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Abstract Naturally fractured mine pillars provide an
excellent example of the importance of accurately deter-
mining rock mass strength. Failure in slender pillars is
predominantly controlled by naturally occurring disconti-
nuities, their influence diminishing with increasing pillar
width, with wider pillars failing through a combination of
brittle and shearing processes. To accurately simulate this
behaviour by numerical modelling, the current analysis
incorporates a more realistic representation of the
mechanical behaviour of discrete fracture systems. This
involves realistic simulation and representation of fracture
networks, either as individual entities or as a collective
system of fracture sets, or a combination of both. By using
an integrated finite element/discrete element—discrete
fracture network approach it is possible to study the failure
of rock masses in tension and compression, along both
existing pre-existing fractures and through intact rock
bridges, and incorporating complex kinematic mechanisms.
The proposed modelling approach fully captures the
anisotropic and inhomogeneous effects of natural jointing
and is considered to be more realistic than methods relying
solely on continuum or discontinuum representation. The
paper concludes with a discussion on the development of
synthetic rock mass properties, with the intention of pro-
viding a more robust link between rock mass strength and
rock mass classification systems.
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1 Introduction

Rock pillars can be defined as the in situ rock between two
or more underground openings. In the design of room-and-
pillar or stope-and-pillar systems, the loading capacity of a
pillar, i.e. its strength, is equally as important as the sta-
bility of the roof and walls (Nordlund et al. 1995). Studies
on hard rock pillars date back to the 1970s and 1980s.
Important recent contributions to the subject include those
of Martin and Maybee (2000), Diederichs et al. (2002),
Fang and Harrison (2002) and Roberts et al. (2007).
Figure 1 illustrates typical failure mechanism of a naturally
fractured pillar, including (a) failure by lateral kinematic
release of preformed blocks due to the increasing vertical
load, (b) failure as a result of the formation of inclined
shear fractures transecting the pillar, typically in relative
low width-to-height (W:H) ratio pillars and (c) failure
along a set of transgressive fractures occurring if the angle
of inclination of the fractures to the pillar principal axis of
loading exceeds their angle of friction. Overall, the
mechanical response of a pillar is directly linked to the
presence of geological structures and it can be safely
assumed that these effects would be more noticeable for
slender pillars.

The most generally accepted techniques for estimating
pillar strength (defined as the ultimate load per unit area of a
pillar) use empirical formulae based on survey data from
actual mining conditions (Martin and Maybee 2000).
However, empirical methods do not consider specific fail-
ure mechanisms and their limitations are associated with
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Fig. 1 Typical failure

mechanism of a naturally

fractured pillar (after Nordlund (a)

et al. 1995): a occurrence of

preformed blocks, b formation i
of inclined shear fractures : 2
transecting the pillar and

¢ transgressive fractures

their intrinsic derivation from specific material properties
(observed size, shape and stress conditions). Numerical
methods overcome some of the limits of the empirical
methods and provide an opportunity to increase our fun-
damental understanding of the factors governing the
strength and deformational response of jointed rock masses.
Continuum and discontinuum models can be utilised to
simulate multifracturing phenomena and the mechanical
behaviour of discrete systems. However, neither approach
alone can capture the interaction of existing discontinuities
and the creation of new fractures through fracturing of the
intact rock material (Coggan and Stead 2005). Hybrid
models have been increasingly used in rock engineering,
combining the above methods in order to eliminate unde-
sirable characteristics while retaining as many advantages
as possible. This is illustrated by Elmo (2006) and Pine
et al. (2006) who recently introduced a new numerical
modelling approach for naturally fractured rock masses that
combines the representation of existing rock jointing with
the use of a loading model which fully accounts for the style
of jointing. The current paper reviews the main character-
istics of the aforementioned approach and presents recent
results with specific emphasis on the characterisation of
rock mass strength for naturally fractured hard-rock pillars.
Significant contributions of this paper include a better
characterisation of the anisotropic and inhomogeneous
effects of natural jointing and a discussion on the devel-
opment of so-called synthetic rock mass properties.

2 A DFN Approach as a Tool to Simulate More
Realistic Geological Models

Rock discontinuities can be characterised in terms of their
orientation, intensity and spatial distribution, in addition to
their strength and deformability. With the exception of
fully explicit modelling of an individual fracture or sim-
plified fracture sets, the use of a stochastic discrete fracture
network (DFN) approach provides the best option for
creating realistic geometric models of fracturing, reflecting
the heterogeneous nature of a specific fractured rock mass.
The basis of DFN modelling is the characterisation of each
discontinuity set within a structural domain using statistical
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distributions to describe variables such as orientation,
persistence and spatial location of the discontinuities. The
DFN approach maximises the use of discontinuity data
from mapping of exposed surfaces, boreholes and or other
sources of spatial information (e.g. digital photogrammetry
and LiDAR).

The proprietary code FracMan (Dershowitz et al. 1998;
Golder Associates 2007) is the platform used in the current
paper for DFN data synthesis. The typical process involved
in the generation of a DFN model for geomechanics
analysis is described in Elmo (2006) and Pine et al. (2006).
By coupling a DFN model with a geomechanics analysis,
the same authors have demonstrated that it is possible to
take full advantage of the use of accessible data, notably
the intact rock properties and the orientation, persistence
and intensity of discontinuities, whilst also explicitly
accounting for size and shape (scale) effects (Fig. 2).

3 Geomechanics Analysis: The Hybrid FEM/DEM
Code ELFEN

The hybrid FEM/DEM approach combines aspects of both
finite elements and discrete elements with fracture
mechanics principles. The finite-element-based analysis of
continua is merged with discrete-element-based transient
dynamics, contact detection and contact interaction solu-
tions (Munjiza 2004). The use of fracture mechanics
principles allows the realistic simulation of brittle-fracture-
driven processes and a full consideration of the failure
kinematics. The code ELFEN (Rockfield 2007) is a 2D/3D
numerical modelling package incorporating hybrid FEM/
DEM techniques with fracture capability that has recently
found increasing use in rock mechanics. Detailed descrip-
tions of the constitutive material models and fracture
mechanics criteria implemented in ELFEN can be found in
Klerck (2000), Owen et al. (2004) and Pine et al. (2007).
Cai and Kaiser (2004) have illustrated the application of
ELFEN in the numerical simulation of indirect tensile
(Brazilian) testing. Stead et al. (2004) and Eberhardt et al.
(2004) applied ELFEN to rock slope failure analysis. Elmo
et al. (2005), Pine et al. (2006) and Elmo (2006) used the
ELFEN code in the study of mine pillars. Yan et al. (2007)
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Fig. 2 Example of the coupling of a DFN model with a geomechan-
ics analysis. a 3D DFN model, b section plane, ¢ fracture traces on
section plane and d fracture traces transferred to the geomechanics
model (2D uniaxial case is represented)

and Stefanizzi (2007) used the code ELFEN to simulate
step-path failure mechanisms and to characterise the
mechanical behaviour of layered rocks, respectively.
Karami and Stead (2008) described the use of ELFEN in
the simulation of shear box tests and the effects of varying
joint roughness profiles. The use of an integrated FEM/
DEM-DEN approach to characterise subsidence associated
with block cave mining and surface to underground inter-
action have recently been discussed by Vyazmensky et al.
(2008) and Elmo et al. (2008).

4 Initial Geomechanics Modelling
and Characterisation of Pillar Strength

4.1 Characterisation of the Anisotropic Strength
of Naturally Jointed Pillars

In hard-rock and low-stress environments existing fractures
control the potential failure modes and the associated
extent of failure. This is particularly true for mine pillars,

whose loading capacity may well be drastically reduced by
the occurrence of natural fracture planes providing less
resistance to sliding.

This initial section of the paper presents a study on
progressive pillar failure assuming a series of conceptual 2D
4 m x 8 m pillar models containing a predefined fracture
geometry generated using the code FracMan. The basic
DFN model includes two orthogonal joint sets dipping at
0°-90°, with the fracture radius distribution defined
according to a lognormal function, with descriptive
parameters of 0.25 m (mean) and 0.25 m (SD). Models with
different fracture radius and fracture orientation are
obtained, respectively, by increasing the initial fracture
radius according to a specified length multiplier and by
rotating the fractures counterclockwise. Subsequently, the
fracture geometry data from the 3D FracMan realisations
are transferred to the code ELFEN, considering a 2D section
as illustrated in Fig. 3. In total 21 different fracture geom-
etries have been investigated in the current analysis, by
combining three fracture length (on the 2D section) and
seven orientation models (Table 1). The modelled pillars
are loaded as if they were subjected to uniaxial laboratory
loading conditions and the prefractured rock throughout the
full height of the rock pillar is modelled using a coupled
Rankine/Mohr—Coulomb fracturing criterion. Table 2 lists
the modelling properties of both the intact rock and the rock
fractures. Rock cohesion and friction were determined using
the program RocLab (Rocscience 2007; Hoek et al. 2002)
assuming a value for g, of 100 MPa and Hoek—Brown
parameters of s = 1 and m; = 12 (dolomite), over a limited
range of confining stress. The tensile strength was estimated
as one-tenth of the assumed uniaxial compressive strength.

Figure 4 shows the simulated axial stress—strain
response for the model with fracture mean length of 0.93 m
and 0°-90° jointing. For the modelled pillar, the fracture
evolution at several stages of loading is compared with the
classification of pillar conditions by Roberts et al. (1998).
The initial fractures (from the DFN model) extend very
little until stage 1. By stage II, new fracturing occurs in the
core and subsequently stress redistribution controlled by
jointing contributes to the left side of the pillar becoming
partially detached (stage III). By stage IV a load-bearing
core is established with further blocks becoming detached.
Past the peak (stage V), the pillar core is almost wholly
consumed by fracturing.

Figures 5, 6 and 7 show the modes of failure for selected
pillar models, whilst the corresponding stress—strain curves
are included in Fig. 8. The modelling results clearly cap-
ture the anisotropic response in strength and deformability,
as a function of fracture length and fracture inclination with
respect to the pillar vertical axis. The modelled curves
(Fig. 9) show comparable trends to experimental data (e.g.
Hoek and Brown 1980; Brady and Brown 1993).
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Fig. 3 Two-dimensional
geomechanics conceptual
modelling. a Basic DFN model
showing direction of fracture
rotation and b basic DFN model
with indication of the
multiplying factor used in
FracMan to vary fracture length
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Table 1 Geometrical characteristics of the different modelling scenarios
Mean length of fractures (m) Inclination of predefined fracture network (Set 1°-Set 2°)
0.43 0-90 20-70 30-60 40-50 50-40 60-30 70-20
0.73 0-90 20-70 30-60 40-50 50-40 60-30 70-20
0.93 0-90 20-70 30-60 40-50 50-40 60-30 70-20
Table 2 Assumed material properties used in the analysis for characterisation of the anisotropic strength of naturally jointed pillars
Property (rock mass) Unit Value Property (joints) Unit Value
Tensile strength, o, MPa 10 Fracture cohesion, c¢¢ MPa 0
Fracture energy, G¢ Jm™ 63 Fracture friction, ¢y ° 35
Young’s modulus E MPa 60,000 Normal penalty, P, GPam™! 5
Poisson’s ratio, v 0.25 Tangential penalty, P, GPa m™! 0.5
Internal cohesion, ¢; MPa 20
Internal friction, ¢; ° 45

Percentages of strength variation with fracture length and
joint inclination for the models in Fig. 8 are listed in
Table 3. The analysis has shown that, due to the more
critical jointing inclination, the response of the models with
50°-40° joint sets is least affected by the increased fracture
length. The combined effect of longer and steeply dipping
fractures (Figs. 7 and 8; model 50°-40°) is such that the
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pillar fails at a much lower strength (26% of the corre-
sponding model with 0°-90° joints), and mainly by blocks
sliding and rotating along the fracture planes dipping at
50°. For the models with 0°-90° joint inclination the
amount of fracturing through the intact rock mass decrea-
ses and plastic deformation increases, respectively, with
increasing fracture length. The actual fracture pattern (and
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Fig. 4 Simulated axial stress— 12 7

strain response for the model

with fracture mean length of 10 1 1
0.93 m and 0°-90° jointing. v
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associated degree of asymmetry) is the key parameter
controlling the modes of failure of the simulated pillars,
resulting in a combination of more than one mechanism.
The most dominant modes of failure include: (a) splitting
of the intact rock, (b) shearing through intact rock material
and (c) composite rotation—sliding of blocks along critical
fractures. Splitting occurs as a result of tensile stresses
developing within the simulated pillars, with newly formed
cracks being generated parallel to the major principal stress
direction (Fig. 10a). For a an initial DFN geometry con-
sisting of sub-horizontal/sub-vertical joints, the failure
response of the simulated pillars is characterised by the
development of shearing planes, extending through the
intact material and the pre-existing joints. For a combina-
tion of relative steeply dipping joint sets (50°—40°), block

Failure by shearing through intact rock | Failure mainly by
material coupled with sliding of blocks along | splitting of the intact

critical fracture planes rock

rotation and sliding are observed, the portion of rock in
between the predefined joints remaining almost intact
(Fig. 10b). This mode of failure is typically associated with
relatively large deformations in a direction normal to the
major principal stress direction. The simulations have
shown that the stress distribution across the pillars changes
greatly from its initial state as a consequence of the applied
loading and is largely controlled by the initial jointing
conditions. This is demonstrated by observing the maxi-
mum/minimum principal stress vector plots in Figs. 5, 6
and 7. Principal stress vectors are plotted for every node in
the finite element mesh and the stresses are shown as two
perpendicular lines, which indicate their directions and
magnitudes (the darker tone corresponding to the major
principal stress). In the post-peak region, as the outer layers
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Fig. 6 Modes of failure for
selected simulated pillars with
0.73 m mean fracture length

Fig. 7 Modes of failure for
selected simulated pillars with
0.93 m mean fracture length
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Fig. 8 Simulated axial stress— 18 7 (b) 18 1 ( c)
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Fig. 9 Variation of axial
strength as a function of fracture
inclination and length. Absolute 18
values (a) and relative variation 16
as a percentage of the 0°-90°
model with 0.43 m mean
fracture length (b)
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Table 3 Percentages of strength variation with fracture length and joint inclination for the models in Fig. 8

Mean length of fractures (m) on 2D section

Inclination of predefined fracture network (Set 1°-Set 2°)

0-90 20-70 5040 70-20

Variation of peak strength (%) with length (fixed joint inclination)

0.43 100 100 100 100
0.73 84 85 94 97
0.93 58 82 96 69
Variation of peak strength (%) with joint inclination (fixed length)

0.43 100 45 16 73
0.73 100 45 18 84
0.93 100 56 26 86

of rock become detached and the pillar eventually yields,
the stress directions clearly appear to be concentrated in the
relatively more intact portion of the pillar, reflecting the
asymmetry of the failure process.

4.2 Analysis of Scale Effects

The uncertainty in predicting the behaviour of a fractured
mass under uniaxial stress is clearly associated with scale
effects (Singh et al. 2002). Excluding the cases of either a
very closely fractured or an almost massive rock mass, the
mechanical response is nonuniform and is affected by the
orientation, spacing and persistence of the discontinuities
(Pine and Harrison 2003). In the current study, a FracMan-
generated fracture pattern has been used to investigate the

variation of simulated pillar strength with pillar size for a
constant pillar width-to-height (W:H) ratio. It is noted that
the FracMan DFN model has been developed based on
mapped data from an actual but unnamed room-and-pillar
mine. The size of the modelled pillars has been progres-
sively reduced by considering smaller sections of an initial
larger pillar model, keeping the W:H ratio constant at 0.5.
The geometrical definition of the model is illustrated in
Fig. 11, whilst Table 4 lists the properties of the intact rock
and rock. Figure 12 shows the variation of the simulated
pillar strength as a function of pillar width. Smaller pillar
models are characterised by a relatively higher strength,
with failure primarily occurring by fracturing through
intact rock. For the modelled pillars the variation in
strength, expressed as a percentage of model D, is 63%,
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Fig. 10 Typical failure mechanisms of the simulated pillars.
a Tensile splitting (model 0°-90°, mean fracture length 0.43 m) and
b composite rotation—sliding of blocks along critical fractures (model
50°-40°, mean fracture length 0.93 m), respectively

26% and 18% for models C, B and A, respectively. For
increasing pillar width (W:H ratio of 0.5), the strength of
the simulated pillars appears to become independent of the
actual pillar dimensions. The results qualitatively agree
with the theoretical reduction in mass strength for
increasing size observed for an intact rock specimen (Hoek
and Brown 1980), which is given according to:

500 018
0c = 0c50 (;) ) (1)

where d is the diameter of the rock sample and ocsq is the
uniaxial strength of a 50-mm-diameter intact rock

Fig. 11 Geometrical definition
of the pillar models
investigating the importance of
scale effects
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specimen. It is safe to assume that a progressive reduction
in the pillar width will result in the structural character of
the modelled pillars approaching intact rock mass condi-
tions (i.e. fewer to no pre-inserted fractures will be
contained within the pillar model). It is expected that the
shape of the modelled curve will change according to
varying jointing conditions, assuming that no fracture is
much more persistent or has much weaker properties than
the other fractures in the network.

Variation in width also has a clear impact on the
deformational behaviour of the modelled pillars. In par-
ticular, pillars of smaller width, for which the failure
process is dominated by new stress-induced fracturing,
appear to behave in a more brittle manner compared with
pillars of larger width. For relatively wider pillars the
observed ductile response can be associated with both an
increasing confining effect, as the pillar width is enlarged,
and the inclusion in the rock mass of a larger number of
discontinuities. Figure 13a and b, respectively, show the
simulated axial stress—axial strain response and the asso-
ciated variation of deformation modulus (E,) with axial
strain. The initial reduction of E,, observed at approxi-
mately 0.04% axial strain for models B and C (Fig. 13b)
corresponds to a process of extension and coalescence of
new fractures (Fig. 13c). The difference between maxi-
mum and minimum deformation modulus (max—min E,,
normalised to model D), as deformation progresses, is
shown in Fig. 13d. The data clearly shows a general
decreasing trend with increasing pillar width. A value of
unity is assumed to represent elasto-brittle conditions
(model D), whilst a difference of zero would imply com-
plete elasto-plastic behaviour.

The results provide an example of the definition of both
a representative elementary volume (REV) for a rock mass
and reduction of its unit mass strength/deformability with
increasing volume up to a REV. For a given fractured rock
mass, it is possible to define a minimum volume of rock
(area for the 2D case) having representative values of
rock mass properties. The analysis suggests that the brittle-
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Table 4 Assumed material properties for analysis of scale effects

Property (rock mass) Unit Value Property (joints) Unit Value
Tensile strength, o, MPa 12 Fracture cohesion, c¢ MPa 0.25
Fracture energy, Gy Jm™2 63 Fracture friction, ¢y ° 45
Young’s modulus E MPa 84,000 Normal penalty, P, GPa m™! 200
Poisson’s ratio, v 0.25 Tangential penalty, P, GPam™! 20
Internal cohesion, ¢; MPa 20

Internal friction, ¢; ° 45

140 1
120 R Theoretical reduction in mass strength for increasing size
y observed for an intact rock specimen according to
\ Hoek and Brown (1980) and calculated for intact rock
& 100 1% specimens with a width between 50 and 500mm
=
£ 804
i=)
=
2 50 -
17 Modelling results for a pre-fractured rock mass sample
I}
T 40 A
Power Law Best Fit
20 4 *=0.9
0 — — T — 1
0 1 2 3 4 5 6 7 8

Pillar Width - m

Fig. 12 Analysis of scale effects for the pillar models A-D indicated
in Fig. 11. Variation of the simulated pillar strength as a function of
pillar width (assumed W:H equal to 0.5)

to-plastic transition, expressed in terms of max—min £,
has fully occurred as the rock mass has reached the REV.
The representative volume is ultimately a function of

Fig. 13 Analysis of scale 80
effects for the pillar models
A-D indicated in Fig. 11.

a Simulated axial stress—axial
strain response, b variation of
deformation modulus (E,,) with
axial strain, ¢ fracture extension
and coalescence for models B
and C and d difference between
maximum and minimum E,,

Axial Stress - MPa

fracture length and should be large enough to include
sufficient fracture intersections. As discussed in Sect. 6,
this latter remark has major implications with respect to the
characterisation of rock mass strength and the definition of
synthetic rock mass properties.

5 Characterisation of Rock Mass Strength:
The Middleton Mine Case Study

Initial applications and trial runs for the proposed geome-
chanics approach have been presented in Pine et al. (2006)
and Elmo (2006). Using the same case study, the authors
extend this work and present the results of a more detailed
and comprehensive program of analyses. Middleton mine
(Derbyshire, UK) is a classic square room-and-pillar min-
ing operation (Fig. 14) with drift access working mostly
under a cover of about 100 m. The excavation is within the
payable Hoptonwood limestone. This is a massive cream-
grey, coarse-medium grained carboniferous limestone,
approximately 80 m thick and interbedded with clay
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Fig. 14 View of Middleton
Mine (after Pine et al. 2006)

wayboards (seams) of volcanic origin up to 0.5 m thick.
The current study considers a number of different orthog-
onal cross sections through a FracMan model representing
mapped jointed pillars at Middleton mine. The sections are
then used to examine pillars of 2.8, 7 and 14 m
wide x 7 m high (Fig. 15). The estimated range of areal
fracture intensity P,; for Middleton mine is 1.8-2.6 (P, is
the ratio of total fracture length to area). The influence of
fracture intensity with respect to the simulated pillar
strength and failure mechanisms are investigated by addi-
tionally including models assuming a varied P,; value. The
areal fracture intensity is reduced or increased by, respec-
tively, deleting or inserting selected fractures in the
original model. In order to minimise the user’s interven-
tion, a randomly generated number is used to identify the
fractures to be deleted and the location (coordinates) of
additional fractures.

Fig. 15 Middleton mine FracMan pillar model showing the typical
sampling planes used to define the 2D fracture traces models for
ELFEN (after Elmo 2006)
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Table 5 presents typical key input parameter values for
the ELFEN geomechanics modelling. These values were
derived from a combination of laboratory measurements on
the Middleton limestone and values for similar limestones
from the literature (e.g. Bearman 1991). For the Mohr—
Coulomb intact rock constitutive criterion, values of
cohesion ¢ and internal angle of friction ¢ are also
required. These were determined from the value for o; of
48 MPa and Hoek—Brown parameters of s = 1 and m; = 9
(typical for limestone), over a limited range of confining
stress, using the program RocLab (Rocscience 2007; Hoek
et al. 2002).

5.1 Modelling Results

As discussed in Sect. 4.1, the behaviour under uniaxial
loading of relatively slender pillars may be significantly
controlled by natural jointing conditions, and furthermore
slender pillars may be expected to display critical aspects
of the failure process in the early stages of the simulation.
The Middleton mine case study has therefore included
many simulations of pillars with a width of 2.8 m and a
W:H ratio of 0.4. Different combinations of fracture
intensity have been considered in the modelled pillars,
including values outside the estimated P,; range of 1.8—
2.6.

The analysis indicates that the overall influence of the
natural fractures diminishes with increasing fracture
intensity, as discussed by Diederichs et al. (2002)
(Fig. 16). For P,; < 0.2 the pillars behave as an almost
massive rock mass. For Py; > 2.9, due to the relatively
higher degree of fracturing, the pillars response is almost
isotropic. Conversely, for P,; in the range of 0.2-2.9 the
strength of the simulated slender pillars is highly variable
and clearly dependent on the inclination, spacing and
persistence of the discontinuities. The analysis is
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Table 5 Middleton mine case study, assumed modelling rock mass properties

Property (rock mass) Unit Value Property (joints) Unit Value
Tensile strength, o, MPa 3.8 Fracture cohesion, c¢ MPa 0.225
Fracture energy, Gy Jm™2 19 Fracture friction, ¢y ° 35
Young’s modulus, E MPa 27,000 Normal penalty, P, GPa m™! 27
Poisson’s ratio, v 0.3 Tangential penalty, P, GPam™! 2.7
Internal cohesion, ¢; MPa 9

Internal friction, ¢; ° 45

Joint cohesion and friction derived based on shear box tests

50 4
=— [ntact Uniaxial Strength = W:H Ratio 0.4
1
Massive Rock W:H Ra“F' 0.4

40 1 Mass Behaviour Transecting Fracture
o
o
= 30 4
£ J1wor v
=4
g Highly Variable
n 204 - Rock Mass Behaviour
] L}
= 4
< 20°

L]
10 4 . REV>%
e Closely Fractured
SAm ] Rock Mass Behaviour
45° sg® RA‘I -
L e o
] 0.5 1 15 2 25 3 35

Fracture Intensity P,

Fig. 16 Variation of the simulated pillar strength with fracture
intensity for different prefractured 2.8 m x 7 m pillar models. The
figure also includes the modelling results for a pillar of similar size
and containing a single intersecting fracture (10°, 20°, 45° and 60°
joint inclination). Models SA—SB and RA-RB refer to Figs. 17 and
23, respectively

complemented by including modelling results for a pillar of
similar size containing a single intersecting fracture. The
observed variability of strength estimates for equivalent
fracture intensity P,; is associated with the jointing char-
acter of the rock mass and relates also to the importance of
considering failure through intact rock bridges; for

instance, Fig. 17 shows the mechanical response and
fracture evolution at peak stress for two models with equal
P>, but different P, (number of fractures per unit area). In
comparison with model SB, in model SA selected fractures
have been split at their mid-point by introducing a 0.2-m-
long intact rock bridge. In order to compensate for the
reduced length, the fractures have been extended at their
opposite edges by a factor equal to the newly introduced
rock bridge (0.1 m each side). The modelling results
illustrate the importance of fracture persistence in moder-
ately jointed rock masses. The modelled rock bridges are
clearly responsible for the increased self-supporting
capacity of the rock mass. The results appear to agree with
observations by Diederichs (2003), who stated that, even
when they occupy only a very small percentage of the
discontinuity-coplanar area, intact rock bridges could pro-
vide internal or self-supporting load-carrying capacity
equivalent to conventional underground support systems.
The strength simulated in model SB is 30% lower than
model SA, and failure primarily occurs as a combination of
sliding and rotation of blocks. A relative softer post-peak
response is observed for model SB compared with
model SA, which behaves in a more brittle manner.
Figure 18 shows that for the pillars mapped at the
Middleton mine the degree of variability of pillar strength
is clearly a function of pillar shape. An anisotropy index is

2.8x7 SA
2.8x7 SB I I

) -
- —

Fig. 17 Stress—strain response 8 1
and fracturing evolution at peak
stress models for models SA 71 11
and SB, respectively. The two :
models differs by the © 61
introduction in model SA of o 5 -
0.2 m rock bridges at mid-point E,
of the predefined fractures w4 4
g
h 34
©
Z 2
1 -
0 — T
0.0 0.1

0.2 0.3 0.4 0.5
Axial Strain - %
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Fig. 18 Analysis of shape effects. Results for Middleton mine (UK)
and modelled rock pillars with height of 7 m and width of 2.8, 7 and
14 m, respectively (modified from Elmo 2006)

derived (Ay), expressed as the ratio of the simulated pillar
strength (range) for P,; = 1.8 to the simulated strength for
P>, = 2.6. The decreasing A; value with increasing pillar
width suggests that, for relatively wider pillars, the
response to loading may be investigated using a continuum
approach with the assumption of isotropic rock mass
behaviour. However, for cases including intersecting
structural features or one of the discontinuity sets being
significantly weaker than the others, the stability of the
pillar may be better analysed using approaches that can
truly capture failure mechanisms involving the sliding and/
or rotation of blocks.

Figure 19a presents profiles of the vertical stress distri-
bution across the mid-height for one of the 7 m x 7 m pillar
models (fracture intensity P,; = 2.6) whilst the complete
stress—strain response is given in Fig. 19b. The asymmetric
nature of the load development, through the sequence of
loading stages (I-III) is evident. The longer pre-existing
fractures appear to channel stress concentrations. The pro-
cess can be better observed referring to Fig. 20, which
includes both the fracturing evolution and the maximum to
minimum principal stress ratio plots for the same loading
stages. Similar results are shown in Fig. 21 for a selected

Fig. 19 a Axial stress profile at
loading stages I-III for one of
the 7 m x 7 m pillar models
and b complete stress—strain
response

Axial Stress - MPa

14 m x 7 m pillar model (fracture intensity P,; = 2.6).
The analysis clearly captures the different failure mecha-
nisms taking place in the pillar sidewalls. Limited new
fracturing and lateral spalling occur in the early stages of the
simulations, followed by additional fracturing of the intact
core as the loading of the pillar is increased. Lateral spalling
may include the displacement of large blocks, but overall
does not compromise the effective bearing capacity of the
pillars, the increased confinement being responsible for the
higher measured pillar strengths and the lower deformabi-
lity. The development of pillar hourglassing, as the loading
is increased, is apparent when observing the maximum/
minimum principal stress vector plots.

Figure 22 compares the results of several of the simu-
lations described above together with published empirical
results for a variety of pillar types. All are presented as
average capacity (stress) normalised to the intact o; values
against the pillar W:H ratio. The modelled behaviour
indicates a rapidly increasing average strength with
increase in W:H ratio. This type of behaviour is more
commonly predicted for squat or barrier-type pillars at
higher W:H ratios (Madden 1991), but is also seen at
similar lower W:H ratios with Hoek—Brown brittle fracture
modelling (Martin and Maybee 2000).

The practice of developing slender pillars is typically
pursued in order to maximise extraction ratio, although this
was not the case for the Middleton mine. The current
analysis indicates that the level of uncertainty associated
with the natural variability of the jointing conditions is
much greater for slender pillars. Wiles (2006) has proposed
the use of a coefficient of variation, C,, to quantify the
uncertainties associated with numerical modelling predic-
tions, including uncertainties relative to rock mass strength,
mining stress and modelling procedures. More signifi-
cantly, the same author has recognised that different values
of factor of safety are required to give the same probability
of failure depending on the value of C,,. The higher level of
uncertainty associated with the geological structure within
a jointed slender pillar could be represented by a higher C,
value. Similarly, the anisotropy index introduced in Fig. 18
suggests that rock mass strength equations developed from

*1(b)

11

Axial Stress - MPa
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Fig. 20 Fracturing evolution
and principal stress vector plots
for the same loading stages
indicated in Fig. 19

Fig. 21 Fracturing evolution
and principal stress vector plots
for a 14 m x 7 m pillar model,
showing the development of
hourglassing

Axial Stress 20MPa

empirical studies may fail to predict significantly the dif-
ferent strength estimates associated with a different
combination of fracture intensity and jointing conditions. A
major implication is that a higher factor of safety would be
required when designing slender pillars to account for this
variability, as also discussed by Esterhuizen (2006).

6 Towards the Development of Synthetic Rock Mass
Properties

Rock mass characterisation systems such as the rock mass
rating system (RMR; Bieniawski 1989), Q-index (Barton
et al. 1974) and the geological strength index (GSI; Hoek
et al. 1992, 1995) are useful tools which serve the purpose

Axial Stress 23MPa (Peak)

of (1) identifying significant parameters influencing rock
mass behaviour, (2) deriving quantitative data for engi-
neering design and (3) providing a quantitative measure to
compare geological conditions at different sites. The GSI
index has the advantage of being related to the Hoek-—
Brown failure criterion for rock masses, which is widely
accepted in geotechnical and rock engineering applica-
tions. Establishing representative rock mass properties has
long been recognised as one of the main challenges in rock
mechanics. Rock mass classification systems such as the
RMR, the Q-index or the coupled GSI/Hoek—Brown
approach are traditionally used to derive properties for
numerical analysis of rock engineering problems. Recently,
2D and 3D DEM techniques have been applied to the
development of so-called synthetic rock mass properties

@ Springer
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Fig. 22 Comparison between the results of several simulations
described in the text (P,; = 1.8 and 2.6, respectively) and empirical
results for a variety of pillar types. All are presented as average
capacity (stress) normalised to the intact o; values against the pillar
W:H ratio. [/] Von Kimmelmann et al. (1984), /2] Hedley and Grant
(1972), [3] Sjoberg (1992) and [4] Krauland and Soder (1987)

(e.g. Pierce et al. 2007), which combine the effects of the
intact and fractured portions of the rock mass into a unique
set of equivalent continuum properties. This approach
allows engineers to model equivalent Mohr—Coulomb or
Hoek-Brown strength envelopes, including anisotropic
effects, by running suitable biaxial (in 2D) and triaxial (in
3D) test models of fractured rock masses. The test results
can then be incorporated into a continuum finite element or
finite difference model. The objective is to provide an
improved link between mapped fracture systems and rock
mass strength in comparison with the current practice of
using empirical rock mass classifications alone.

By considering the effects of a lateral confinement,
representing the horizontal stress component o3, the current
analysis is extended to show the potential application of a
coupled FEM/DEM-DEFN approach in terms of providing
estimates of rock mass properties. Models with o5 equal to
1, 2 and 4 MPa are presented (in addition to the unconfined
case). Figure 23a and b shows a comparison between the
RocLab-GSI curves (Rocscience 2007; Hoek et al. 2002)
and the simulated o0;—03 response for 2.8 m x 7m
Middleton pillars with a fracture intensity P,; of 1.8 and
2.6, respectively. The RocLab-GSI curves are determined

Fig. 23 Comparison between (a) 50

assuming m; = 12 (typical of limestone), o.; = 48 and GSI
values in the range of 70-80 and 40-50, respectively.
These results demonstrate that it is possible to use a cou-
pled DFN-fracture mechanics approach as a reliable
measure of rock mass strength. Indeed, the mechanical
response of a fractured rock mass can be highly variable
and, depending on the problem scale, may be too small to
account for persistence and termination effects of natural
discontinuities in a fully “averaged” manner (Sect. 4).
Anisotropic effects can be induced in a simulated fractured
rock mass simply by varying the angle between the applied
major principal stress and the direction of the predefined
fractures. For a highly anisotropic rock mass (Fig. 24), the
modelled strength response corresponds to a major reduc-
tion in the “equivalent” GSI rating. However, the resulting
synthetic response cannot be considered as truly repre-
sentative of the rock mass behaviour, which rather reflects
the predominant role of the predefined fracture network
and the occurrence of structurally controlled failure.

Similarly, the modelling results (Figs. 16 and 18) indi-
cate that the mechanical response of slender pillars (W:H
ratio of 0.4) can be highly variable. The models RA and
RB represent a form of upper-bound response and are
assumed to illustrate noncritical jointing conditions. In
principle, for these slender pillars different GSI estimates
could correspond to similar P,; values. These remarks
imply that the reliability of a fracture intensity parameter
(e.g. P;) as a suitable indicator of the structural character
of the rock mass will necessarily be dependent on the size
of the problem under consideration. These results con-
tribute to reaffirm important aspects of modelling rock
mass behaviour, including:

e An accurate geological model is required for any
synthetic rock mass model to be considered realistic.

e The scale of the synthetic rock mass tests must be
sufficient to capture the REV for local jointing condi-
tions and, in order to accommodate structural anisotropy,
should be repeated to allow for different orientations of
0, and o5 relative to the joint orientations.

e The proposed ELFEN-DFN synthetic rock mass
approach for continuum analysis would be more

(b)

GSI=80 =" G8I=70 GSI=50
the ELFEN modelled response Vg m=12 m=12 -~
and the RocLab-GSI approach 0 40 1 .
for the pillar models RB (a) and & ’ —+— Model RB 2 —+— Model RA _.-="" GSI=40
= a0 = 30 e A m=12
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Fig. 24 Simulated anisotropic

effects induced in a fractured 50 -
rock mass by varying the angle
between the applied principal
stress direction and the
inclination of the predefined 35 1
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realistic when undertaken in 3D. Subsequently, for
large-scale modelling of rock mass behaviour, the
presence, orientation and continuity of any large
singular features (e.g. faults) could be included specifi-
cally in the continuum analysis.

Notwithstanding its preliminary nature, the current
analysis has major implications for pillar design. The
synthetic approach would allow engineers to simulate the
rock mass response to loading fully accounting for existing
jointing conditions, and failure criteria may be developed
that reflect specific mining conditions. It is suggested that
intact rock behaviour, joint surface conditions, fracture
intensity, shape effects and isotropic/anisotropic loading
conditions may eventually be combined within a single
formulation characterising rock mass strength.

7 Summary and Conclusions

The understanding of progressive failure behaviour is
important for the design of pillars. This paper has inves-
tigated the use of the hybrid FEM/DEM code ELFEN in
studying the failure modes of jointed pillars. The proposed
numerical approach allows the simulation of crack growth,
accumulation and coalescence, enabling investigation of
the interaction between newly generated and pre-existing
fractures and capturing the subsequent displacement and/or
rotation of independent blocks. The strength of the
approach is that the anisotropic, inhomogeneous spatial
distribution and influence of the jointing are fully
accounted for and the resulting deformation and failure
mechanisms are considered to be more realistically
simulated.

A fracture network system for the Middleton mine has
been generated using the code FracMan and imported into
ELFEN via a specific interface, which has allowed the
definition of 2D prefractured models of pillars. The anal-
ysis has considered pillars with W:H ratios of 1:2.5, 1:1

4
o, MPa

o, MPa

and 2:1, respectively. Although, there is no direct evidence
from actual field-scale pillar failures at the Middleton mine
the overall simulated progression of failure and associated
stress distributions appear to be realistic. The analysis has
demonstrated that the strength of slender pillars is pre-
dominantly influenced by naturally occurring fractures, and
that slender pillars are particularly highly sensitive to the
presence of inclined discontinuities. An anisotropy index
has been introduced to characterise the highly variable rock
mass strength estimated for the simulated slender pillars;
this index is assumed to be a function of several factors,
including fracture intensity, jointing conditions and asso-
ciated occurrence of intact rock bridges. The higher level
of uncertainty associated with jointed slender pillars could
be represented by a higher value of the anisotropy index A;
or the coefficient of predictability C, (Wiles 2006), which
would correspond, under similar conditions, to a required
higher factor of safety.

The ELFEN results demonstrate that it is possible to use
mapped fracture intensity values as an indicator of the
structural character of the rock mass. Additionally, the
results are interpreted as indirectly confirming the coupled
GSI-RocLab approach as a reliable measure of rock mass
strength. It is noted that this verification is the result of
numerical analysis of simulated rock pillars and is not
derived from direct observations and empirical approaches.
Further work is required using an observational method
approach as suggested by Wiles (2006) to extend the cur-
rent analysis. In this context, slender rock pillars represent
a situation where an observable stress-induced response
occurs repeatedly; therefore they are well suited to the
application of an observational approach to design.

It is recognised that model uncertainty increases with the
scale of the problem under consideration. When using
numerical codes which are capable of simulating failure of
the intact rock material, an important question arises as to
whether the modelling of brittle fracture is undertaken at an
appropriate scale. The answer to this question has certainly
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far reaching connotations (Stead et al. 2007). To date the
ELFEN modelling of fractured rock pillar has been limited
to 2D analysis. However, 2D modelling has provided an
important foundation on which to base ongoing 3D
modelling of fractured pillars. Further 3D simulations are
required in order to examine mean block size distribution
and fragmentation changes during pillar failure.
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