apart from the lack of an adequate
theoretical description of this mode, experimental diffi-
culties are evident. In particular, the degree of surface
chipping observed under ostensibly invariant inden-
tation loading conditions is found to vary considerably.
This is seen in Fig. 9, obtained from soda-lime glass
using the same sharp-cone indenters as those repre-
sented in Fig. 7. The data points in this figure corre-
spond to the maximum dimension ¢’ of the principal
surface chip for a given peak load P™, and the straight

*It is interesting to note that in relatively soft materials, such as
glassy polymers, in quasi-static loading the median crack always tends
to form before the cone crack, regardless of the geometry of the
indenter [16]; in this instance the low level of stress at which flow
processes operate prevents pre-existing surface flaws from becoming
critical, and at the same time enhances deformation-induced fracture
via a cumulative stress-concentration mechanism.
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Fig. 8. Fracture mechanics relationship for median through cracks

in soda-lime glass, with WC sharp wedge indenter (half-angle, wedge

length as indicated). Data points represent experimental observations

(each symbol a specific crack), full lines represent theoretical
prediction.

lines are best-fit representations. Despite the wide scat-
ter, it is clear that the linear scaling factor 4, of Eq.
(7b) is dependent on indenter geometry.

The comparative behaviour of glass and granite may
be illustrated by further reference to the sharp-wedge
indentation profiles of Figs. 5 and 6. We first rewrite
Eq. (7b) in reduced form (invariant indenter geometry,
scaling factor A), H,/H, = (P3/PT) (c?/cs). From the
appropriate values of peak load and lateral crack
dimension in the figures, together with the typical value
H ~ 5.5 x 10° Pa for the hardness of silicate glass, we
compute H (granite) * 7.3 x 10° Pa. Independent
measurements using a Vickers diamond pyramid (at
P™ = 100N) give H (granite) = (4.9 + 0.3) x 10° Pa.

1.0 °

toad, P™ (kN)

Indenter
-
o
1

ol .

0 1 2 3 4 5 6 7 8

- 2
Characteristic crack parameter, c¢’> (mm?)

Fig. 9. Fracture mechanics relationships for lateral cracks in soda— "
lime glass, with WC conical indenters (half-angles as indicated). Data
points represent experimental observations, full lines represent best-fit
adjustments. Scarcity of data points at larger Y reflects decreasing
incidence of lateral crack intersection with specimen surface.
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Again an uncertainty of a factor of about two is evident
in the present work, consistent with the scatter shown
in Fig. 9.

DISCUSSION

The comparative study of indentation damage in
glass and granite described above provides compelling
evidence for a tensile mode of failure in many geologi-
cal fragmentation processes. More specifically, the
study demonstrates the applicability of standard Grif-
fith-Irwin fracture mechanics principles to the analysis
of general indentation—crack configurations. This pro-
cedure represents a departure from the approach taken
by several earlier workers. In the absence of direct
observations of the evolution of cracking, as afforded
in the present instance by comparison specimens of
glass, there has been a tendency to associate inden-
tation failure with a Coulomb-Mohr, ‘shear crack’ cri-
terion [17-21]. Whereas such a criterion undoubtedly
governs the failure of brittle materials in situations
where hydrostatic compression completely suppresses
any opening mode of crack propagation (i.e. at depth
below the Earth’s surface), the same is not necessarily
true for the general contact field in which the tensile
component is by no means insignificant. Other workers,
it is true, have acknowledged the possibility of tensile
failure [22, 23], particularly in relation to the role of
near-contact deformation (crushing, plasticity) in crack
initiation. However, none have shown how the ultimate
extent of cracking depends on the level of applied load-
ing.

Our study, while far from complete in its treatment
of many aspects of the problem (see below), does pro-
duce explicit relations for crack size in the limit of well-
developed fracture. Moreover, these relations clearly
identify the role of basic material parameters, such as
fracture surface energy I' and hardness H, in the overall
crack propagation process. In this context it is interest-
ing to note that variations in the microstructure of a
given mineral can have a profound influence on both
I (see for example, chapter 6 of Ref. [2]) and H[24],
hence on the characteristic crack dimensions ¢ and ¢’
in Egs. (3) and (7), respectively. Insofar as it is the lateral
cracking Eq. (7) which is expected to figure more
strongly in any detailed discussion of surface removal,
these conclusions are not inconsistent with the thesis
of the Westwood school that many rock fragmentation
processes are largely hardness-controlled [25].

It is as well to be aware of some of the limitations
inherent in the present analysis. For a start, we have
focussed our attention on well-developed indentation
fracture configurations. In the earlier stages of loading
the scale of cracking relative to the scale of irreversible
deformation about sharp indenter tips may be negligi-
bly small, in which case surface removal may occur
other than by brittle fracture [26]. Again, it has been
assumed that equilibrium conditions prevail through-
out, whereas in practical situations kinetic and dyna-
mic effects can be important [3] (both I" and H being
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susceptible to environmental influences). Further, even
for well-developed, equilibrium cracks, the fracture
mechanics equations derived here are dependent upon
somewhat ideal loading conditions: friction at the in-
denter/specimen interface [6,22], and multiple evolu-
tion of cracks during any one indentation cycle [6],
are just 2 factors which warrant further attention in
this connection.

Much of previous rock testing has centred around
the interpretation of force—displacement characteristics
for complete indentation cycles. The scientific founda-
tion for this type of test has been outlined by Gurney
[27], who showed that the area enclosed by the charac-
teristic curve associates closely with the area of new
fracture surface created; in particular, in the special
case of linear elastic materials loaded such that strain
energy is lost only as work of stable crack propagation,
the above areal quantities provide a direct measure of
the fracture surface energy. This approach has been
adopted by some workers [28] to determine fracture
energies for certain brittle minerals. Generally, however,
the indentation response is far from linear, with irre-
versible deformation about sharp indenter tips and
sudden crack initiation events (accompanied by abrupt
load drops in other than dead-weight loading devices)
dissipating large proportions of the energy input. The
usual way around such complications is to devise some
alternative, empirical parameter, such as the volume
of chipped material removed per unit of energy expen-
diture (the so-called ‘specific energy’) [21], to quantify
the efficiency of the indentation cycle as a surface re-
moval process. Cursory investigations of the force—dis-
placement curves for the glass and granite used in the
present experiments indicate, among other things, that
this efficiency can be improved by incorporating certain
surfactants into the test environment [29]. We have
already commented on the susceptibility of the basic
fracture-controlling material parameters to extraneous
influences.

Finally, mention may be made of the potential im-
portance of interactions between individual indentation
events in general surface removal phenomena. While
lateral cracking clearly constitutes the most effective
mode of chipping fracture, operating thus indepen-
dently of neighbouring events, other cracking modes
may contribute via an intersection mechanism as the
density of events increases. Indeed, significant erosion
of brittle surfaces may be realised under conditions in
which lateral cracking does not occur at all [30]. The
nature and relative importance of such interactions are
complex issues in need of further study; to this end
a recent semi-empirical fracture mechanics analysis of
specific indentation crack interactions by Evans and
Wilshaw [31] deserves special mention, particularly in
regard to the role of fracture surface energy and hard-
ness as controlling variables.
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