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Abstract

Estimation of the mechanical responses of a sample of rock is a
critical characteristic to estimate the responses of rock strata under
stress. In this paper, laboratory tests analysis and numerical
modelling are used to analyse and replicate intact rock materials.
Laboratory and petrographical analyses were undertaken to
characterise the brittle response to the uniaxial loading of selected
sedimentary samples. Complementary numerical modelling of
virtual uniaxial compression tests is carried out using 3DEC
software. These models were developed through a Grain Based
Model capable of reproducing brittle failure of rocks, for which
Voronoi 3D tessellation was generated. Failure mechanisms
observed in laboratory and non-linear behaviour due to fracture
propagation have been reproduced. Virtual modelling of intact rock
with Discrete Element Code would allow, in combination with
Discrete Fracture Networks, the numerical analysis of rock mass
scale effects and anisotropy through Synthetic Rock Mass (SRM)
modelling.
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Introduction

This research was conducted as part of the RFCS-funded PRASS III project, which focuses on improvements
to shield support operation for safety and productivity. One of the objectives of this project is to characterise the
brittle response of the super incumbent strata (Blatnicky, M. 2020). The geomechanical response of intact rock to
applied loading and subsequent changes in stress is a fundamental characteristic to determine and is essential for
the evaluation of safe working conditions within coal mines in terms of strata control. This data is collected through
the use of laboratory testing techniques, of which uniaxial compression tests are the most common.

In the most basic form, the uniaxial test provides the Uniaxial Compressive Strength (UCS), which represents
the level of stress applied to the sample before failure occurs. The stress-strain relationships of the loaded sample
in both the axial and lateral directions provide indications as to deformational characteristics prior to and post-
failure. However, while the ultimate strength of the sample provides the maximum stress that the rock can take
prior to failure, various critical stresses exist, which, once breached, can have a profound effect on the long-term
strength of the rock. These stress states can be determined through the recording of acoustic emissions, which can
be matched to the brittle fracturing process defined by Martin and Chandler (1994).

Brittle fracture mechanics is a complex process involving nucleation, growth and coalescence of microcracks.
Therefore, the textural, mineralogical and historical tectonic processes the rock has been subjected to can play an
important role in the brittle fracture characteristics of the rock sample (Bell, 1978; Howarth and Rowlands, 1987;
Hsieh et al., 2008; Singh, 1988; Sun, Wang, and Wang, 2017; Ulusay, Tureli, and Ider, 1994).

There has been a recent increase in the use of numerical simulations of rock to determine the mechanical
characteristics to aid in increasing sample counts when there is a deficit in sample numbers due to the potential
lack of available samples for test work, either due to poor ground conditions or financial constraints during site
investigation (Figiel, A. and Klackova, I. 2020). Virtual testing of rock masses has also been undertaken, coupling
laboratory intact rock data and rock mass fractures for improved understanding of rock mass behaviour and
calibration of more precise 'continuum' models for large scale applications (Mas Ivars et al., 2011). This paper
utilises a synthetic rock mass approach to model the brittle failure process and compares instrumented laboratory
test work, together with petrographic observations of fracturing to validate the approach taken.

Literature Review

The Brittle Fracture Process

Experimental research shows that the failure process in brittle rocks under compression is characterised by
complicated micro-mechanical processes, including the nucleation, growth and coalescence of microcracks, which
lead to strain localisation in the form of macroscopic fracturing (Kuric, I. 2021). The evolution of microcracking,
typically associated with the emission of acoustic energy, results in a distinctive non-linear stress-strain response,
with macroscopic strain-softening commonly observed under low-confinement conditions. Furthermore, unlike
other materials (for instance, metals), rocks exhibit a strongly stress-dependent mechanical behaviour. Under
laboratory conditions, a variation of failure mode, from axial splitting to shear band formation, is often observed
for increasing confining stresses. This variation in failure behaviour is reflected in a non-linear failure envelope
and in a transition from brittle to the ductile post-peak response.

Previous research has shown that an instrumented uniaxial compression test can be used to observe and record
deformational behaviour and brittle fracture propagation of rock under compressive loading conditions (Eberhardt,
1998; Eberhardt, 1998; Cai et al., 2004; Diederichs, Kaiser, and Eberhardt, 2004; Ghazvinian et al., 2012; Hoek
and Martin, 2014). Analysis of the axial, lateral and volumetric strain versus axial stress and acoustic response
under compressive loading allows identification of specific deformation phases and damage thresholds, including
crack closure (CC), linear elastic deformation, crack initiation (CI), stable crack propagation and subsequent
coalescence and crack damage (CD) leading to ultimate failure. Guidance for the identification of the appropriate
thresholds from laboratory data is provided in Eberhardt (1998), Diederichs, Kaiser, and Eberhardt (2004),
Ghazvinian et al. (2012), and Martin and Chandler (1994). Figure 1 shows the stages of crack propagation
suggested by Martin and Chandler (1994) that has been adopted for this research for the identification of critical
stress magnitudes under unconfined uniaxial compression.

The role of textural characteristics on brittle fracturing have been previously studied on a range of different
rock types and can be grouped into textural and mineralogical characteristics. The textural characteristics relate to
the shape, size, arrangement and density of the component grains (Kuric, 1., Tlach, V. 2021). From the literature,
the effect of grain size appears the most common and varies in accordance with the type of rock studied (Hsieh et
al., 2008). For granular rocks, such as sandstones, there is typically an inverse relationship between the average
grain size and the uniaxial compressive strength (Martin and Chandler, 1994; Singh, 1988; Ulusay, Tureli, and
Ider, 1994). However, it has been claimed that the relationship only holds if the sandstone is homogenous and can
be affected by the presence of pores (Palchik, 1999). Kranz (1979) investigated the role of pore spaces on the
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brittle fracturing of sandstones and found that upon loading, the pore spaces act as stress concentrators and alter
the stress distributions leading to differences in mechanical responses (Pastor, M., 2020).

The effect of grain shape has not been addressed to the same degree as the grain size in previous research,
with most authors noting that there is no evidence of a strong correlation to the uniaxial strength (Ulusay, Tureli,
and Ider, 1994). However, the shape of the grain can aid in the packing of the grains, which has shown some good
correlations to the UCS. Onodera and Kumara (1980) noted that mineral grains increased in circularity as the rock
is brought towards the UCS, signifying breakage along the grain boundaries under compression. This change in
grain shape can decrease the degree of grain interlocking, potentially reducing the ultimate strength.

The mineralogical characteristics are linked to the textural characteristics. However, it has been found that
texture was more important than mineralogical characteristics when relating to the engineering characteristics
(Bell, 1978; Tugrul” and Zarif, 1999). It has been shown that the percentage of quartz leads to an increase in rock
strength. Yusof and Zabidi (2016) showed that the ratio of quartz and feldspar was inversely proportional to the
UCS value. This was attributed to the higher degrees of alteration and intra-granular fracturing associated with the
weaker feldspars (Sun, Wang, and Wang, 2017) and/or from the structural interlocking of the quartz grains
(Howarth and Rowlands, 1987).

Numerical Simulations of UCS tests

During recent years, the development of numerical modelling codes has significantly improved the modelling
of rock behaviour (Saga, M. 2020). Numerical replication of brittle rock behaviour provides a better understanding
of phenomena such as crack initiation and propagation, the influence of microheterogeneity under compression
(Lan, Martin, and Hu, 2010), or jointed rock-like material behaviour (Cao et al., 2018). Moreover, rock mass scale
effects and anisotropy have been addressed by the Synthetic Rock Mass (SRM) modelling (Mas Ivars et al., 20101;
Mas Ivars, 2010; Sentyakov et al., 2020), where intact rock is combined with Discrete Fracture Networks (DFN),
allowing virtual testing at the rock mass scale. A stress-strain diagram showing the stages of crack development is
presented in figure 1.
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Fig. 1. Stress-strain diagram showing the stages of crack development (Hoek and Martin, 2014; Mas Ivars, 2010) to include joints, or
particle clumping (Bahrani, Kaiser, and Corkum, 2018), to avoid the lack of particle interlocking of conventional BPMs

Virtual rock testing can be undertaken using continuum models, although the underlying assumptions need

to incorporate the detrimental effects of a discontinuous rock mass. One of the main alternatives used for numerical
modelling of brittle rock is the Bonded Particle Model (BPM) developed by Potyondy and Cundall (2004). In this

636



Matthew TONKINS et al. / Acta Montanistica Slovaca, Volume 26 (2021), Number 4, 634-648

model, the rock material is replicated through the assembly of a series of circular (2D) or spherical (3D) particles,
bonded together with both perpendicular and parallel bonds, where interaction between particles is developed.
These models have been widely implemented within PFC (particle flow code) software (Cao et al., 2018; Vallejos
etal., 2014; Vallejos et al., 2013). Recent additions to the original BPM have been developed, such as the Smooth-
Joint Contact Model (SJCM), developed by Discrete Element Method (DEM) is also widely used for modelling
of rock, where the rock structure is represented as an assembly of blocks. These blocks or grains may be either
rigid or deformable, and they can represent the real microstructure of the rock or a stochastic distribution of flaws
or fracture network, allowing internal fracture development and physical separation between grains. The
discretisation of the rock matrix in blocks is commonly carried out in 2D using Voronoi tessellation (Lan, Martin,
and Hu, 2010; Fabjan, Ivars, D.M., and Vukadin, V., 2015) or triangular/tetrahedral blocks (Gao, Stead, and
Coggan, 2014; Gao, 2013). A comparison between Voronoi and triangular (trigon) blocks was performed by Mayer
and Stead (2017), who observed that the different degree of block interlocking of both models derived in a higher
localised tensile failure for Voronoi blocks and a predisposition towards the shear failure of triangular meshes.

Two-dimensional applications of Voronoi tessellation are significantly more frequent due to the embedded
Voronoi generator of Universal Discrete Element Code (UDEC, (Itasca Consulting Group, 2014)) and the reduced
calculation times compared to 3D modelling. The 3D version of the software (3DEC, (Itasca Consulting Group,
2013)), however, does not allow 3D Voronoi discretisation, which must be developed externally. Ghazvinian,
Diederichs, and Quey (2014) show a series of numerical Unconfined Compressive Strength (UCS) carried out with
3DEC software, whose Voronoi 3D tessellation is developed by means of an external library for polycrystals
generation called Neper. In this research, a different approach for grain mesh generation has been developed, which
is described in the next section.

Virtual Testing methodology

In this research, the first analyses were carried out in 2D using UDEC software (Itasca Consulting Group,
2014), alongside the literature review of previous work. These preliminary analyses were intended to provide some
insights into the behaviour of Voronoi tessellation models and the qualitative relations between micro-parameters
and macro-scale results. Different approaches were tested in terms of numerical implementation of loading
mechanism, monitoring measurements (Cernecky et al., 2015), constitutive models or grain/sample geometries,
and a brief sensitivity analysis was carried out.

After the 2D initial stage, the focus was given to 3D modelling in order to be able to include three-dimensional
DFN data in a later stage of the process. The first step for the numerical modelling of rock samples was the
generation of the three-dimensional Voronoi block mesh. The lack of 3DEC software of an internal generator
required the use of external software. For this case, it was decided to use Rhinoceros (Robert McNeel & Associates,
2015), a 3D computer-aided design (CAD) application software based on NURBS surfaces. More specifically,
Voronoi geometry was generated with Grasshopper visual programming language, embedded within Rhinoceros,
and afterwards exported to 3DEC using C#/Python scripts.

The initial mesh was generated from a prism containing 3000 grains. This geometry was later cut to a
cylindrical shape after exporting to 3DEC, leaving a sample of laboratory dimensions as shown in Figure 2. For
this study, Voronoi tessellation was used to allow physical fragmentation of the rock matrix and random
distribution of potential fracture paths, being not intended to reproduce the real microstructure of grains. This way,
the number of grains was kept low to allow the analysis of high dimension samples, including DFN for scale effect
in a later stage of the project, while keeping the average size of grains constant. As a reference starting point, it
was intended to generate at least 10 grains within the sample diameter.

Once the Voronoi tessellation was obtained, the geometry was completed through the generation of prismatic
blocks representing the loading plates. In order to reduce calculation times, grains were modelled using rigid
blocks, which interact through inter-grain contacts. These contacts were defined with the 3DEC joint constitutive
model "joint area contact”, which reproduces an elastic joint with a Mohr-Coulomb yield criterion. The sample
loading process was simulated, setting a constant velocity at the loading plates and a stress boundary condition to
represent confinement at the sample surface when triaxial loading was intended. In order to further save calculation
times while keeping a static response, loading tests were carried out according to a velocity's variation process.
First attempts to optimise calculation times were carried out under servo-controlled algorithms based on a
previously developed tool with UDEC in 2D models, which automatically adjusted velocities according to
unbalanced forces and ratios. However, these algorithms were found not to be applicable in 3D calculations, so a
different approach was developed.

Final models were developed following an iterative calculation where loading velocities were automatically
adjusted by strain intervals, with the highest velocities for the initial elastic period and the lowest velocities around
the pre-peak and post-peak section. Loading velocities were linearly variated between constant velocity intervals
and at the initiation of the test, avoiding excessive inertial effects in boundary conditions that could affect the
results. To determine the strain thresholds around which velocity changes must be developed for each test, a first
fast preliminary run is carried out to estimate the strain values leading to fracture triggering and peak strength. For
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some samples, an additional preliminary calculation with higher velocities can be required to better adjust strain
thresholds. This iterative process proved to be more efficient for the analysed cases than the initial servo-control,
whose parameters (e.g. force ratio limits) had to be adjusted to the number of grains.

Fig. 2. Voronoi 3D block generated in Rhinoceros (A). The same block once imported to 3DEC (B) and cylindrical sample after cutting (C)

Axial stress measurement was carried out at the loading plates, averaging the forces induced by boundary
grains, divided by the cross-sectional area of the sample. The axial strain was directly measured from loading
plates displacements, and the lateral strain was estimated from the relative radial displacements of 12 points
distributed in three cross-sectional planes at 40%, 50% and 60% of the sample height. Within each plane, two
points measured strain in "x" direction and the other two in "y" direction, with a margin to the sample border of
0.05 times the diameter. The volumetric strain was afterwards calculated from axial and lateral strains. Fracturing
was monitored by controlling the number of new broken contacts per strain increment and the total number of
fracture evolution.

Regarding material calibration (joints), seven input properties for the joint constitutive model were
considered, of which two of them were assumed constant: the residual value of the friction angle "¢r", remaining
equal to the initial value, and the residual value of the cohesion "cr", considered equal to zero. As a reference,
sensitivity analyses of Voronoi input parameters carried out in a previous stage of the project in 2D were taken
into account, as well as results shown by Ghazvinian, Diederichs, and Quey (2014) for 3D modelling of Voronoi
samples and 2D sensitivity analysis carried out by Fabjan, Ivars, D.M., and Vukadin, V. (2015). Although these
authors used elastic instead of rigid grains, some qualitative relations between microparameters and test results
have been found to remain of use.

In a simplified manner, the calibration process starts with the elastic modulus (E), strongly influenced by the
normal stiffness of discontinuities or joints (Kn). In comparison with elastic-grain models, the value of Kn must
be much lower in order to account for most of the axial deformability, which is provided by grain modulus in those
models. Secondly, the peak strength is approached by combining parameters ¢ and ¢. To account for the lateral
deformation of the sample (calibration of the apparent Poisson ratio), two main micro-parameters are adjusted: the
contact stiffness ratio Kn/Ks and the c/oT ratio. The first one directly affects the lateral deformation of the sample
and also partially the axial deformation, after which re-adjustments of Kn may be needed. The second one (c/cT
ratio) significantly influences the tensile crack initiation point, leading to the transition from the initial elastic stage
to the progressive degradation of resultant stiffnesses of the test. This ratio proved as well to influence the fracture
mechanism and the behaviour of the sample against confinement. Early-stage triaxial tests developed have shown
a strong influence of the c¢/oT ratio on the equivalent Hoek & Brown "mi" parameter, although this part of the
research is still under development. Apart from the mentioned main relations between calibration parameters and
model responses, there are other complex inter-relations that would require a sensitivity analysis to be assessed.

Material and Methods

To provide the laboratory data to compare to the numerical simulation, 10 sandstones samples were provided
from a single site investigation hole, drilled vertically into the super incumbent strata from a Polish Coal mine. To
determine the deformational and strength characteristics of the samples, instrumented uniaxial compression tests
were carried out under the standards set out by the International Society of Rock Mechanics (ISRM 1974). In
addition to the typical suite of sensors used to capture the loading and deformational responses of the sample, such
as axial and circumferential strain gauges, acoustic sensors were also attached to the sample to capture the acoustic
emissions to allow the characterisation of critical stress magnitudes of the rocks.

Under the ISRM guidelines, each compression test should last between 10 to 15 minutes. To achieve this,
displacement control is applied to the automated testing configuration. This is set based on the operators'
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experience of previous test work and is largely controlled by the sample dimensions. For the sandstone samples, a
displacement rate of 0.05 mm/min was used.

For the analysis of the data, the uniaxial compressive strength is determined as the peak stress achieved during
the test. The relation of the axial deformation (axial strain) to the applied stress is realised through an elastic
modulus (also known as Young's Modulus) calculated over the central portion of the elastic region (Figure 1).
Diametrical strain is taken from the circumferential strain gauge and relates to the changes in circumference, as
the sample is axially deformed. By convention, axial compression is a positive force, and therefore, circumferential
expansion is negative.

In an effort to increase the understanding of the brittle fracturing of the different rock types, petrographical
investigations were also undertaken post-failure to note the control of fracturing within the sample and to provide
improved lithological classification. With the limited sample numbers, pre-testing sections were not available.
Upon completion of the uniaxial testing, the samples were encased in resin as close as possible to their original
form and cut into thin sections for transmitted light petrography work and further analysis using the Scanning
Electron Microscope (SEM).

With both the axial and diametrical strains, the Poisson's ratio can be calculated as the ratio between lateral
and axial strain and provides a relationship between the different strains. The volumetric strain is also calculated
from the axial and diametrical strains and relates to the overall change in sample volume during testing.

Table 1: Key results from test work performed on sandstone samples

Sample Grain Class UCS (MPa) Unit Weight (kN/m3) E (GPa) v Tensile (MPa) Vp (m/s)
El Coarse 69.7 24.3 182 0.21 7.5 3354.0
E2 Coarse 81.0 24.2 18.9 0.16 NaN NaN
E3 Coarse 70.9 23.9 17.8  0.09 6.8 3216.0
E4 Coarse 72.6 24.0 17.8 0.15 NaN 3204.0
E5 Coarse 84.4 24.3 19.7 0.22 NaN 3396.0
E6 Coarse 63.7 24.3 17.7 0.18 NaN 3321.0
E7 Fine 103.4 25.4 183 0.21 8.4 3607.0
E8 Fine 118.2 25.3 20.4 0.23 9.2 3554.0
E9 Fine 119.9 25.6 21.1 0.19 NaN 3775.0
E10 Medium 96.1 25.6 20.6 0.23 7.5 3599.0

Laboratory testing results

Ten uniaxial tests were conducted on the sandstone samples. Table 1 provides a summary of the results
obtained from the tests undertaken. Based on the results, there is an apparent increase in strength associated with
the grain size class. The coarse-grained sandstones tested had a UCS of between 63 to 85 MPa with an average of
74 MPa. In comparison, the finer-grained sandstones tested between 103 and 120 MPa, with an average of 113
MPa. The differences between the unit weights are relatively small, with 24.1 and 25.4 kN/m? for the coarse and
fine sandstones, respectively. Petrographically, there is no significant difference in mineralogy, and therefore the
relative changes in unit weight can be attributed to the increased pore spaces within the coarser sandstones in
comparison to the finer-grained rocks, which in turn contributes to the lower strengths. This effect is also noticeable
within the average p-wave velocities of 3.3 and 3.6 km/sec for the coarse- and fine-grained rocks, respectively.

For each sample tested, the axial, lateral and volumetric deformation characteristics were analysed and
compared to the acoustic emissions to establish potential regions for Crack Initiation (CI) and Crack Damage (CD).
Locating the point at which crack damage (CD) occurs was taken from the change in the volumetric strain from
expansion to dilation.

Identification of crack initiation proved more difficult. Typically, the place at which crack initiation occurs
can be located by an increase in acoustic emission. However, it is difficult to distinguish from the full acoustic
emission spectrums of the sandstones due to the 'noisy' nature of the samples. To reduce the effect of noise, a
threshold was applied to the acoustic emissions, which are shown in Figure 3. The base threshold of the sensors
was set at 40dB (figure 3A). Applying the threshold of 50 dB (Figure 3B) significantly reduces the number of
counts, allowing two dense groups to be formed. Further increasing the threshold to 60 dB (Figure 3C) removes
most of the noise from the crack closure phase. Increasing the threshold to 70 dB only leaves emissions from the
crack damage phase of the brittle failure process (Figure 3D).

The locations of critical brittle fracture stages can be further defined by observation of the stiffness responses
to the acoustic emissions, as shown in Figure 4 for sample E1. The crack closure phase is easily recognisable from
early high emissions and the reduction in the diametrical strains. Once cracks have closed, then the sample will
begin to expand under the axial load, increasing the volumetric strain. The rate of change of the axial and
diametrical strains change, marking the start of the crack initiation and entering of the elastic phase of deformation
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at approximately 30 MPa. Changes in the axial and volumetric strain mark the beginning of the crack damage
phase, from which permanent damage occurs. Past this point, the acoustic emissions peak and can be easily
separated with amplitudes in excess of 70dB (Figure 3D).

These key stress magnitudes discussed above are plotted in Figure 5 for sample E1. Figure 6 shows the
determined crack magnitudes from all of the sandstone samples. Across all the samples, the levels for crack
initiation and crack damage are relatively consistent, with crack initiation forming between 30 and 50% of UCS
and the onset of permanent crack damage occurring from 75% of the UCS.
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Fig. 3. Acoustic emissions from samples E1 with different minimum levels applied: (A) 40dB, (B)50dB, (C) 60dB, (D) 70dB

Petrographical overview of fracturing

The sandstone samples are a collection of coarse and fine-grained sandstones that were taken from a single
borehole drilled vertically upwards into the super incumbent strata. The sandstone unit appears to contain an
upwards fining profile, with coarse-grained sandstones located near the collar, becoming finer with increased depth
(fining upwards) within the borehole. Figure 7 shows examples of the different grain sizes from the petrographic
section. Sample E1 could be described as a coarse-grained sandstone, whereas sample E7 is fine-grained.

Petrographic analysis of the component grains of the sandstones were predominately quartz (80 — 90%) with
between 10 to 20% muscovite micas, interpreted as an alteration product of plagioclase feldspars. This information
can be used to classify the sandstones using the Folk (1980) classification scheme, resulting in a Subarkose
Sandstone classification. The quartz grains themselves appear subangular to subrounded. The matrix is
predominantly a form of phyllosilicate, potentially sericite and accounts for approximately 5 - 10% of the observed
samples. A close-up SEM image of the matrix is shown in Figure 8, where the matrix appears to have been
squeezed between two quartz grains resulting in flow under uniaxial compression. The platy nature of the matrix
is characteristic of a phyllosilicate.

640



Matthew TONKINS et al. / Acta Montanistica Slovaca, Volume 26 (2021), Number 4, 634-648

G20E1 Diametric Stiffness/ AE Count - Stress

5% G20E1 Axial Stiffness/ AE Count - Stress
0 P
F175
204 =50
= 150 g
IS k125 %Mo
% 151 & ¢
<
Y 100 2 £ -150 4
£ O &
p=3 < ¥
¥ 104 F7s < £ —200 A
= ¢
< 29 £ -2501
54
F25
~300 -
0 o
0 10 20 30 40 50 60 70 0 10 20 30 40
Stress (MPa) 2000 G20E1 Volumetric Stiffness/ AE Count - Stress Stress (MPa)
T -1500 4 175
0
- -1000 4 150
b
E =500 [125
= H
i 0+ 100 3
£ L7s <
o 500 -
g 50
S 1000 - I
= 25
1500 4
o
2000

0 10 20 30 40
Stress (MPa

0 60 70
)

Fig. 4. Stiffness responses compared to the acoustic emissions for sample E1

cl
10 cc
. : A p.l? ey " ..“;v' A , \J‘u,"u,n
-0.002 -0.001 0.000 0.001 0.002 0.003 0.0(:)4 0.005
Diametrical Strain Axial Strain
o
0.0025 .
oo
-
. i d
0.0020 - s &=
c
E - =
&
£ 00015 . ves
= . .
() . . e
g ¢ st s we o ame
S 00010 . R A
> . . cem e o o
. L
.. - - . R a—
0.0005 1 e » T T S .o.oo::. .:“
. . .. R et —
. - .. oo “ " Sus ® - ocmnE——
.o - . o= & ¢ccommme ©omcommmm—D
0.0000 . . ® 9 . Rl it —
0.000 0.001 0.002 0.003 0.004 0.005
Axial Strain

Fig. 5. Brittle failure results from fine-grained sandstone (sample E1)

+175

150

125

100

55

suno) 3v

(gp) apmijdwy 3y

70

AE Count

Smaller variations in texture within some sandstone samples lead to potentially different mechanical
characteristics. For example, in sample E2, a band of more porous sandstone with a hard boundary to one end and
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a gradational boundary on the other is shown in Figure 9. The pore spaces appear to hold a form characteristic of
a sand grain. It is assumed that these grains were carbonaceous in origin and subsequently removed through
dissolution from groundwater. The presence of this band of increased porosity has had a notable effect on the
trajectory of the primary fracture under uniaxial compression. It has been noted that the localisation of strain is
strongly influenced by the localisation of stresses around pore spaces, as noted as the 4% principle of crack
propagation (Kranz, 1979). The process of crack propagation under uniaxial compression is a complex process
and largely depends on the lithological characteristics, degree of micro fracturing and conditions of loading. This
is evident from the range of primary fractures developed under uniaxial compression, as shown in Figure 10, which
shows three different samples of different grain sizes and the associated primary fracture. Sample E2 and E9 show
the typical characteristic failure patterns observed under uniaxial compression, with sample E7 showing an
approximate hourglass fracture pattern.
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Fig. 6. Stress magnitudes determined from the sandstone samples
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Fig. 7. Grain size comparison of samples El and E8 from petrographical sections. Scale is 500um
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SEMHV: 200KV | WD:13.01 mm
View field: 529 ym Det: SE
SEM MAG: 1.05 kx  Date(m/dly): 04/08/19 CSM-CIMF UoE

Fig. 8. SEM image of the phyllosilicate matrix of sample El. The total view is 529um

Numerical Simulation Results

The behaviour of laboratory tested sandstone is reproduced in Figure 11 utilising the calibrated input micro-
parameters of grain contacts, whose values are shown in Table 2 (shear stiffness is expressed through kn/ks ratio).
Results obtained for simulated UCS testing are shown in Figure 11, while main macro-response values are
presented in Table 3. As can be observed from the figure, the calibrated model correctly reproduces the overall
behaviour of sandstone samples previously tested at the laboratory for UCS.

If we assimilate the number of broken contacts of the numerical model to the acoustic emission, it can be
observed that numerical modelling results present the CI point at approximately 35% of the peak resistance. This
value is slightly lower than those obtained from laboratory tests, which could be due to the lack of a crack-closure
stage and the effect of the mesoscale grain mesh developed for the virtual sample, as well as the predisposition of
Voronoi meshes towards localised tensile failure (Mayer and Stead, 2017). Further work could focus on a potential
better adjustment of the Voronoi mesh size while keeping a number of elements reasonable for the later high-scale
analysis, including DFN.

Table 2: Input parameters used for the calibration fo the Voronoi 3D numerical model in 3DEC

Parameter @(®) or(B) ¢ (MPa) ¢r(MPa) kn(GPaM) kn/ks phi(Mpa)
Value 20 20 45 0 35 2.3 11

Table 3: Macro-response values obtained from virtual modelling

Parameter UCS (MPa) E (GPa) Nax (%) v nvol Cl (%)

Value 88 17 59 025 0.26 35

The modelled failure mechanism is shown in Figure 12. As it can be observed, the main slip plane is generated
inside the sample and extended to one of the sides prior to peak strength. This behaviour is in concordance with
laboratory test results.

In addition, preliminary numerical triaxial tests were carried out with 3 MPa and 10 MPa confinement, using
the same micro-properties as the model calibrated to UCS laboratory data. Adjusting the results from these models
to the Hoek & Brown failure criterion, a value of the "mi" parameter of around 8-9 was obtained.
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SEM HV: 20.0 kV WD: 15.67 mm | VEGA3 TESCAN
View field: 13.9 mm Det: BSE 2 mm
SEM MAG: 40 x Date(m/dly): 03/26/19 CSM-CIMF UoE

Figure 9: SEM image of sample E2, showing the abrupt transition from Quartz/muscovite to one of the numerous voids. Note
how the direction of the fracture alters from the intersection with the voids

E7

Figure 10: Fracture paths from three sandstone samples
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Figure 11: Brittle failure results from the calibrated virtual model of sandstone
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Figure 12: Failure mechanism reproduced by virtual modelling of sandstone, using Voronoi 3D

Discussion - Comparison of Laboratory to Simulation
The results from the laboratory testing and the numerical simulation is shown in Figure 13. For clarity samples

El, ES5 for the course, sample E6 and E7 for the fine and sample E10 for the medium sandstones are plotted and
compared against the simulated sandstone.
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Figure 13: Comparison of the Simulated vs Laboratory tests

The numerical simulation was created as a coarse/medium grained sandstone. The results compare well,
producing a UCS value of 88 MPa, which plots between samples ES and E10 and therefore, in terms of grain size
to peak strength, the model is a good predictor. Slight differences between laboratory and numerical stress-strain
curves arise from the initial increase of the Young modulus shown by laboratory samples due to crack closure,
which are not captured by the numerical model in which there is a continuous degradation of E after crack
initiation. The young's modulus of the simulated sandstone is 17GPa, which is approximately 1GPa lower than the
coarse samples. However, this result is still within the range of stiffnesses recorded from coal strata sandstones.

Regarding material behaviour under confinement, a preliminary comparison between laboratory and virtual
results was carried out, using the relation between the compressive to tensile strength and the Hoek-Brown
parameter "mi" proposed by Hoek and Brown (Hoek and Brown 2019):

Oci

= 0.81m; + 7
|oe| (1)

This equation, applied to the values of the "medium" grain class shown in Table 1, leads to a "mi" estimation
of 7, slightly lower than the value obtained from numerical triaxial tests, but shows promise and requires some
further work.

Conclusion

The work within this paper focuses on the uniaxial laboratory testing of sandstone samples with different
grain sizes. Each sample was prepared and tested under the ISRM guidelines of a uniaxial test ISRM 1974). Axial
and diametrical deformation was recorded and compared to acoustic emissions from the samples under axial load.
The results were used to define critical stress magnitudes for each sample in terms of the Crack Closure (CC),
Crack Initiation (CI) and Crack Damage (CD) as defined by Martin and Chandler (1994). These magnitudes are
used to define the brittle fracturing characteristics of the intact rock and are important to define to understand long
term responses to an applied load.

The results from the laboratory tests found that there was a clear inverse correlation between the grain size
and the uniaxial compressive strength (UCS), with the finer-grained samples resulting in higher UCS values in
excess of 120 MPa, dropping with an increase in grain size to a low of 64 MPa. The results from the critical
magnitudes are relatively similar, with crack initiation starting between 30 to 50% of the UCS and the onset of
permanent crack damage from 75% UCS.
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The GBM numerical model developed using 3D Voronoi tessellation and rigid grains proved to be capable
of reproducing the non-linear behaviour of sandstones for UCS laboratory results, using a low-density mesh of
around 10 grains per diameter. The model compared well with the laboratory tests of similar-sized sandstones in
terms of UCS and E. While more work is required to simulate a range of different grain sizes and pore spaces, it
has been shown to provide good estimates of the intact rock behaviour under low confining pressures.

Further work is going to be carried out from this research. For the laboratory tests, more work is required to
test a wide range of textural and mineralogical characteristics to better understand the relationship between textural
characteristics, brittle fracturing, and critical stress magnitudes. This work goes in hand with further work on the
numerical simulations in terms of unconfined brittle failure by the simulation of different grain sizes and finding
the simulation limits in terms of computational requirements. Regarding material behaviour under confinement,
further work will focus on analysing the grain size influence on triaxial results, as well as the influence of model
micro-parameters on numerical triaxial tests for a better calibration of the virtual model.
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