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Abstract. To investigate the influence of a tensile stress gradient on fracture initiation and fracture
growth in rock material, a configuration, consisting of a diametrically loaded disc with a hole on
the diameter perpendicular to the loaded diameter, is used. The maximum local tensile stresses the
material is able to withstand increase as the stress gradient increases. Depending on the diameter and
the eccentricity of the hole, the disc splits along the loaded diameter or macro-fracturing starts at the
hole. However, the tensile stresses at the top and the bottom of the hole are for nearly all cases con-
siderably higher than the stress along the loaded diameter and than the macroscopic tensile strength
of the material, determined by conventional Brazilian tests. To better understand this particular frac-
turing behaviour, numerical simulations of the experiments are conducted using the boundary element
code DIGS, which allows the incorporation of weak elements (flaws), representing defects and weak-
nesses in the rock material. It is shown that the influence of the stress gradient on the stress con-
centration at the tip of mobilised defects lies at the origin of the particular fracturing behaviour in
the diametrically loaded disc with a hole. The study of the new configuration leads also to a number
of conclusions with regard to the failure in diametrically loaded discs in general. Based on the flaw
model, fracture initiation in the Brazilian test has to be attributed to fracture growth of a mobilised
defect, situated in the area close to one of the platens.

Key words: Boundary element method, Brazilian test, Displacement discontinuity method, rock testing,
size effect, tensile stress gradient.

1. Introduction

Stress gradients induced by excavations in rock depend on the configuration and the
size of the excavation and on the loading conditions. For the same pre-excavation
in situ stresses, the stress gradients around, e.g., a circular 5-m diameter tunnel or
around a 32-mm drill hole differ considerably: the stress pattern is self-similar but
obviously, for the smaller hole, the stress reduces to the field stress over a shorter
distance. Similarly, the stress gradients at the corners of a rectangular tunnel differ
considerably from the stress gradient around a circular tunnel. Stress gradients not
only occur on the macro-scale but also on a micro-scale. High stress gradients exist
in the vicinity of flaws, at grain contacts or at pores in the material.
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In this study, attention is focused on the influence of a tensile stress gradient on
fracture initiation and fracture growth in brittle rock. To investigate the response of
the rock to a stress gradient, a number of tests involving a tensile stress gradient were
evaluated (Van de Steen, 2001), but prior to this evaluation an overview is given on
size effect theories, frequently associated with stress gradients. These size effect theo-
ries can be subdivided in three categories (Sellers, 1999): energy methods, statistical
theories and non-local theories of stress and strain.

The fundamental assumption of the energy approach to fracture growth (e.g.,
Bažant, 1984; Bažant and Kazemi, 1990) is that a fracture grows as strain energy
from the zones next to the fracture is relieved into the fracture front. A size effect
arises because the released energy is proportional to the volume of the material and
the fracture energy is proportional to the fracture area. The theory requires the pres-
ence of a crack before reaching the maximum load, and the theory is therefore not
applicable to describe fracture initiation, as recognised by Bažant and Li (1995).

The concept that a randomness in strength characteristics influences the response
of a specimen or structure is not disputed by most researchers. Strength deviations
from the mean strength are observed to decrease with increasing sample size (Martin,
1997). Attributing the size effect to a randomness of the intrinsic material strength
only, has however drawn more criticism (Swan, 1980; Bažant and Chen, 1997). It
is argued that the Weibull-type theories cannot be applicable to rocks in general
because they do not allow for a stress redistribution due to cracking either for
crack coalescence or for the development of a fracture process zone. The statistical
approach of Carpinteri et al. (1997) links the variability of the tensile strength to the
probability density of the crack size distribution. Smaller structures exhibit a larger
spread in the results, but are stronger, while larger structures fail at lower stresses, but
are less variable.

The observation that the fracture surface roughness can be described by fractal
concepts led to the multi-fractal approach of fracturing. A fractal energy concept
(Borodich, 1999) had to be introduced to limit the energy required to extend a fractal
crack to finite values.

In the non-local theories, the stress at a point is generally a function of
the mean of the (equivalent) strain over a certain representative volume, area or
line at that point (Pijaudier-Cabot and Bažant, 1988). It is clear that non-local
theories always involve the introduction of a characteristic length scale, to be con-
sidered as a material parameter. Closely related to the non-local damage models
are the gradient enhanced damage models. In these models the integral equation
is approximated by a partial differential equation and, for example, implemented
in a finite element code (de Borst et al., 1995). Probabilistic non-local dam-
age models (Carmeliet and Hens, 1994; Carmeliet and de Borst, 1995) exhibit
both a deterministic and a probabilistic size effect. As the size of the speci-
men increases, the stress at failure decreases and the variability in the results
decreases.

The stress gradient theory (Lajtai, 1972; Nesetova and Lajtai, 1973; Carter, 1992)
is a non-local stress approach to fracturing. A linear elastic stress analysis is car-
ried out, after which the stress is averaged along the fracture path. The averaged
stress is then evaluated against the failure criterion. The researchers supporting this
approach argue that most stress fields are highly inhomogeneous in detail, and that
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even in brittle materials, the material transfers the high stresses into regions of lower
stress, effectively averaging the stress gradients over a distance δ, where δ is a material
parameter.

In this paper, a series of numerical simulations of the fracturing in a diametrically
loaded disc containing a hole shows how the fracture pattern is controlled by the size
of the hole in the presence of material defects.

2. Rock studied

The rock for which the results are reported in this paper is a crinoidal limestone.
It contains approximately 35% crinoids embedded in a micrite matrix. Each crinoid
fragment is a single calcite crystal. Although crystals with a diameter of up to 7 mm
are observed, their diameter typically varies between 60 and 400 µm (Van de Steen
et al., 2002). The micrite, very fine-grained calcite, is the second major constitu-
ent of the crinoidal limestone. The rock further contains some other bioclast. As in
most carbonate rocks, the dominant mineral is calcite, accounting for approximately
96–99% by weight of the rock content. There are traces of dolomite as is the case
in most limestones. Other secondary minerals include finely dispersed microcrystalline
quartz and iron sulphides, while the stylolites that are frequently encountered in the
rock may also contain organic material and clay minerals. Samples containing domi-
nant stylolite bands were rejected for testing. In view of its response to fracturing, the
granular nature of the material as well as its internal structure (cleavage planes), the
presence of different types of defects and weaknesses in the material (e.g., stylolites,
voids, grain boundaries), together with the applied stress field, govern the fracturing
in the material (Van de Steen, 2001; Van de Steen et al., 2002).

3. Sample configuration and observations

In the Brazilian test configuration, a disc is loaded diametrically, inducing an almost
uniform tensile stress in the direction perpendicular to the loading along most of the
loaded diameter. When a hole is drilled parallel to the sample axis, and centred on
the diameter perpendicular to the loaded diameter (a configuration further referred
to as the disc with a hole, Figure 1), the material above and below the hole is sub-
jected to a rapidly decreasing tensile stress. A linear elastic analysis of the stress dis-
tribution shows that the maximum tensile stresses at the hole surface decrease as the
distance between the centre of the disc and the centre of the hole (termed the eccen-
tricity, e) increases (Figure 1). It was further shown that an increase in the radius a
of the hole leads to a decrease in the stress gradient (Van de Steen, 2001; Van de
Steen and Vervoort, 2001). Except for small holes (a/R≤0.08) in combination with a
large eccentricity (e/R ≥0.8), the tensile stress at the top and the bottom of the hole
is larger than the tensile stress along the loaded diameter. For example, for a 50-mm
diameter disc with a 4-mm diameter hole (a=2 mm) and an eccentricity of 8 mm, the
tensile stress at the hole is about four times the tensile stress along the loaded diam-
eter. Figure 2 shows the experimental results of the effect of the eccentricity and the
hole radius on the location of failure at either the hole surface or along the loaded
diameter. It appears from Figure 2 that the failure occurs over the loaded diameter
if the eccentricity of the hole is increased sufficiently.
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Figure 1. Diametrically loaded disc with a hole: geometrical configuration.
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Figure 2. Experimental results of the influence of eccentricity and hole radius on the fracturing behav-
iour (along the loaded diameter or at the hole surface).

A typical unstable fracture along the loaded diameter and a stable fracture grow-
ing from the hole towards the platen contacts are presented, respectively, in Figures
3 and 4. To indicate the onset of damage in the vicinity of the hole, cotton wool
saturated with water was inserted in the hole; the capillary rise of water serves as
an indication of damage initiation and development (Figure 4). There was no sign
of any capillary action near the hole in the disc that split along the loaded diameter
(Figure 3). Hence, if any possible damage occurred, it remained limited.

During the test, the acoustic emission was recorded as well (Figures 5 and 6). For
the sample that split along the loaded diameter (Figure 3), most of the activity was
centred around the loaded diameter (Figures 5a and 5b), with no additional activity
around the hole. While acoustic activity below the detection threshold obviously does
not show up directly on the figures, it is argued that the time–position plot (Figure
5b) nevertheless provides an indication that the low energy cracking must also remain
minimal for the following reasons. Although their acoustic activity might not be dis-
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Figure 3. Diametrically loaded disc with hole, split along the loaded diameter without intersecting the
hole.

Figure 4. Diametrically loaded disc with hole with the primary fractures intersecting the hole and a
secondary fracture growing from the bottom platen contact to the centre of the disc.

cernible from the noise, the activation of a large number of low energy micro-frac-
tures would reduce the Young’s modulus of the material, and hence reduce the speed
of the elastic waves (Couvreur, 1997). The reduction in the wave velocity would then
show up in the time–position diagram as an increasing offset of the activity originat-
ing from the centre, in a direction away from the hole. This is clearly not the case,
which warrants the conclusion that the damage in the vicinity of the hole remains
negligible or, at least, limited.

In the disc that fails at the hole (Figures 4 and 6), the acoustic emission
clearly shows the fracture initiation and growth process, while the activity in the
centre of the disc remains very limited until the primary fractures have almost
reached the platen contacts. The apparent position histogram seems to consist of two
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Figure 5. Acoustic emission activity registered during the loading of a diametrically loaded disc with
a hole that fractured along the loaded diameter without intersecting the hole. (a) Number of events
as function of the position. (b) Time–position plot.

sub-populations marked a and b in Figure 6a: one to the left and one to the right of
the hole. The appearance of these two sub-populations (instead of one single peak)
is an artefact induced by the presence of the hole. All events originate in the vicin-
ity of the hole, either above or below it. However, events occurring close to the hole
are shielded from one of the two sensors that are placed on the horizontal diame-
ter, close to the disc boundary. The shielding results in an apparent position that is
shifted to the left or to the right, away from the sensor from which they are shielded.
To verify the hypothesis about the origin of the two sub-populations, the actual tests
were preceded by a calibration stage in which small excitations (induced by breaking
pencil leads on the surface of the sample) were introduced in pre-determined posi-
tions (Hsu and Hardy, 1978). This procedure confirmed that the presence of the hole
introduces an apparent shift of the source, away from the shielded sensor. The nar-
row cloud of points marked C in Figure 6b corresponds to the broad AE activity
zone marked c in Figure 6a. This activity is due to a secondary fracture that extends
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Figure 6. Acoustic emission activity registered during the loading of a diametrically loaded disc with a
hole with the fracture initiated at the hole surface. (a) Number of events as function of the position.
(b) Time–position plot.

from the bottom platen contact to the centre of the disc (Figure 4). The large offset
and the wide range in which the activity is apparently situated, is a consequence of
the damage associated with the fracture from the hole to the bottom platen through
which the elastic waves have to travel to reach the second sensor and which reduces
the effective wave propagation speed considerably.

The acoustic emission measurements and the capillary action indicate that when
the nominal tensile strength of the material is exceeded at the hole surface, this
does not necessarily give rise to damage or extensive cracking. The fracture does not
appear to form unless the load is distributed over a sufficiently extensive distance or
area. Locally, the material can withstand stresses that are several times the nominal
tensile strength. The behaviour described above was not only observed in crinoidal
limestone, but also in sandstone, in porphyry and in mortar samples (Van de Steen,
2001). In the mortar samples, the hole was formed during the casting of the mortar
to avoid damage being caused during the drilling of the hole.
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Figure 7. Schematic representation of a linearly varying displacement discontinuity element having two
internal collocation points. The original, closed element and the position of the two sides of the dis-
placement discontinuity surfaces after activation are indicated.

4. Model and implementation

To represent the nature of the material completely, a micro-mechanical model aimed
at describing the fracture initiation and fracture growth, should probably take the
granular nature, the internal structure of the grains and the presence of the defects
and weaknesses present in the rock all into account. To study the interaction of
cracks and fractures and to model the transition of the intact material (continuum)
to the failed material (discontinuum), cracks and fractures should be modelled explic-
itly. The boundary element code DIGS (Discontinuity Interaction and Growth Sim-
ulation; Napier, 1990; Napier and Hildyard, 1992; Malan and Napier, 1995; Napier
and Peirce, 1995; Napier et al., 1997; Napier and Malan, 1997) allows the afore-
mentioned features to be implemented, although the simulations presented here focus
on the presence of defects and weaknesses. DIGS is a two-dimensional code based
on the displacement discontinuity method (Crouch and Starfield, 1983). In an elastic
solid, the displacements are assumed to be continuous, except over the discontinu-
ity elements that model both the boundary of the problem (hole and circumference
of disc) and the internal cracks and fractures. All non-linear effects in the model
are contained in and reflected by the displacement discontinuities; the host material
remains linear elastic. Over straight-line elements with normal vector components ny

and nz, centred on the y-axis of a local co-ordinate system y–z (Figure7) and length
2b, the local displacement discontinuity components are defined as:

Di(yQ)=ui(yQ,0−)−ui(yQ,0+) i =y, z;−b≤yQ ≤b (1)

where z=0+ designates the positive side and z=0− the negative side of the discon-
tinuity surfaces with respect to the local normal (positive z-axis). The displacement
discontinuity vector components, Di , are evaluated at two collocation points within
each element to ensure that the appropriate crack sliding or opening stress boundary
conditions are satisfied (Napier and Malan, 1997; Crawford and Curran, 1982). The
total stress value at any point P is determined by summing the contributions of all
discontinuity elements defining the sample and hole boundaries and the cracks and
fractures within the material (Napier and Malan, 1997).
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Fractures in rock are often determined by the granular nature of the material and
by the internal structure of its composing minerals. Random mesh grids can be used
as an approximate representation of some of these features. For example, Voronoi
polygons are reminiscent of granular rock particles (Figure 8a). The internal structure
of the minerals can be represented by subdividing each polygon into triangles by con-
necting the vertices of each polygon to the geometric centre (Figure 8b). Each of the
edges of these triangles is assigned a failure criterion and a set of matching strength
properties. A subset of these edges, designated as flaws, is selected at random and
assigned reduced strength properties. In a particular numerical experiment, loading
steps are applied to the sample platens and crack slip and opening displacements are
computed at all active crack element collocation points. The initiation of new frac-
tures is reviewed at the end of each loading step by computing stress values at the
collocation points of ‘intact’ elements (candidate crack elements not yet mobilised).
One or more of the elements, for which the failure criterion is exceeded at, at least,
one of the two collocation points, is then activated according to a pre-defined priority
rule. For a given applied load, the interacting displacement discontinuities undergo
both sliding and opening movements, which are calculated through an iterative solu-
tion scheme. Since they have reduced strength properties, it is evident that the flaws
are the first elements to be activated in the zones with the most critical stress condi-
tions.

The material studied here is a typical granular material with a large variation in
grain size (from crystals of up to 7 mm to very fine grained (< 4 µm) calcite in the
micrite). The aim of the simulations presented here is not to incorporate this complex
granular structure in all its details into the model. However, the natural weaknesses
and defects are indirectly incorporated into the model by giving reduced strength
properties to certain elements (called flaws).

5. Simulations

5.1. Fracture pattern

The model was applied to two test cases corresponding to the laboratory tests
where fracturing was observed to occur consistently along either the loaded sample

Figure 8. Voronoi tessellation (a) and Voronoi tessellation with internal fracture paths (b).
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Figure 9. Fracture formation in a diametrically loaded disc with a ‘small’ hole.

Figure 10. Fracture formation in a diametrically loaded disc with a ‘large’ hole. The fracture starting
from the bottom of the sample and growing towards the centre nucleates in shear in the enclosed
region.

diameter or from the hole surface. In particular, the 50-mm diameter discs, in which
a 4-mm hole is drilled with an eccentricity of 8 mm, failed consistently along the
loaded diameter and the 50-mm diameter discs, in which a 8-mm hole is drilled with
an eccentricity of 8 mm, failed at the hole surface. The 4-mm holes are further called
the ‘small’ holes, whereas the 8-mm holes are called the ‘large’ holes. The fracture
patterns generated by these simulations are shown in Figures 9 and 10. The element
and flaw properties are given in Table 1. A Voronoi tessellation with internal fracture
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Table 1. Material properties and model characteristics used in the simulation of the discs with
a hole.

Figure 9 (‘small’ hole) Figure 10 (‘large’ hole)

Tension cut-off intact elements 35 MPa 35 MPa
Cohesion intact elements 80 MPa 80 MPa
Tension cut-off flaws 7 MPa 7 MPa
Cohesion flaws 25 MPa 25 MPa
Flaw density 12.5% 12.5%
Unmobilised friction angle 35◦ 35◦

Residual friction angle 20◦ 20◦

Dilatation angle 15◦ 15◦

Ratio average element length to disc radius 0.0278 0.0278
Total number of elements 9690 9366

paths was used to mesh a central band with width R, equal to the sample radius.
The same strength properties were assigned to the internal fracture paths and to the
Voronoi boundaries.

In the initial stage of fracture, shown in Figure 9a (‘small’ hole), a number of
flaws are activated under the applied load in the regions of high tensile stress, and
in the region situated about 0.2R under the top platen and above the bottom platen.
Whereas the failure mode in the region of high tensile stress is exclusively tensile, the
failure in the latter areas is predominantly shear-driven. In the next phase, a num-
ber of activated flaws in the area 0.2R under the top platen start to coalesce to form
fractures (Figure 9b). In the course of this process, failure occurs in both shear and
tension. As the diametrical fracture develops, tensile failure becomes the dominating
mechanism. Once the primary fracture has fully developed, secondary, almost verti-
cal tensile fractures start to grow from the edge of the disc (Figure 9c). Apart from
the initial flaw activation, no additional fracturing occurs in the region of the stress
concentrator.

In Figure 10, the sample with the ‘large’ hole, only a few flaws are activated
before the macro-fractures start to develop. The fracturing process is totally domi-
nated by the tensile failure of elements in the vicinity of the hole. The activated ele-
ments immediately grow into a macro-fracture. Shear failure plays a marginal role in
the development of the fractures emanating from the hole (Figure 10a): the only ele-
ments forming part of these fractures that fail in shear are the elements close to the
platens. Before the fractures that started from the hole reach the edge of the disc, a
number of elements fail in shear just above the bottom platen, to form the start of
a fracture along the loaded diameter. This fracture extends from the bottom platen
to approximately the centre of the sample (Figure 10b). These types of fractures were
also observed in some of the samples that failed at the hole in the laboratory exper-
iments (see, e.g., Figure 4).

5.2. Fracture initiation: mechanism

The numerical simulations suggest that the fracture splitting the disc is initiated at an
activated flaw, close to the platen contact, and that both the mobilisation of the flaws
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Figure 11. Absolute values of the normal stress, at a distance of 0.1 mm in front of a 0.7-mm crack
at the hole surface and excess shear stress (ESS), at a distance of 0.1 mm in front of a 0.7-mm crack
under the platen. Values are plotted as a function of the hole radius for a fixed disc with a radius,
R =25 mm and hole eccentricity, e=8 mm. The sample is loaded with a line load of 1060 N/mm.

that are activated in the platen region and the initial fracture growth are shear-driven.
The fracture at the hole, on the other hand, is initiated at a flaw that was mobilised
in tension and the fracture growth process is in tension. Since the presence of cracks
can give rise to important stress concentrations, the concept that defects are mobi-
lised prior to macro-fracture growth implies that the stresses that the ‘intact’ mate-
rial can withstand are considerably higher than the nominal stresses that the rock
as a whole can resist. The tension cut-off and the cohesion of the intact elements
should therefore not be compared to the macroscopic tensile strength or the macro-
scopic cohesion, which are values that result from an interaction between the defects
and the intact material.

To understand the difference in fracturing in the disc with the ‘small’ hole and
the disc with the ‘large’ hole, the stress concentrations at the tip of the crack have
to be considered. Crack growth is determined either by the magnitude of the tensile
stress in front of the crack tip, in a direction perpendicular to the prospective frac-
ture path or, from the Coulomb criterion, by the ‘excess shear stress’ (ESS) in the
direction of the prospective fracture path. The ESS is defined as ESS = |τ |−σn tan ϕ,
where τ is the shear stress in the growth direction, σn the normal stress perpen-
dicular to the growth direction (σn < 0 is tensile) and ϕ the unmobilised friction
angle. The tensile stress has to be compared to the tension cut-off and the ESS to
the cohesion. In Figure 11, the normal tensile stress in front of a crack at the hole
and the ESS around a crack a few millimetres under the top platens are given as
a function of hole radius (overall disc radius R = 25 mm; crack length 2b = 0.7 mm;
stresses at 0.10 mm from the crack tip; diametrical load equivalent to a line load
of 1060 N/mm). The crack at the hole is oriented parallel to the applied load, while
the crack under the platen makes an angle of 30 ◦ with the applied load. The tensile
stress in front of the crack tip, emanating from the hole, increases as the hole radius
increases. The ESS in front of a crack under the platen on the other hand decreases
slightly with an increase in hole diameter.
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5.3. Stress intensity factors

The calculation of the stress intensity factor KI at the hole confirms that after an ini-
tial unstable fracture initiation process, further fracture growth becomes stable. Near
the platens, the whole process is unstable as indicated by the evolution of KII. The
stress intensity factors KI at 4- and 8-mm diameter holes, and the stress intensity
factor KII close to the platens for both hole diameters are given in Figures 12 and
13, respectively. In each case, the crack grows in its own plane; i.e., vertically for the
crack from the hole surface, and at an angle of 30◦ for the crack close to the plat-
ens. The shape of the KI curves (Figure 12) indicates that the fracture initiation pro-
cess is unstable. However, the KI curves reach a maximum value. At the ‘small’ hole,
the maximum KI value is not only lower than at the ‘large’ hole, it is also reached
for smaller crack lengths. Moreover, the stress intensity factor decreases faster with
an increase in crack length at the ‘small’ hole. This implies that fracture initiation
at ‘large’ holes easily leads to the development of a macro-fracture. The KII value
near the platens on the other hand does not have a maximum, but increases with an
increasing crack length; crack growth in this area is therefore unstable for the range
of crack lengths shown in Figure 13.

6. Brazilian test

It appears that the formation of a primary diametrical fracture (for holes with
sufficiently large eccentricity) or a secondary diametrical fracture, following primary
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Figure 14. Fracture pattern obtained with a tension only (Rankine) failure criterion in the conven-
tional Brazilian test.

Figure 15. Fracture path with a discontinuous aspect (conventional Brazilian test). The fracture fol-
lows a number of different cleavage planes over part of its trajectory and has a distinct step-wise
(= en echelon) aspect.

fracturing from the hole surface, are initiated by shear fracturing close to the platen
contact with the sample. These observations immediately raise questions about the
fracture initiation mechanism in the conventional Brazilian test (without a hole).
There is little or no discussion that the fracture grows in tension. However, there is
more controversy about the initiation mechanism and location (Hondros, 1959; Fair-
hurst, 1964; Colback, 1966; Mellor and Hawkes, 1971; Hudson et al., 1972; Falls et
al., 1991; Clatworthy et al., 1993).

Colback (1966) argued that a curved fracture path points to fracture initiation in
shear near one of the platens. However, the DIGS simulations indicate that the frac-
ture pattern as such cannot be used to determine whether the fracture initiates in ten-
sion or in shear (Van de Steen, 2001). When the fracture path is strictly diametrical, a
shear mechanism can still be responsible for fracture initiation, and a curved fracture
path does not necessarily point to a fracture that was initiated in shear. The curved
primary fracture shown in Figure 14 is obtained with a tension only (Rankine) failure
criterion. The flaws that are activated in the initial loading stages dominate the frac-
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Figure 16. Main fracture forming an en echelon pattern in a shell fragment (conventional Brazilian
test).

Figure 17. Formation of an en echelon pattern in the Brazilian test (see also Figure 14). 1: The first
two sub-fractures form independently at an early stage from flaws and intact elements. 2: The existing
sub-fractures activate flaws in front of the crack tip. These flaws grow immediately into sub-fractures.
3: An already activated flaw starts to grow as the above-lying sub-fracture approaches.

turing rather than the general stress distribution that is obtained in a homogeneous,
isotropic and crack free sample.

En echelon patterns, often associated with compressive stress fields, were also
observed in discs subjected to the Brazilian test loading configuration. Examples of
en echelon patterns before and after coalescence are shown in Figures 15 and 16.
These two figures are photographs of thin slices prepared from a disc subjected to
Brazilian test loading that was halted immediately when the failure load was reached.
Without pulling the sample ‘halves’ apart, the sample was immersed in a resin and
subsequently sectioned into thin slices. The occurrence of the step-like features shown
in Figures 15 and 16 is, in both instances, associated with preferential fracture paths,
i.e., weaknesses in the material. In Figure 15, the cleavage planes in the calcite crys-
tal form the weakness and in Figure 16, the structure of the shell fragment provides
a preferential fracture path.

The en echelon structure is also observed in the numerical simulations. In Figures
17a and 17b, the pattern that existed during the development of the primary fracture,
but prior to the occurrence of the macro-fracture, is shown. The small isolated blocks
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of material in Figure 14 (at a distance of about one-third of the diameter from the
bottom platen), are formed by en echelon fracture patterns.

A proposed hypothesis for the origin of the above structures is that the stress con-
centration that exists in front of a growing fracture activates defects or weaknesses that
are present in the vicinity of the advancing fracture tip, but are not necessarily con-
nected to the growing tip. Once activated, further growth can occur from the newly
mobilised crack segments, effectively leading to the patterns observed on the thin slices
(see Figures 15 and 16) and also demonstrated in the simulations (e.g., Figure 17). In
the simulation the two small fractures, located to the left and to the right of the position
marked ‘1’, formed independently of each other at an early stage and are made up of
activated flaws and activated intact elements. At the failure load, they grew to the size
shown in Figure 17b. The initial two small fractures activated flaws at their external
fracture tips (see position ‘2’ in Figure 17b). At the position ‘3’, an already mobilised
flaw started to grow as the above-lying fracture ‘2’ approached, and fracture growth
was carried over onto the external crack tip located in ‘3’. This eventually gave rise to
the situation shown in Figure 17a. Coalescence of the different fragments occurs at a
later stage of the fracture growth process (see Figure 14).

7. Conclusions

A diametrically loaded disc with a hole is a versatile, easy to prepare and easy to test
configuration to study, in general, fracture initiation and growth in brittle rock, and
more specifically the effect of a stress gradient. A change in the hole diameter and
in the eccentricity of the hole position suffice to vary the tensile stress and the stress
gradient at the hole surface. Depending on the hole position and diameter, the ratio
of the elastically calculated tensile stress at the hole surface to the macroscopic tensile
strength can reach values of four or more. Notwithstanding the high tensile stresses
at the hole, it was experimentally observed that failure often occurs as a diametrical
splitting of the disc without intersecting the hole.

The laboratory observations of the development of the fracturing in the disc with
a hole were successfully simulated by the boundary element code DIGS. The code
provides a framework for the approximate representation of the irregular, granular
nature of rock and the presence of defects and weaknesses. The simulations demon-
strate that the presence of pre-existing flaws serves to explain the effect of different
hole sizes in the formation of primary fracture features either from the hole surface
or in the form of a diametrical fracture that does not intersect the hole. If the stress
gradient around the hole falls off rapidly away from the hole surface, the stress con-
centration at the tips of defects mobilised close to the hole decreases sufficiently to
make the development of a macro-fracture from the edge of the hole less likely, and
the discs fail along the loaded diameter instead. The effective ‘loading stiffness’ of the
material surrounding potential cracks is probably greater near the hole surface than
at the centre of the sample when the hole diameter is sufficiently small.

When failure occurs at the hole surface, fracture initiation and fracture growth are
both tension-driven. The secondary fractures that are observed in these tests are also
simulated. A fracture that either splits the sample diametrically or that extends from
one of the platen contacts to the centre of the disc, is initiated in shear close to one
of the platens while its subsequent growth is tension-driven. Fracture initiation in the
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‘classical’ Brazilian test is believed to be controlled by a similar mechanism. Specifi-
cally, it is proposed that fracturing in the Brazilian test is initiated in shear in the
vicinity of one of the platens, and subsequently grows in tension. In addition, flaws
can be mobilised in front of a growing fracture, which may, for example, lead to the
formation of en echelon patterns, as observed on laboratory samples, as well as in the
simulations. This can explain why the diametrical macro-fracture is not a single con-
tinuous crack, but is built up of several coalesced fractures.

At the hole surface, fracture growth is initially unstable, but becomes stable as the
fracture length increases. The mode I stress intensity factor increases to a maximum
value as a function of the distance from the hole surface. The magnitude of the maxi-
mum value increases as the hole diameter increases. Conversely, shear fracture growth
from the vicinity of the loading platen is an unstable process, with the mode II stress
intensity factor increasing as the crack length increases.
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