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Abstract

Fracture and friction behaviors of Aue granite (Erzgebirge, Germany) under confined
asymmetric load are simulated by using the discrete element method. Clumped particle model is
designed to account for stress heterogeneities under compressive load in the rock microstructure
which affect both, fracture and friction properties. In contrast to conventional circular bonded
particle assembly, clumped particle models consist of groups of neighboring individual particles
tied together to mimic unbreakable larger grains of irregular shape (clumps). An optimized
clumped model is used for all calculations which is calibrated by the strength and deformation
data from uniaxial and triaxial compression of Aue granite determined in the laboratory. At first
order approximation, the simulated fracture paths obtained from the clumped particle model
match the observed fracture paths from laboratory experiments at various confinements. Under
low confinement (< 5 MPa), the fracture initiates in mode I from the edge of the asymmetric
loading platen and propagates toward the unloaded portion of the granite. In this scenario,
tensile cracks dominate in the fracture process zone. Under higher confining pressures (10 and
40 MPa), after nucleus of mode I fracture an inclined rupture path develops and propagates
towards the loaded portion of model. A close view on such rupture path indicates that it is a
mixture of vertically aligned isolated tensile cracks in echelon pattern and inclined shear cracks
connecting those tensile cracks. Temporal change of the numerically computed Gutenberg-
Richter b-values shows low b-values in the fracturing regime and higher b-values during stick-

slip and frictional sliding post-failure regime, which are in accordance with laboratory findings.
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1. Introduction

Most earthquakes occur on pre-existing faults [1]; sometimes the formation of new
faults in intact rock mass is also observed [2]. Physically, the earthquake is a frictional sliding
phenomenon in the former and a fracture phenomenon in the latter case. At laboratory scale, the
two phenomena can be investigated in terms of acoustic emissions which have different
signatures for fracture-related events [3] and friction-related stick-slip events [4]. Several
triaxial rock test configurations have been used to investigate rock fracture [5-9] and rock
friction properties [10-16]. Only few studies, however, were designed to examine both types of
source mechanisms in one test configuration [17-19]. In [18], a confined asymmetric test (CAT)
configuration was used first, to pre-determine the fracture nucleus at top of the granite core and
second, to control the speed of single rupture formed by the rate of acoustic emissions [20]. The
observed fracture path for different confining pressures, however, is still difficult to predict by
numerical tools [21]. This in part is due to the simultaneous contribution of fracture (e.g.
strength) and friction properties (e.g. friction coefficient) to the final rupture path formation in
rock.

This paper focuses on reproducing the fracture propagation path in Aue granite
(Erzgebirge, Germany) stressed to failure in the laboratory at zero, 10 and 40 MPa confining
pressures by bonded particle model simulation [22] which is based on the discrete element
method [23]. In previous studies physical material models are represented by assemblies of
circular particles bonded at their contact points and simulated for various engineering
applications [24-34]. In this study, a particle clumping algorithm is applied [35-37] which
accounts for more realistic distributions of stress heterogeneities in the microstructure of the
granite under compressive load. In the fracture process zone, also source mechanisms of cracks

are determined and crack orientation and magnitude statistics is analyzed. Results are discussed



in terms of earthquake prediction precursors, where temporal variation of Gutenberg-Richter b-
values in different types of deformation simulated in clumped particle model is compared to that

of laboratory tested rocks.



2. Confined Asymmetric Test — experimental and numerical setup

Fig.1a shows the setup of the confined asymmetric test (CAT) assembly with AE
sensors glued directly to the sample surface for monitoring acoustic emission waveforms. Holes
in the rubber tube were sealed using two-component epoxy. Fracture propagation during CAT is
shown schematically in two dimensions (Fig.1b), and for reference, laboratory tested deformed
core is shown with loading configuration (Fig.1c). In CAT, the shear rupture is forced to
nucleate at the top of the core near the asymmetric loading platen (Fig.1b, solid line with shear
symbol) and propagates downwards into the intact rock material by generating crack events
ahead of the shear rupture tip, the so-called fracture process zone (Fig.1b, short bars). In CAT,
the stress concentration at top of the core is caused by the contrast in the modulus of the steel
plate covering 80% of the loading area (Fig.lc, yellow arrows on top) and a teflon fill-in
covering 20% of the top loading area (Fig.lc, blue color). Compared to conventional triaxial
testing where the rupture nucleus is determined by sample heterogeneities, the rupture nucleus
in CAT is always fixed on top of the core.

In CAT, axial loading on the core specimen can be displacement controlled (fixed
displacement rate controlled test) or servo-controlled based on the acoustic emission event rate
(AE rate controlled test) recorded by one sensor located close to the rupture nucleus (Fig.1b,
sensor 7). For acoustic emission rates below the trigger level of the control sensor, a fixed
displacement rate loading (0.02 mm/min) was applied; for rates above the trigger level, the axial
load was applied at 10"° mm/min loading. In this sense, the trigger level of the rate control
sensor enabled the speed of the acoustic process zone in front of the fracture tip to be varied by
three orders of magnitude, i.e. from the range of mm/sec in fixed displacement rate control to
pm/sec in acoustic emission rate control tests [18]. By adapting the threshold level of the control

sensor, this testing procedure allows to extend the fracture propagation regime in rock into



several stages generating an equivalent number of events for both, the fracture and frictional
sliding regime of rock tested.

The simplified 2D numerical setup for simulations of CAT on clumped particle model
is shown in Fig.1d. Boundary conditions include the length of the top loading wall which is
shortened to 30 mm (core diameter 50 mm), leaving the upper left portion of the model free of
load. Loading by top and bottom walls is applied in constant displacement rate (0.05 m/sec)
condition, while the velocities of two lateral walls are servo-controlled to maintain a pre-defined
confining pressure throughout the simulation. Also, models are run dynamically with low
damping which is intended to measure seismicity, e.g. seismic moment, magnitude, and to
calculate Gutenberg-Richter b-values. One monitoring circle (Fig.1d, red circle) is inserted in
the CPM to keep track of the stress components (cy, Gy, Gx,) evolving locally within the
encircled area. This allows following principal stresses change as crack accumulates and shear
rupture develops in the model. The stress monitoring circle is placed where the fracture

propagation path is expected to change quickly over short distances (e.g. kinking).



3. Tested rock and clumped particle model

The geologic characteristics of the different types of granites from the West Erzgebirge
are described in [38]. The mechanical properties of the tested red Aue granite from Blauenthal,
Germany (red syeno-monzo granite) are summarized in Table 1. Properties including fracture
toughness of Aue granite determined experimentally are presented in left column of Table 1.
Average uniaxial compressive strength (UCS) of the rock is 134 MPa, Young’s modulus 48 GPa
and Poisson’s ratio 0.19. Peak friction angle and cohesion obtained from triaxial compression
tests are 52° and 23 MPa, respectively. Mode I and Mode II fracture toughnesses (K;c, Kjc) are
determined by Chevron Bend method and Punch Through Shear test [39-41], respectively. The
ratio of K;/K;c varies from 1.4 to 2.6 at atmospheric and to 8.3 at confining pressure higher
than 30 MPa.

In Bonded Particle Model (BPM) simulations, the physical material tested is
represented by an assembly of circular particles bonded at their contacting points with finite
strengths against tensile and shear. In BPM simulation, there are two types of bonding model
provided which are contact bond model and parallel bond model. Contact bond model is used in
this study.

A contact bond can be envisioned as a pair of elastic springs with constant normal (k)

and shear stiffness (k) acting at a contact point (Fig.2). Each spring has a specified tensile

tensile shear

strength (o.“""°) and shear strength (z.”"""). The force-displacement behavior relating the normal
and shear components of contact force and relative displacement for particle contact occurring
at a point are used to define bond micro-failure. If the magnitude of the tensile normal contact
force equals or exceeds the contact bond tensile strength, the bond breaks, i.e. tensile crack

(Fig.1d, black short bars), and both the normal and shear contact forces are set to zero. If the

magnitude of the shear contact force equals or exceeds the contact bond shear strength, the bond



breaks, i.e. shear crack (Fig.1d, red short bars), and the shear contact force is reduced to friction
coefficient times normal compressive contact force.

For generation of CPMs, we use the stamping logic [35-37], which literally stamps
circles randomly with varying diameters within a bonded particle model (Fig.3a) that is
generated using the micro-parameters listed in Table 2. Locations of the stamps are determined
by x- and y-coordinates of stamp centers which are chosen randomly within the model boundary
(width: 0.05 m, height: 0.1 m). Diameters of the stamps are chosen randomly from an uniform
distribution between lower and upper bounds, 0 and 4 mm, therefore giving average diameter of
2 mm. Those particles of which the centers are trapped in the stamp are grouped together as a
clump (Fig.3b). Stamping continues until the iteration number reaches total number of particles
in the model. Because of random positioning of the stamps, a particle that was previously a
member of one clump can be restamped and become a new member of another new clump.
Such randomness lets some of the particles be left out, i.e. not belong to any clump. Such
individual particles can act as single circular clumps which are analogous to rock grains that
have rounded shape and located between bigger angular neighboring grains as can be seen in
Fig.3e (indicated by arrows). As a result of stamping and clumping, a CPM is obtained (Fig.3c)
of which packing structure (Fig.3d) is supposed to resemble the microstructure of Aue granite
(Fig.3e). The quartz content is about 30 vol%, the feldspar content 60 vol%, and mica 10 vol%,
respectively [42]. Average grain size of the red Aue granite is 1.35 mm [42], but grains up to 5
mm diameter are found [39].

As mentioned earlier, diameters of the circular stamps are chosen randomly from a
uniform distribution between 0 and 4 mm, giving average of 2 mm. The size (2D area) of one
clump is calculated by summing all the particle area comprising the clump. Although the stamp

diameter follows uniform distribution, clump size (2D area) distribution shows rather an



exponential decay (Fig.4a). As proxy, the exponential decay of the clump size distribution can
be used to simulate the actual grain size distribution in Aue granite measured (Fig.4b).

Mechanical properties of the CPM are listed in right column of Table 1 which are
averaged values obtained from simulation runs on 10 CPMs that have identical particle contact
properties but with different packing structures. Different packing structures were made by
changing the seed of random number generator that is used in random positioning of the stamps.
Different seed number of random number generator results in different locations of the stamps,
therefore results in different packing structures and initial contact force chains.

The properties assigned at particle contacts, e.g. contact stiffness (&, k), bond strength
(0., 7. and at particle, e.g. rigidity of particle (E.), density (p), radius (#uin, #max), friction
coefficient (u) (referred to hereafter as micro-parameters in Table 2), were calibrated so that the
macroscopic properties of CPM resemble that of Aue granite. Strength of bonds (tensile/shear)
at contacts can be chosen from Gaussian distribution that is defined by means (6, mean Temean) and
standard deviations (0. u.dev, Tesidder) Of bond strength as in Table 2. Giving non-zero standard
deviation could ensure heterogeneity in bond strength distribution. However, in this study, we
tried to exclude bond strength heterogeneity by giving zero standard deviations when generating
a CPM and to focus on microstructure heterogeneity in optimizing strength, deformation and
fracture properties of Aue granite in CAT.

Unlike in conventional particle model calibration where an optimized method is used
to determine the micro-parameters [31], calibration was done manually in the present study,
which means that all micro-parameters in CPM were changed one at a time and the resulting
macroscopic properties were directly compared to the experimental target values. Such process
is repeated until the differences fall below a lower bound. For example, the UCS of CPM (Table

1, 150 MPa) is within 10% of Aue granite UCS (Table 1, 134 MPa). Analogous bounds are set



for the remaining mechanical rock parameters.

Young’s modulus, Poisson’s ratio, peak friction angle and cohesion of CPM are in
good agreement with those of Aue granite. Two additional macroscopic properties are checked
which are crack-initiation and crack-damage stress levels.

Crack-initiation stress level (Fig.5a, 6.;) of CPM under uniaxial compression is defined
as a point in the stress-strain curve showing deviation from linearity. Since it was hard to detect
the point where the slope deviates from linearity, we used axial stiffness curve which is made by
differentiating the axial stress curve. From Fig.5a, crack initiation stress (o, 34% of UCS) is
defined where the axial stiffness curve begins to show fluctuation, indicating that 50 GPa axial
stiffness (which is Young’s modulus) is no longer maintained due to continuous emission of
tensile cracks. Crack-damage stress (Fig.5a, 6.4, 82% of UCS) is defined as the point in the
stress-strain curve where the slope of the volumetric strain changes from positive to negative,
which indicates start of dilation (Fig.5b). This occurs at 0.0025 axial strain (Fig.5b). Dilation
begins at this axial strain which is also indicated by the emission of shear cracks.

Since, crack-initiation (o) and crack-damage (o) stress levels of Aue granite are
unavailable, two stress levels are taken from the literatures for comparison. Chang and Lee [43]
have determined these two stress levels by monitoring volumetric strain changes and acoustic
emission hits during uniaxial compression tests on Hwangdeung granite. Eberhardt et al. [44]
did the same for the Lac du Bonnet granite. Assuming that the stress levels for crack initiation
and crack damage of Aue granite are in the similar range as those found for Hwangdeung and
Lac du Bonnet granite: 33-39% of UCS and 75-89% of UCS, respectively (Table 1), two stress
leels determined in the CPM uniaxial compression simulation are in reasonable ranges.

Residual friction angle (42-51°) was obtained by performing biaxial compression

simulation and by continuing loading until clear plateau in stress-strain curve is reached from

10



which residual strength and residual friction angle were computed.

Simulated tensile strength of CPM from Brazilian test is higher than that of Aue granite
by a factor of 2.5. However, recent modeling effort [37] shows that by having certain number of
bonded contacts unbonded after generation of CPM, it is possible to reproduce fair ratio of
compressive to tensile strength which is higher than 10. This approach accounts for pre-existing

microcracks (unbonded contacts) [45] but is not taken into account in this study.
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4. Results

Results of the numerical simulations are presented with emphasis on comparison with
the results from laboratory CAT experiments [18], which involve fracture propagation paths at
various confining pressures, statistical analysis of crack type sources and temporal variation of

amplitude frequency distributions of cracking events.

4.1. Load vs. time curve at 10 MPa confining pressure

Using the CPM calibrated for Aue granite properties, we calculated the variation of
load and cumulative number of cracks in the CAT loading scenario with 10 MPa confining
pressure (Fig.6a). In CPM simulation, we normalized the load curve by the peak load.
Computed load (Fig.6a vertical axis) corresponds to the reaction force the upper loading platen
received from the CPM. The horizontal axis represents time steps (cumulative number of
cycles) normalized to the cumulative cycle number at which the peak load was reached.

For reference, the acoustic emission (assumed to be crack-related) and mechanical data
for the laboratory CAT-10 MPa scenario with displacement-rate (0.02 mm/min) control are
shown in Fig.6b. A first sharp increase in cumulative AE number is observed at 915 sec (also
indicated by a small force drop), and is caused by the initiation of mode I crack under the
asymmetric loading platen [20]. The maximum number of AE events occur during final shear
failure of the core (time 1630 sec) associated with a force drop of 175 kN. Time gaps (40 sec) in
the experimental recording of AE are caused by the dead time of the transient recorder (Fig.6b).
In CPM simulations (Fig.6a), the load drop caused by mode I rupture nucleus occurs at time
0.82 (failure time t = 1) at about 90% of the peak load value. In the laboratory CAT (Fig.6b),
mode I rupture nucleus occurred at normalized time 0.56 (failure time 1630 sec) at 70% of peak

load value. In both simulated CPM and laboratory CAT, mode I rupture is accompanied by
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~1000 AE (cracks). However, 5000 AE are detected during laboratory rock shear failure

(Fig.6b) while only 1000 cracks are formed in CPM.

4.2. Growth of rupture at 10 MPa confining pressure

Growth of rupture path in CPM at 10 MPa confining pressure is presented by
cumulative crack pattern divided in four stages (Fig.7a-d). In stage 1 (Fig.7a, fracture nucleus),
cracks occur below the asymmetric loading platen (stress concentrator) and have mostly tensile
source mechanisms (Fig.7a, black short bars). In stage 2 (Fig.7b, vertical fracture propagation)
the cluster of cracks extends in the vertical direction to about below the center of the specimen
(55 mm). In stage 3 (Fig.7c, kinking of rupture path), the crack cluster changes direction by 30-
40° (Fig.7c, yellow bars) and starts to grow towards the bottom right corner of the model. In
stage 4 (Fig.7d), the CPM starts to dissect (falls apart) by large number of shear cracks forming
and connecting tensile fractures that were generated during stages 1-3. Generation of shear
cracks connecting tensile cracks produced stick-slip behavior of the CPM which is followed by
frictional sliding along the inclined rupture path.

For reference, orientation distribution of crack plane normal for tensile and shear
cracks that are generated during stages 1-4 are shown in Fig.7e-h, respectively. Inlet figure in
Fig.7e shows definition of orientation of crack plane normal, which is positive when counted
anticlockwise from positive x-axis. Cumulative number of tensile and shear cracks and their
relative portions at each stage are presented at the top of each histogram. In stages 1 and 2,
tensile cracks that are aligned sub-vertically dominate which is shown by grey bar plot (Fig.7e-f,
orientation 0 and 180 degrees). Number of tensile cracks increase from 387 (stage 1) to 659
(stage 2). Relative portion of tensile crack in the total crack population in stage 1 and 2 is 86%.

In the kinking phase of rupture path (stage 3), relative portion of shear crack increases to 24%,
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whereas that of tensile cracks decreases to 76% from 86% (Fig.7g), which further decreases to
69% as the inclined rupture path is fully developed (Fig.7h). The orientation distribution of
shear crack plane normal is bimodal with two maxima, one near 30° and the other near 120°.
During stages 1 and 2, shear cracks are formed in a way that connects the vertical tensile cracks
with certain inclination angles near 30° and 120°. Vertical tensile cracks are formed in
overlapping pattern but isolated to each other (en échelon fractures) near the zone where kinking
of rupture path is expected to occur. As more shear cracks appear (stage 4), the isolated tensile
fracture are progressively interconnected by the shear crakcs and the rupture path gradually
develops. The shear cracks are generated more or less parallel to the inclined rupture path
marked by the yellow bar (Fig.7c). This leads to concentration of the shear crack plane normal
orientated 30°. As the rupture path is fully developed (stage 4), more shear cracks appear.
Overall, relative portion of shear cracks in the total crack population increases from 14% to 31%
as CPM deforms from stage of vertical fracturing through rupture path kinking till the final
rupture reaches the bottom right corner of the model.

The distribution of acoustic emissions (AE) hypocenters (assumed to represent crack
locations) detected during CAT-10 MPa on Aue granite with AE rate control are shown in Fig.8.
The first three diagrams (Fig.8a-c) correspond to fracture regime while the last one corresponds
to frictional sliding regime. In total, 1712 (144+410+610+548) AE hypocenters were located,
1164 (144+410+610) during fracture regime and 548 during frictional sliding regime.
Analogous to CPM crack pattern, the AE cloud first develops under the asymmetric steel
loading platen (Fig.8a, stage 1a) and propagates sub-vertically (Fig.8b, stage 1b), makes a kink
(Fig.8c, stage 1c¢) and undergoes frictional sliding and leaves AE events located mainly in the
hanging wall of the sheared specimen (Fig.8d, stage 2). In this sense, CPM crack patterns fit the

evolution of the acoustic emission process zone propagating ahead of the shear rupture.
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There are, however, also notable differences. For example, the simulated rupture path
runs all the way down to the bottom right corner in CPM simulation (Fig.7c-d) while the
observed AE hypocenter cloud arrests 20 mm above the bottom loading plate (Fig.8c-d) in case
of CAT on Aue granite. Also the 3D pattern of AE in the core seems to be more localized
compared to the crack pattern in the 2D CPM simulations, most pronounced in the frictional

sliding regime (Fig.8d vs. Fig.7d). This will be addressed in the discussion.

4.3. Confined rupture paths and crack statistics

In the laboratory CAT, different fracture paths were observed as the applied confining
pressure increases. Fig.9a shows the traces of fractures made visible by impregnation of blue-
epoxy in thin sections cut from the deformed core halves. The samples were tested at
atmospheric, 10, and 40 MPa confining pressures. At atmospheric pressure (Fig.9a-1), the
fracture initiated at the point (2D) or edge (3D) of the asymmetric steel loading platen, and
propagates sub-vertically towards the non-loaded portion of the core (3D). The fracture path
shows two parallel segments, one of which stops 20 mm below the loading platen, the other one
starts 10 mm below the loading platen with some offset (Fig.9a-1). Overall rupture path is tilted
10° from vertical and shows tensile splitting features also at grain scale [8]. At 10 MPa
confinement (Fig.9a-2), the fracture nucleating in mode I at the edge of the loading platen
propagates towards the loaded portion of the core. Analyzing the damage zone in thin sections,
en échelon cracks are found (Fig.3e). The kink in rupture plane visible at 10 MPa confining
pressure disappears for higher confining pressures (Fig.9a-3). The width of the fracture process
zone narrows with increasing confinement and the fracture ligaments form a more or less
straight line. At 40 MPa, however, the rupture needs two attempts to nucleate from the CAT

plate (Fig.9a-3, bifurcation). In addition, an unloading crack occurs at the lower right corner of
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the specimen where the rupture intersects the core mantle (Fig.9a-3, unloading crack).

The fracture paths simulated in CPM are shown in Fig.9b for the same three levels of
confining pressure. At atmospheric confining pressure (Fig.9b-1), the fracture path propagates
into non-loaded portion of the model. Increased confining pressure (Fig.9b-2 and 9b-3) causes
fractures to propagate into the loaded portion of the model. The fracture path into the non-
loaded portion of the model is mainly composed of tensile cracks oriented sub-vertical (Fig.9c-
1). Fractures propagating into the loaded portion of the model show an increasing number of
shear cracks having bimodal orientation distributions (Fig.9c-2 and 9¢-3). One maximum occurs
near 30° and one near 130°, most pronounced in the CAT of CPM with 40 MPa confining
pressure (Fig.9¢c-3). Shear cracks are localized along the fracture path which bisects the model
from the tip of the asymmetric loading platen to the bottom right corner of the CPM. Higher
confining pressure suppresses tensile splitting and results in failure of the model via shear
cracks. The percentage of shear cracks increases from 9% at atmospheric pressure to 24% at 10

MPa, and reaches 45% at 40 MPa confining pressure.

4.4. Temporal variation of b-values

Acoustic emission and seismicity modeling technique developed by Hazzard and
Young [46] is adopted in CAT of CPM, in order to investigate how closely Gutenberg-Richter -
values simulated in CPM for fracture and frictional sliding regimes resemble the seismic b
generally observed and a few experimental observations made on rock cores.

In CPM simulation, it is assumed that each bond breakage represents a single crack in
rock. When a bond breaks, the two particles on either side of the crack (bond breakage) will
move and contacts surrounding the two source particles will suffer some deformation resulting

in changes of contact force at the surrounding contacts. From contact locations and force
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changes, and by integrating those surrounding the crack, components of the 2D moment tensor
are calculated. Moment magnitudes are then calculated from the moment tensor matrix. Details
of the technique and its applications to rock test modeling and spalling problems in tunnel
excavation can be found in the Hazzard and Young [26,46,47].

Model is run dynamically by specifying appropriate level of numerical damping to
simulate realistic level of attenuation or energy loss in rocks, which is generally expressed by
dimensionless seismic quality factor Q [48]. The seismic quality factor Q is inversely
proportional to attenuation, and is directly related to numerical damping in CPM using equation:
QO = n/2a, where o is local damping coefficient used to calculate the damping force applied to
each particle [22]. By specifying a damping coefficient, strain energy released from the particle
contacts after bond breakage is partially converted into kinetic energy and seismic source
information is calculated. For Aue granite CPM, O ~200 is assumed, since QO of Lac du Bonnet
granite in situ is about 220 [49] and granite generally has QO of 250 [48].

In Fig.10, the cumulative number of cracks vs. moment magnitude is plotted following
the Gutenberg-Richter type frequency-magnitude relation [50]. The dashed red line indicates
that there are 50 cracks of which the magnitudes are greater than -4.75. The b-value was
computed by fitting the linear part of the plotted data. Rao and Prasanna Lakshmi [51] pointed
out that AE amplitude vs. frequency relation does not always exhibit a single straight line but
rather show a curved shape. They proposed an improved way of determining b-value which
involves filtering of high and low amplitude AE hits in a selective manner. In the present study,
however, we simply used linear fitting to those data points lying linearly in between magnitude -
5.1 and -4.2, resulting in b-value of 2.6.

The computed b-values from the magnitude-frequency relations for various points in

the load vs. time curve are plotted in Fig.11a. Initial part of the curve (shaded area) corresponds
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to the load vs. time curve presented in Fig.6a. Also, four points are marked along the load curve
which correspond to the four snap shots presented in Fig.7 (7a,b: fracturing regime; 7c: stick-
slip regime; 7d: frictional sliding regime). Fracture initiation and growth in vertical correspond
to the first load drop (B;). The second load drop (B,) is associated with the fracture kinking and
fully growth of rupture path that extends to the bottom right corner of the model. Time window
covering the two load drops (shaded area) is presented in Fig.6a. Loading was further continued
after the load drop B, to induce sliding of the hanging wall block over the foot wall block. As a
result, frictional sliding does not appear right after the fracturing stage, but rather a stick-slip
type behavior was observed where kinetic energy released by cracking as well as frictional
energy dissipated by sliding are both present. Stick-slip type behavior is followed by purer
frictional sliding type which is characterized by gradual increase of dissipated frictional energy
and hardly visible kinetic energy release.

Low b-values (<2) are calculated for cracks generated during the fracturing regime
(Fig.10a, red dots). An increase in b-value (>2.5) is observed in the stick-slip regime with
further increase in b-value (>3) in the frictional sliding regime (Fig.10a, blue dots). Qualitatively,
such behavior of b-values is consistent with experimental findings on oven-dried Darley Dale
sandstone at 50 MPa confining pressure [52-54]. Stressed to failure in the laboratory, Darley
Dale sandstone is characterized by low b-values in the fracturing and high b-values in the
frictional sliding regime.

Largest magnitude events (Fig.11b, blue dots up to M = -4) occur before corresponding
load drops in the CPM simulations (Fig.11a, B;-B;). Number of crack events per time interval
(AN/At) indicate bursts with event rates as high as 400 events per 0.01 normalized time
increment (Fig.11b, right ordinate). Cascade like fractures (bursts B;-B;) are followed by time

intervals of quiescence with no cracks (Fig.11b, Q;-Q3), and are restricted to the fracturing and

18



stick-slip regime. A characteristic feature of events in the frictional sliding regime is the
occurrence of very low magnitude events (Fig.11b, orange and red dots, M = -7.5) an

explanation of which is given in the discussion.
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5. Discussion

In this section, possible reasons for inconsistency between the results from CPM
simulation and laboratory CAT results are discussed. In Fig.6a, where normalized load and
number of cracks are plotted with respect to normalized time for CPM, the first load drop where
mode I fracture develops appears at 90% of peak load, whereas in laboratory CAT the first load
drop appears at 70% of peak load. Such discrepancy may have resultede from (1) different
loading rate, and (2) size and strength differences between clumps and rock grain distributions.

In faster loading rate in laboratory experiments, it is observed that rock specimens
often exhibit higher failure strength with high degree of damaging, whereas in slower loading
rate the failure strength and damage are less [6]. Laboratory CAT was performed with 0.02
mm/min trying to maintain quasi-static state and to control and slow down the rupture process
for closer investigation. CPM simulation was done with 0.05 m/sec platen loading velocity. We
choose 0.05 m/sec loading rate for CPM simulation because it ensures quasi-static state
throughout the loading process as proposed in [22]. However, recent model run indicates that
CPM responds differently under much slower loading rate (0.001 m/sec) showing less number
of cracks and different load response, stable cracking that shows transition from fracturing to
frictional sliding without stick-slip regime. Investigation on the effect of loading rate on
damaging process under CAT configuration is left for future study.

The different load levels for mode I fracture development can also result from
difference in the size (2D area) of clumps and the size of grains in Aue granite. In Fig.4a, the
average size of the generated clumps (2D area) is 2.1 mm’. Zang [42] reported that average
grain size of Aue granite is 1.35 mm. Assuming that the grain size is equivalent to grain
diameter, then average size (2D area) of Aue granite grain becomes 1.43 mm”, which is smaller

than the average size of clumps (Fig.4a) by a factor of 1.5. By observing the distribution of
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cracks that were generated in CPM, distinctively clear mode I tensile fractures were observed
that initiated at the point of stress concentration and propagated almost vertically downward. By
comparing the load levels at the onset of the vertical mode I fracture in both CPM and BPM
tested at same confining pressure of 0.1 MPa, it is checked that the required load level for mode
I fracture initiation is generally greater in CPM than in BPM. Such result indicate that the larger
the size of structural unit (average size of clumps in CPM is 2.1 mm?; average size of particles
in BPM is 0.34 mm’ [31]), the higher the load level required to initiate mode I fracture. From
laboratory mode I fracture tests using Chevron Bend method, Backers [39] reported K¢ of Aspd
diorite is 3.83+0.03 MPa\Vm which has average grain size of 1.28+1.16 mm. It was reported that
the K;c of Aue granite which has average grain size of 0.99+0.67 mm is 1.60+0.13 MPaVm.
Results from both numerical and laboratory experiments support that the larger the grain size,
the higher the load required to initiate mode I fracture.

When the peak load is reached, the number of cracks in CPM is about 1000 whereas
the number of AE in Aue granite is 5000. This can also be explained by the size difference
between clumps and rock grains. Larger number of cracks can be obtained when CPM is
generated with higher resolution. Moreover, AE events detected in Aue granite involve not only
pure tensile and pure shear events, but also involve events associated with grain boundary
sliding, friction between loading platen and rock surface, and implosion sources such as pore
collapse and grain crushing, all of which can contribute to the total number of 5000 AE.

Comparing Fig.7 and Fig.8, there appear two significant differences. Firstly, the
inclined rupture path reaches the bottom right corner of the rock in case of CPM (Fig.7d),
whereas the rupture in Aue granite stops 20 mm above the bottom platen. Such difference can
again be explained by the difference in size of clumps and rock grains. In CAT simulation using

bonded particle assembly with average particle size (2D area) of 0.34 mm” under 10 MPa
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confining pressure, the inclined rupture path did not reach the bottom but stops 40 mm above
the bottom platen [31]. Another reason for the AE to stop above the bottom platen might be the
effect of shear friction at the contact between rock and the steel loading platen which is not
simulated in CPM.

Secondly, when we compare Fig.7d and Fig.8d, there appear cracks below the loading
platen in CPM whereas there are no AE hypocenters detected below the loading platen. Such
difference may be due to the fact that clump is rigid whereas rock grain can deform and be
crushed. Stress that is applied by the loading platen and accumulated in the upper hanging wall
body is progressively released as the inclined rupture develops through stages 1 to 3 (Fig.8a-c).
When the rupture path is fully developed, the upper hanging wall body becomes free of stress
and starts to slide over the foot wall body along the rupture surface, which consequently induces
additional cracks highly localized along the rupture path (Fig.8d).

In Aue granite, as polarity analysis of the AE events indicates, shear sources and
implosion sources prevail (crack source statistics in Fig.8d, 60% S-type and 40% C-type) in the
frictional sliding regime, which are interpreted physically as pore collapse and grain crushing
phenomena in the damage zone [18]. In CPM, however, due to the rough rupture path, the
hanging wall and the foot wall blocks are likely to interlock, even after the rupture path is fully
developed. The upper block is not free of load but stressed, and additional force is required to
overcome sliding resistance at asperity-clumps along the rupture surface to make the hanging
wall block slide over the foot wall block. Such mechanism results in additional increase in load
and stick-slip type behaviour after the inclined rupture path is developed (Fig.11a). Eventually,
interlocking of clumps after bond breakages is the fundamental process leading to (1) partially
shear cracking and frictional sliding (stick-slip) along the rupture path, and (2) partially new

crack formation in the upper hanging block below the loading platen not seen in AE hypocenter
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distribution.

There are also differences between the extent of damage zone visualized by crack
distribution in CPM and by cloud of AE hypocenters in Aue granite, and by epoxy impregnation
in thin sections of the deformed rock. The damage zone visualized in rock thin section by blue
epoxy impregnation (Fig.9a-2) is narrower compared to those constructed by crack distribution
in CPM (Fig.9b-2) and cloud of AE hypocenters (Fig.8). Differences in the geometry of the
fracture process zone from AE hypocenters (Fig.8) and CPM crack distributions (Fig.7) can be
explained by the occurrence of micro-failure mechanisms contributing to the AE cloud like
intra-granular tensile cracks, grain breakage, pore collapse, grain crushing and degradation,
which are not simulated in CPM.

In seismology, the Gutenberg-Richter b-value expresses the scaling relation between
magnitude and frequency of earthquakes. Because b-values in space and time are discussed as a
precursor phenomenon in earthquake prediction [55], b-values are determined in both,
experimental and theoretical catalogues of events.

Scholz [56] studied the dependence of b-value on rock type, stress and confining
pressure and claimed the stress state to be the deterministic factor of the b-value. In addition, the
frequency-magnitude relation for events that accompanied frictional sliding and deformation of
a ductile rock (marble) was found to have a higher b-value (1.5-2.5) than that observed in brittle
Westerly granite (0.2-1.3). From Fig.11a, the same trend is evident from CPM simulations for
the fracture and friction behavior of Aue granite. In the fracturing regime of Aue granite, the b-
value before the first stress drop is low (1.8<b<2.4) as compared to the b-value in the stick-slip
and sliding regime of the rock (2.6<6<3.0).

Amitrano [19] analyzed the AE and the mechanical behavior of Sidobre granite

samples during triaxial compression tests. For different stages of the rock mechanical behavior

23



(linear, nonlinear prepeak, nonlinear postpeak, shearing), there is a systematic decrease of the b-
value with increasing confining pressure. Through FEM model based on a progressive isotropic
damage, it was found that the b-value is controlled by variations of the internal friction angle
induced by changes of the confining pressure.

Schorlemmer et al. [57] found that the b-value varies systematically for different styles
of faulting: normal faulting events have the highest b-values, thrust events the lowest and strike-
slip events intermediate values (brp< bss< bnr). They implies that, given that thrust faults tend to
be under higher stress than normal faults, the b-value can act as stress meter that depends
inversely on differential stress.

Rao and Prasanna Lakshmi [51] performed a set of uniaxial compression tests on
Godhra granite and monitored the acoustic emission, deformation and failure behavior. Their
results indicated that during the early stages of loading, AE generated due to the closure and
rubbing of pre-existing micro-cracks in the rock began to show a high b-value of ~2.25. It then
decreased to ~1.53 and stabilized during the elastic deformation stage of the rock. At the end of
that stage, dilatancy (inelastic volume change) begins due to the formation of a large number of
new micro-cracks on the eventual fracture plane and showed b-value decrease down to ~1.15.
They conclude that high b-values are caused by a large number of smaller amplitude AE that
represents a state of new crack formation and slow crack growth, whereas low b-values indicate
a state of relatively fast and unstable growing cracks documented in large amplitude AE.

The occurrence of cracks that have very small magnitudes in frictional sliding regime
(Fig.11b, red and orange dots, M = -7.5) can be explained by analyzing the three energy terms
monitored during CPM simulations — total strain energy, E., of the entire assembly stored at all
contacts assuming a linear contact-stiffness model; total kinetic energy, Ej;, of all particles

accounting for both translational and rotational motion; total energy, £y, dissipated by frictional
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sliding at all contacts. Frictional sliding regime is characterized by relatively small rate of
events (AN/At<50) and continuous crack bursts compared to fracturing regime (Fig.11b). When
a crack occurs, the stored strain energy at the contact is converted into kinetic energy (if
cracking in tensile mode) or into combination of kinetic energy and frictional energy (if
cracking in shear mode). Because the models are run dynamically with damping coefficient
(that corresponds to seismic quality factor O of 200 for Aue granite), whenever crack occurs
kinetic energy that causes contact force changes at the contacts surrounding the crack is reduced
by a factor of the damping coefficient. Consequently, such chain reaction results in less amount
of moment magnitude. The most efficient process to reduce kinetic energy in CPM is shear
crack. This is because two contacting particles in shear produce energy dissipation by friction
(Fig.2), and less kinetic energy accounts for smaller moment magnitude of cracks.

For CPM generation, contact bond tensile strength and shear strength are set to 100
MPa and 200 MPa, respectively. Such numbers are assigned considering the ratio of Mode I and
Mode II fracture toughnesses (K;/K;c) of Aue granite which is in range between 1.4 and 2.6
(Table 1). Potyondy and Cundall [22] developed a relation between contact bond tensile strength
and Kjc of a regularly bonded particle assembly, which is expressed as a function of average
particle radius and contact bond tensile strength. Additional work is needed for Kj;c and contact
bond shear strength.

To evaluate the limits of our discrete element approach using CPM to reproduce
confined fracture paths observed in Aue granite under different confining pressures, we
monitored the internal stress state close to the kinking phenomenon observed (Fig.7c). For this
purpose, the principal stress paths (o, vs. 6;) were calculated from the local stress components
(0xx» Oyy, Oxy) €volving in the monitoring circle (Fig.1d) for the CPM runs with 0.5 (Fig.12a) and

20 MPa confining pressure (Fig.12b). Fig.12¢ presents the entire stress paths and the two
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rectangles indicate the 6, vs. 0, domains that are shown in Fig.12a and 12b.

At 0.5 MPa confinement (Fig.12a), in the beginning of the CAT the ratio between
maximum and minimum principal stresses (61/0,) is 24. Principal stress ratio is plotted by grey
dots (CPM path with numbers, arrows indicating increasing time) and by colour contours in the
background. Both principal stresses increase as load increases (Fig.12a, vertical helix line made
of grey dots). When the first crack occurs (CPM path, dot numbered -48), the minimum
principal stress decreases and falls below zero (Fig.12a, 6, = 72 MPa, 6, = -1.5 MPa) indicating
tensile failure. Continued loading results in increase of minimum principal stress whereas the
maximum principal stress remains rather constant (Fig.12a, (c,,0,) = (72,5)). During this stage
(CPM path, dots numbered 11-12), fracture growth is characterized by vertical tensile cracks. At
the end of CAT at 0.5 MPa confining pressure, 61/, = 11 and the stress ratios are near the shear-
slip criterion (6,=ct+gos: where ¢=0, ¢=[(x*+1)**+u]’, u=tan(]) calculated from peak friction
angle (Table 1 and Fig.12a, [~ 58°).

In case when the confining pressure is 20 MPa (Fig.12b), in the beginning c,/c, = 7,
and both principal stresses increase until first crack occurs (61/0, = 10). There is also a period
where the minimum principal stress decreases, i.e. from 12 to 7 MPa, while the maximum
principal stress shows little change, i.e. 100-105 MPa. This period is characterized by
generation of both tensile and shear cracks within the monitoring circle (CPM path, dot
numbered 14). Shear cracks that are inclined and connecting the vertically aligned tensile cracks
make the stress path more fluctuating compared to the case when the confining pressure is 0.5
MPa. After crack generation, the principal stresses increase (61,0,) = (130,13) indicating that the
bonded clumps in the monitoring circle can sustain further loading without inducing crack
because of the confining pressure (almost the same slope of the stress path, Ac,/Ac, = 40).

When the asymmetric load reaches its peak, then minimum principal stress starts to increases
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significantly (from 13 to 22 MPa), while the maximum principal stress is almost constant (125
MPa). This stage is characterized by the generation of equal portions of tensile and shear cracks,
which fill the inclined shear band in the model at high (> 10 MPa) confining pressure (Fig.9b-3).
The stress ratio is 6-7 at the very end of the CAT with 20 MPa confining pressure (Fig.12b, grey
dots numbered 6-7).

In Fig.12b, three Mohr-Coulomb based shear-slip criteria are plotted by dashed lines.
The first criterion plotted by using the peak friction angle (58°) of CPM determines whether a
given stress state (o vs. 6,) causes virgin fracture. As seen in Fig.12b, there appear a few points
sitting left side of the 58° shear-slip criterion (c; = 100-105 MPa, o, < 8§ MPa). Cracking at
those stress states is explained by virgin fracturing which consists of vertically aligned tensile
cracks and a few inclined shear cracks inter-connecting the tensile cracks. After a virgin fracture
occurs, the principal stresses fall into the region between the 58° and 51° shear-slip criteria.
When the maximum principal stress reaches 130 MPa (peak load), a large number of cracks
appear in the monitoring circle producing a significant change in minimum principal stress. At
the final part of the stress path, both principal stresses decreases and the points are aligned in the
region between the 51° and 42° shear-slip criteria calculated from the residual friction angles
(Table 1). It is speculated that shear cracks generated in the frictional sliding regime build up a
process zone in which the hanging wall block slides over the foot wall block. While sliding,
residual strength is built up in the process zone that is composed of frictional resistance at shear-
broken contacts and resistance against translational and rolling motions of asperity-clumps over
one another along the fracture/friction plane. This is why principal stress ratios are plotted
between the two shear-slip criteria computed from the residual friction angles at the very end of
the CAT simulation with 20 MPa confining pressure.

In the past, various numerical techniques have been employed to reproduce the fracture
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paths in rock under low, intermediate and high confining pressures [21]. Yoon [31]
demonstrated that use of DEM based bonded particle model was partially successful in
reproducing the fracture paths of granite under confined asymmetric loading compared to FEM
based model. Use of CPM made the simulated fracture propagation path match far closer to the
laboratory observations. Remaining differences can be explained by (1) other micro-failure
mechanism, e.g. intra-granular cracks (grain breakage/crushing) not simulated in CPM, (2) local
variation of friction coefficients under confining pressure and pressure dependent rock fracture
toughnesses (mode I and mode II) and also mixed-mode failure processes, (3) difference
between CPM microstructure and real rock structure. DEM based rock modeling by Potyondy
[58] and Groh et al. [59] show that replicating true microstructure and microstructural
interactions of rock enable modeling of complex and non-linear behaviors of crystalline rocks
by DEM. In particular, the use of grain-based model [58] is one promising approach to match
fracture path in heterogeneous, brittle rock-like materials from experiments and numerical
simulations.

In future studies, other numerical methods like BEM, DDA, DFN, x-FEM [60] should
be applied to simulate and validate the unique fracture paths in our laboratory CAT benchmark

test for different confining pressures.
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6. Conclusions

Laboratory confined asymmetric test (CAT) on Aue granite was simulated using the
discrete element method (DEM) based clumped particle model (CPM). Experimental results
which include locations of acoustic emission hypocenters and damaging sequence, fracture
propagation path and its dependence on confining pressure are compared with those from CPM
simulations. In addition, temporal changes of the Gutenberg-Richter b-values during the
damaging sequence were simulated and compared with experimental results available from
literature.

In CPM simulations the load drop caused by mode I rupture (sub-vertical fracture
consists of mainly tensile source) nucleus occurs at 0.82 of failure time (at 90% of peak load),
while in laboratory CAT with 10 MPa confinement the load drop associated with mode I rupture
occurs at 0.56 of normalized failure time (at 70% of peak load). Such discrepancy can be
explained by (1) different loading rates, and (2) size and strength differences between clumps
and rock grains. In faster laboratory loading rate, the rock specimen exhibit higher strength.
From numerical simulation we infer that the larger the grain size, the higher the load level
required to initiate mode I fracture.

Locations of acoustic emission hypocenters in Aue granite generated during fracturing
and frictional sliding stages were compared with the simulation results. CPM crack pattern fit
the observed cloud of AE detected in the laboratory CAT with 10 MPa confinement in a sense
that four stages of rupture growth could be validated. Events first occur below the asymmetric
steel loading plate acting as stress concentrator (stage 1), propagate vertically downward mainly
by tensile cracking (stage 2) and then develop a prominent 30-40° kink (stage 3). In the friction
regime (stage 4), the CPM dissects causing sliding of the upper hanging block over the lower

one.
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Confined rupture path visualized from CPM crack patterns and laboratory CAT core
inspection are in good agreement in a sense that at low confining pressure (< 5 MPa), the first
crack cluster appears below the stress concentrator (asymmetric steel loading platen). With
increasing load, the cluster propagates vertically downward and progressively changes its
direction towards the non-loaded portion of the model causing splitting failure consisted of
mainly tensile cracks. Increase in confining pressure (10, 40 MPa) suppresses rock splitting and
results in more localized shear rupture paths entering into the loaded portion of the model. The
percentage of simulated shear cracks increases from 24% at 10 MPa to 45% at 40 MPa.

Interlocking of asperity-clumps after bond breakages may be the fundamental
difference for AE not observed below the asymmetric loading plate in the Aue granite and CPM
cracks occurring in the hanging wall below the stress concentrator. To what extent the
interlocked asperity-clumps may support processes in natural earthquake mechanics is not yet
clear, because AE, CPM cracks and core-inspected fracture pattern do not necessarily account
for the same micro-processes active during rock failure. Differences in the geometry of the
fracture damage zone from AE hypocenters and CPM crack distributions, however, can be
explained by the occurrence of micro-failure mechanisms other than simulated in the CPM, like
intra-granular grain breakage and grain crushing.

Moment magnitudes of crack source are plotted with cumulative frequency (in log
scale) to obtain Gutenberg-Richter b-values in the CAT of CPM with 10 MPa confinement. We
observed that b-values are relatively lower during virgin fracturing and gradually increase as the
model undergoes stick-slip and frictional sliding type post-failure. This is consistent with
experimental observations by Main et al. [52] and Sammonds et al. [53] on sandstones at 50
MPa confining pressure. Bursts in crack events (avalanche cracking) have large magnitudes

(M= -4) and are restricted mostly to the fracturing regime. In the stick-slip and frictional sliding
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regimes, cracks are characterized by very small magnitude events (M= -7.5), which is also
consistent with experimental findings [51-54]. Within the CPM, shear cracking is the most
efficient way to reduce the kinetic energy of events, and therefore to produce small magnitude
events.

Different fracture paths under various confining pressures were investigated by
monitoring temporal changes of principal stresses at where the rupture path is expected to
change its direction quickly over short distance. At relatively low confining pressure, as crack
gradually appears, the minimum principal stress falls below zero indicating that crack
development leads to tensile failure accompanied by growth of sub-vertically oriented tensile
cracks. At higher confining pressure, the stress path exhibits a period where the minimum
principal stress shows sudden drop documented by generation of vertically aligned tensile
cracks. Confining pressure prevents growth of vertical tensile fracture and enhances the
development of an inclined process zone where equal portion of tensile and shear cracks are
formed. Ratio of principal stresses was found to vary in a relatively narrow range in case of
failure by shear cracking compared to a failure by tensile cracking. We claim this method of
monitoring circle (sphere) in 2D (3D) principal stress space to be a powerful tool in analyzing
the micro-mechanics of rock fracture and friction in further studies. Please refer to this method

as the local stress monitoring approach (LSM).
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Figures
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Figure 1. (a) Laboratory sample setup of confined asymmetric test (CAT) with acoustic
emission sensors. (b) Schematic view of CAT loading configuration (in 2D) indicating shear
rupture and process zone related cracks (short bars) ahead of the rupture tip. (c) Photographic
3D view of deformed CAT core after test. (d) Clumped particle model after failure with tensile
(black) and shear (red) cracks visualized. Black arrows indicate loading configuration. Stress
components (G, Oy, Oxy) evolving within red circle as model undergoes deformation are
measured throughout the loading to compute principle stresses (o, ;) for shear-slip analysis.
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Figure 3. (a) Bonded particle model with randomly placed circular stamps of different radii, (b)
A group of neighboring particles enclosed by a circle is combined into a rigid clump, (c)
Clumped particle model after the stamping algorithm is terminated, (d) Close-up view of the
clumped particle model (yellow box in (c)), (¢) Close view on thin section of deformed Aue
granite showing grain structure and en échelon fractures. Impregnated epoxy is denoted in blue.
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Figure 4. (a) Size (2D area) distribution of clumps, (b) distribution of intercept length measured
on thin section of Aue granite (red syeno-monzo-granite) [39].
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Figure 5. (a) Variation of axial stress, axial stiffness, number of cracks (individual events and
cumulative events) and volumetric strain vs. axial stain curves of clumped particle model tested
under uniaxial compression. Crack-initiation stress (c.;) and crack-damage stress (c.q) occur at
34% and 82% of uniaxial compressive strength. (b) Close-up view of the box area in volumetric
strain vs. axial strain curve in (a). The point where crack-damage stress level is defined is
denoted by star mark indicating start of dilation.
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pore collapse).
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Figure 9. Fracture paths visible by impregnation of blue-epoxy in thin sections cut from the
deformed core halves that were tested at (a-1) atmospheric, (a-2) 10 MPa and (a-3) 40 MPa
confining pressures. Distribution of cracks in CPM tested at various confining pressures (b)
(black: tensile crack, red: shear crack). Orientation distribution of crack plane normal of tensile

and shear cracks (c).



Cumulative number of cracks
with magnitude > M

Magnitude, M
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the slope of linear fit (blue line) of the plotted data (magnitude range: -5.1 to -4.2). Two red
arrows indicate that there are about 50 cracks whose magnitude is greater than -4.75.
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Figure 12. Principal stress paths (o, vs. 6,) computed from the stress components (Gy, Gy, Oy)
evolving in the monitoring circle in the CPM for the CAT scenario with (a) 0.5 MPa and (b) 20
MPa confining pressures. Arrows in (a) and (b) indicate increasing time in the numerical
simulation. Ratios of the principal stresses are presented by colour contours with shear-slip
criteria computed from peak friction angle and residual friction angle (assuming zero cohesion,
see text for equation). (¢) Complete stress paths evolving in the monitoring circles in CPM
tested with 0.5 MPa and 20 MPa confining pressures. Two rectangles indicate the o, vs. 6,
domains shown Fig.12a and 12b.
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Tables

Table 1. Macroscopic properties of Aue granite and the clumped particle model

Property Aue granite Clumped Particle Model
(Mean£Std.dev.) (Mean£Std.dev.)

Uniaxial Compressive 134+7" 15048

Strength (MPa)

Young’s modulus (GPa) 48+8" 50+9

Poisson’s ratio 0.19" 0.180.02

6./UCS 0.33+0.03 - 0.39+0.03>” | 0.32+0.02

6./UCS 0.75+0.05 - 0.89+0.02>” | 0.87+0.03

Peak friction angle (°) 52 58

Residual friction angle (°) - 42-51

Cohesion (MPa) 23 22

Tensile strength (MPa) §+14>0 23+1

Kic (MPavm)"© 1.6+0.1% -

K’;c (MPa\m)" 2.2-4.14%9 -

K”jic(MPavm)® 13.29

Average size (2D area) (mm?®) | Grain: 1.43 Clump: 2.1

References: "[42], P[43], [44],

Fracture toughness test methods: "CB (Chevron Bend) method, “PTS (Punch Through Shear)

1391, “[40], “[41]

test at zero confining pressure, “PTS test at confining pressure > 30 MPa

Table 2. Micro-parameters used for generation of bonded particle model

Micro-parameters Values [Units]
Particle-particle contact modulus, E,. 80 [GPa]
Contact bond normal stiffness, &, 160 [GPa/m]
Contact bond shear stiffness, £; 64 [GPa/m]
Contact friction coefficient, u 0.5 [-]
Contact bond tensile strength (mean), o, ean 100 [MPa]
Contact bond tensile strength (std.dev.), 0. s.dev. 0 [MPa]
Contact bond shear strength (mean), 7. yean 200 [MPa]
Contact bond shear strength (std.dev.), 7. sq.dev 0 [MPa]
Minimum particle radius, 7,,, 0.25 [mm]
Maximum particle radius, 7,y 0.42 [mm)]
Particle density, p 2600  [kg/m’]




