


Grain based modelling of rocks using the combined finite-discrete element method

INTRODUCTION
[bookmark: _CTVP00123a663f2698f4297af954ce25897457d][bookmark: _CTVP001f00917d533274889981337ba10047fbf][bookmark: _CTVP001b6b0042a9eb340df9ab3bde20c60e5d3]Macroscopic behaviour and bulk properties of crystalline rocks are closely related to their microstructures, which are characterized by the grain scale properties [1, 2]. These properties include grain morphology, grain size and spatial distribution, crystallographic anisotropy and orientation, elastic properties of grains, and the properties of the grain interfaces [2]. Thus, investigation of the rock microstructural failure considering grain scale behaviour is of fundamental importance to determine the macroscopic response of the rock (e.g. stress-strain response), the localized microscopic phenomena (e.g. nucleation and propagation of cracks), and their sensitivity to the presence of bedding planes, flaws, pores, and cavities [3].
[bookmark: _Hlk514842573][bookmark: _CTVP00116ea6fbac62f4742b3f21801265cdfbe][bookmark: _CTVP0013ab795115a7142e793765198e32fe9a8][bookmark: _CTVP001298be28d466849dba1a00a42a295efd5][bookmark: _CTVP00182796b92e2b644649c72a0e09d81ee0b][bookmark: _CTVP001517f766086c7458e8924a8ad9aadaafb][bookmark: _CTVP001d3e878c5ad4840dc88e25c447167935d][bookmark: _CTVP0014426638344b243a4b2569551f9b41d6d]The Griffith theory assumes that the propagation and coalescence of the existing flaws in the material fabric is the source of macroscopic failure [4]. Petrographic studies have demonstrated that different processes, natural or stress-induced, produce cracks with peculiar and recognizable characteristics [5, 6]. However, crack initiation, crack propagation, and specimen failure are progressive and separate processes [7]. In rocks, microcracks form when the local stress exceeds the local strength, and the coalescence of many microcracks forms macroscopic fractures with some crack configurations being more favourable for coalescence than others [5]. Kranz [5] categorizes microcracks in rock into four types: grain boundary cracks (coincident with a grain boundary), intragranular cracks (cracks lie totally within the grain and do not extend to a grain boundary); intergranular cracks (cracks which extend from a grain boundary to another grain boundary); and multigranular or transgranular cracks (cracks which cross several grains and grain boundaries). Eberhardt et al. [8] have shown that the grain size has a minor effect on the stress at which cracks initiate, but their effect is significant in controlling the behaviour and trajectory of the propagating crack, which in turn influences the macroscopic fracture propagation. In addition, the strength of the mineral constituent and their cementation have a significant effect on crack initiation [7, 8]. 
[bookmark: OLE_LINK7][bookmark: _CTVP001f09d00d71764445085b3398d6b8d4cb4][bookmark: _Hlk515529896][bookmark: _CTVP001a2fa53b4575740e8b0dd41b014cdb396][bookmark: _Hlk515529872][bookmark: _Hlk514257843][bookmark: _CTVP00198c33f2b4cbb4da0b8a79be75e689e6c][bookmark: _CTVP001bb8887f380094f8b803d0e3e89a3ab87][bookmark: _CTVP001d878b6d724754207a0303cb17214abf8][bookmark: _CTVP0017162905772134dac9d87a5fbe90ef5d9][bookmark: _Hlk515530453]Laboratory experimental studies of grain deformation and crack mechanisms are exhaustive and very complicated procedures. In addition, experimental results are dictated by sample specific characteristics, such as naturally occurring grain morphologies and orientations, which makes experimental repeatability nearly impossible. One way to overcome these limitations is the use of a modelling technique that can account for specific morphologies and microstructure crystal shape and distribution. Voronoi tessellations (i.e. Voronoi diagrams), which are considered suitable representations of polycrystalline granular structures [9], have been proposed to address this point in numerical simulations. For example, in the Particle Flow Code grain based models (PFC2D-GBM) developed by Potyondy [10] Voronoi-like diagrams are generated using clumped circular particles to represent grains and smooth-joint contacts to represent the grain interfaces [11–15]. In UDEC, the GBM are initially created using the PFC-GBM packing scheme [10], and the resulting Voronoi-like diagram is used to generate blocks. These blocks represent grains and their contact surface represent the grain interface. The generated blocks can be unbreakable [16, 17] or sub-divided into several smaller blocks to account for breakable grains [18–20]. The UDEC-GBM, with the contact along the grain boundary, overcame some of the limitations of PFC2D-GBM approach in representing rock-like morphologies; however, both approaches used a single bond strength to represents the various grain interfaces.
[bookmark: OLE_LINK19][bookmark: _Hlk515182639][bookmark: _CTVP001fec47172f6724669a8c014bf43ed5d42][bookmark: OLE_LINK20]Conventional simulations in the combined finite-discrete element method (FDEM) attempted to simulate heterogeneous models using unstructured 2D Delaunay triangulations models (i.e., each triangulation represented a mineral phase) to represent sample heterogeneity [21–23]. Those models were not intended to mimic the effect of grains but rather identify the effect of heterogeneity on rock failure behaviour; thus, were unable to investigate the role of intergranular and intragranular cracks. 
[bookmark: _Hlk514257442]In this paper, we introduce a novel Voronoi diagrams based approach to realize grain based modelling (GBM) in the combined finite-discrete element method (FDEM). This framework enables the explicit modelling of the intergranular and intragranular contacts between the various grains, while also taking into consideration the actual grain morphology. Furthermore, this explicit modelling approach allows each grain contact to be assigned different properties, whether the contact is between dissimilar grains (i.e. interphase boundary) or similar mineral phase (i.e. homophase boundary). 
[bookmark: _CTVP00127a3674982654231ac97b8d11db25603][bookmark: _CTVP0015a44700a52fa47a6b4ca9afbfe3205bc][bookmark: _Hlk510724097][bookmark: OLE_LINK15][bookmark: _CTVP0010d77724e7421416fb4ea879b958fe711]This paper is structured to first introduce the microstructure modelling and the new algorithm developed for grain based modelling (GBM), followed by a discussion that validates the simulation results against published experimental results [23] and numerical studies [21]. Then we present the advantages of GBM over conventional FDEM micro-modelling approaches [21, 23–25]. GBM provides an efficient way to model fracturable mineral grains, to provide insights into grain scale crack propagation and crack patterns, and to enhance the understanding of the relationship between the evolution of the stress-strain curve and the failure mechanisms of crystalline rocks.
CONCEPTS AND METHODS
The combined finite-discrete element method (FDEM)
[bookmark: _CTVP001e7c0387b053b4b888aee81f00446c1f6][bookmark: _CTVP0010eedd6f817884268953c016988f35991][bookmark: _CTVP001a4540b1aa00146538f149262a3d6665a]FDEM was first introduced by Munjiza et al. [26] to simulate the behaviour of deformable bodies and their interactions. The method was further developed to simulate rock behaviour by explicitly modelling rock elastic deformation, crack initiation, and crack propagation [27]. A two-dimensional (2D) FDEM model is built based on a discretized triangular element mesh (Figure 1), where each adjacent pair of triangular elements is connected with a four-node cohesive crack element (CCE) (Figure 1) [28, 29].
[image: ]

[bookmark: _Ref507685686][bookmark: _CTVP00131d06fc6c805496f9c301ae5a47aa6b2]Figure 1 - Typical behaviour of cohesive crack elements in FDEM (adapted from Lisjak et al. [22]).
[bookmark: _CTVP00155a6c8bab54346c1bca44e9e466433f1][bookmark: _CTVP0014f327b831d6d40e2953a5d4eed96a36e][bookmark: _CTVP001845ec52681094da0b767fa190830f7bd]The CCE undergoes elastic deformation according to the stress conditions, and once the stress within the elements overcomes the intrinsic strength of the material, the displacement-based yielding and failure process initiates [27]. This process is simulated by explicitly modelling crack initiation and propagation using softening and breakage of the CCE, allowing the model to transition from a continuum to discontinuum (Figure 1) [22, 27]. As the simulation progresses, finite displacements and rotations of the discrete bodies are allowed and new contacts are recognized [27].
Voronoi diagrams
[bookmark: _CTVP0018ecb6e42ca3744a08f987b6fdc217ab2][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: _CTVP0012faf00b4cdc544dd8d614203892060f4]Voronoi diagrams are extensively used in computational geometry and have been already adopted for representing polycrystalline materials at the grain scale [1, 9, 30]. Voronoi diagrams have several distinct advantages: first, they can be defined analytically and numerically to possess unique geometrical properties; secondly, the polygons are a convex set that are confined in the domain in which they exist (i.e. collectively exhaustive as every point within the domain is assigned to a seed); and lastly, they are mutually exclusive except for their boundaries (i.e. two adjacent tessellations do not overlap but share a boundary). These unique geometrical properties translate into Voronoi diagrams being an adequate morphological generator for polycrystalline structures, as the grains fill up the entire domain; furthermore, the seeds are fixed at their spatial position during the growth process resulting in no overlapping between the grains [1, 31–33]. Adaptation of such modelling techniques can help evaluate the impact of the morphological changes and mineral grain properties on crack initiation and crack propagation.
[bookmark: _CTVP001a66814e6ba234bf8a8a3276ffa63ed03][bookmark: _CTVP001d1cb8c6619d441f5815e3a8982d9696d]In this work, Voronoi diagrams (Figure 2a) are created from points (Voronoi seeds) placed inside defined domains using a Poisson random point process [33]. An edge in Voronoi diagrams is created by constructing a perpendicular bisector to the line connecting two adjacent Voronoi seeds. The line connecting the intersections of these lines (i.e., Voronoi vertex) enclose the initial region. With the initial regions established, a regularization process removes all the small edges of the Voronoi regions smaller than a user defined value (e.g. smallest grain size). Removing these small edges can reduce the pathological behaviour of the subsequent mesh of the FDEM model and avoid the need of excessive mesh refinement. However, it also causes geometric distortion, which is resolved by a two-step process: new vertex positioning and new region interpolation [33]. Figure A 1 in the Appendix illustrates the two-dimensional (2D) regularization process. This process is iterative and terminates when all edges meet the defined threshold, or the maximum number of user defined regularization loops has been reached.
[image: ]
[bookmark: _Ref509868511]Figure 2. (a) Typical elements of a Voronoi diagram. The red dots indicate the seed location within the domain (magenta) and the green circles indicate the center of mass of the Voronoi region. (b-d) Voronoi diagrams with different grain level microstructures: (b) lamellar twining, (c) combination of grains with different sizes, and (d) pulverized grains. e) shows the simulated model, indicating the various types of mineral phases and grain boundaries used in the simulation. f) shows a zoomed in view of the grain boundaries and CCEs.
GBM IN FDEM
[bookmark: _Ref494308562]Grain and Grain boundary modelling
[bookmark: _CTVP001756af69ab748403d92497effc264beb9]Minerals exist in various crystal forms that are determined by factors such as the crystal structure (internal factors), and the condition of the crystal growth process (external factors, e.g. temperature and pressure). Voronoi tessellations can be used to numerically reproduce those conditions, thus represent resulting crystal morphologies such as cleavage and lamellar twinning (Figure 2b-d), which are common emergent morphological properties from crystal structures [34].
[bookmark: _CTVP001f466663a74414206b96cea369fa06d0b][bookmark: OLE_LINK36][bookmark: _CTVP001ab91b5e999b84602bf4f309b8fa08b84][bookmark: _CTVP0011700e310a113457a9479f9cc54f9a0fa]Neper (version 2.0.5), an open-source software for polycrystal generation and meshing, capable of generating multiscale tessellations, was used to create the initial Voronoi regions [33], while the GBM structure for the FDEM model was built with a new graphical user interface (GUI) coded in Python 2.7.12. An instance of the GUI and the associated codes are provided as supplementary materials. Using the GUI, the simulated sample domain is first divided into Voronoi regions based on the predefined number of Voronoi seeds (i.e., number of grains). These regions represent mineral grains, and their associated mineral phases are randomly assigned according to the mineral composition of the actual sample. Then the GUI parses through the data to define and group the boundaries between grains. Lastly the GUI compiles the GBM model data as a coherent geometry file. The GBM geometry is then meshed into triangular elements, using Gmsh 2.12.0 [35], to create a model compatible with the FDEM simulation software IRAZU [36] (Geomechanica Inc., version 3.1.0). 
In our GBM representation grain boundaries are either interphase boundaries or homophase boundaries. These two types of boundaries are simulated using CCEs characterized by lower strength properties (i.e. intergranular CCEs) compared to CCEs inside grains (i.e. intragranular CCEs). This approach, as elaborated in Figure 2f, enables both types of grain boundaries to be simulated, and it also allows for the capturing of the heterogeneity of the fracture system caused by the heterogeneity of the mineral phases and grain size.
[bookmark: _Ref494893749]Model generation 
[bookmark: _CTVP0012a04b01dcdf448b7a4c7c13c29868290]A series of compression test simulations on a Stanstead granite model were carried out to demonstrate the applicability of GBM in FDEM. The heterogeneous composition of the sample and the access to reliable experimental data [23] make it an adequate verification model for GBM. The 2D synthetic sample was simulated in uniaxial compression and under different biaxial conditions.
[bookmark: OLE_LINK13][bookmark: _CTVP0018ec795d4bbe14a8cbd0b0b6968c6fe62]The synthetic sample (Figure 2f) has a rectangular cross-section of 54 mm in width and 108 mm in height. Considering that the average mineral grain size in the tested Stanstead Granite ranged from 0.25 to 4.5 mm [37], the heterogeneity and spatial distribution of the mineral phases in the synthetic samples was generated by Poisson random point process following a Gaussian distribution of a set of 2,000 seeds. Each seed was assigned a different weight, i.e. a minimum permissible distance between two seeds, having a mean of 0.5 mm and a standard deviation of 0.1. This division generated Voronoi diagrams with equivalent grain size ranging between 0.76 mm to 2.98 mm, having an average grain size of 1.90 mm. Moreover, two rectangles, slightly wider than the sample, were created at the top and bottom of the sample to represent loading platens. For clarity, the color scheme shown in Figure 2f will be adopted throughout this paper. 
[bookmark: OLE_LINK12][bookmark: _Hlk514256715][bookmark: _CTVP001c379b88e9c0449ac8b68fc17d5939f08][bookmark: _CTVP0014aef3889dfcf410985985ce4be899e5d][bookmark: _Hlk514255955][bookmark: _CTVP001b862fed324824f0fba3f48b3c95829b2][bookmark: _CTVP001d473395665ea4e5b83d071dcf6ede9a2][bookmark: _CTVP001b5460ce14d044aaa9c95a89066ae0350][bookmark: _CTVP001d45e85281f8742d9b29c7bfb594b70ee][bookmark: _CTVP001d3757adc85c040aa847b877c6f0c9314][bookmark: _CTVP001928c66101f8e484cb4971530a07fae28][bookmark: _CTVP0013aa6ba2aa00042a092d4cf3f75f13b84][bookmark: OLE_LINK14][bookmark: _Hlk507957352][bookmark: _CTVP00158ecc73e813f44679bd516dbb2ff02e1][bookmark: _CTVP001b92d48d28e4846bead6c8d0bbdb85fd8][bookmark: _Hlk516619370][bookmark: _CTVP0018285c218514c4db6bf628f4b542b9186][bookmark: _CTVP001921c1dfec92f4797a19920974df61ece]The model was meshed using an unstructured 2D Delaunay mesh into 74,823 triangular elements having an average element size of 0.5 mm. The mesh sensitivity analysis (Figure A 2) showed that this value represented an acceptable compromise between computational demand and numerically accuracy, while adhering to the smallest edge of the grain morphology. The mineral composition of the synthetic Stanstead granite sample was: 71 % feldspar (Fsp), 21 % quartz (Qz), and 8 % biotite (Bt). Table 1 presents the properties of each mineral phase and interphase boundaries which were adopted from Mavko et al. [38], Mahabadi [23], and Zhao et al. [21]. The numerical parameters assigned to the homophase boundaries of the model were obtained using an iterative calibration procedure [39] until the emergent macroscopic strength parameters from the uniaxial and biaxial simulations closely matched those obtained from laboratory testing [23]. The fracture parameters obtained during the calibration procedure produced plausible strength and elastic properties as well as fracture patterns; however, it remains important to emphasize that these calibrated parameters are not a unique set [39]. The simulation results used to attain the calibrated values are presented in Figure A 3. The two loading platens were assumed to be rigid and moving towards the sample at a constant velocity of 0.125 m/s each, corresponding to a strain rate of 2.31 s−1. Although the simulated loading velocity is much greater than the laboratory experiment, it has been demonstrated that a quasi-static condition is ensured at the aforementioned loading velocity [23]. Confining pressures were applied to the vertical sides of the sample. In total, five simulations with confining pressures at 0 MPa (i.e. uniaxial compression), 2 MPa, 5 MPa, 10 MPa, and 30 MPa, were carried out. The simulations were run as plane strain models and a time step of 5 × 10−7 milliseconds was adopted to ensure the numerical stability of the model for the explicit time integration scheme of the code.
[bookmark: _Ref494656459][bookmark: _Hlk515608364][bookmark: _CTVP001744eb0a570ae463ea9a4e740c6e489e9][bookmark: _CTVP0012d16f8f7ef554c95ac275b6363c88dbc][bookmark: _CTVP00198a5c8474b31466090abbe5e06e12f7a][bookmark: _CTVP00112e0f1c42a304afcada82fee74b9aa45][bookmark: _CTVP0013a5e449d9a2b4ec5b0ab11db1bce78e6]Table 1. Mineral phase and interphase grain boundary properties, adapted from Mavko et al. [38], Mahabadi [23], and Zhao et al. [21], and calibrated homophase boundaries.
	Property (Unit)
	Qz
	Fsp
	Bt

	Composition (%)
	21
	71
	8

	Density (kg/m3)
	2600
	2600
	2800

	Young’s Modulus (GPa)
	83.1
	56.4
	17.2

	Poisson Ratio (-)
	0.07
	0.32
	0.36

	Friction Coefficient (-)
	1.27
	1.27
	1.27

	Cohesion (MPa)
	24.2
	24.2
	24.2

	Tensile Strength (MPa)
	11.4
	5.5
	42.0

	Mode I Fracture Energy (J/m2)
	907
	310
	599

	Mode II Fracture Energy (J/m2)
	1814
	620
	1198

	Fracture Penalty (GPa)
	416
	282
	86

	Normal Penalty (GPa/m)
	83.1
	56.4
	17.2

	Tangential Penalty (GPa/m)
	831
	564
	172

	
	Interphase
	Homophase

	Property (Unit)
	Qz-Fsp
	Qz-Bt
	Fsp-Bt
	Qz-Qz
	Fsp-Fsp
	Bt-Bt

	Friction Coefficient (-)
	0.82
	0.82
	0.82
	1.14
	1.14
	1.14

	Cohesion (MPa)
	19.3
	19.3
	19.3
	21.8
	21.8
	21.8

	Tensile Strength (MPa)
	0.24
	0.21
	0.21
	10.3
	4.95
	3.78

	Mode I Fracture Energy (J/m2)
	0.006
	0.0005
	0.0005
	680
	232.5
	449

	Mode II Fracture Energy (J/m2)
	1451
	382
	382
	1360
	465
	898.5

	Fracture Penalty (GPa)
	282
	86
	86
	208
	141
	43.0

	Normal Penalty (GPa.m)
	56.4
	17.2
	17.2
	41.6
	28.2
	8.6

	Tangential Penalty (GPa/m)
	564
	172
	172
	416
	282
	86


[bookmark: _Ref485126401][bookmark: _Hlk514339162]Post-Processing
[bookmark: _Ref484995867]Using GBM to simulate grains allows for the explicit tracking and tracing of the intragranular and intergranular cracks. To complement this refined geometry, a post-processing script was written in Python 2.7.12 and executed within the Paraview Python environment (pvpython) version 5.4.0-RC3. This feature is exploited in addressing mesh dependency, especially in unconfined compressive strength condition, and the quantitative analysis of the evaluation of the cracking mechanisms with change in confining pressure. 
[bookmark: _CTVP0017b9f77350cc0490893a2685ca0540f69][bookmark: _CTVP0012631ee36dd4242579fc1fbf6cb695dae][bookmark: _CTVP0018043fa2217594cc68f7c53bf83500d8f]As proven by Lisjak et al. [22] FDEM models have the ability to calculate the seismic energy numerically released by any fracturing, which, at laboratory scale, correspond to acoustic emissions (AE). AE are generally used to experimentally monitor the damage accumulation in brittle materials and to map crack initiation and propagation as they occur [40], as well as to evaluate the frequency-magnitude relationship (b-value) and spatial fractal dimensions (D-value) [21, 28, 41, 42]. The use of GBM-FDEM models could allow to numerically investigate the relationship between failure micro-mechanisms, intergranular or intragranular failures, associated seismic signal, changes in confinement pressure, and to reproduce a better spatial distribution of the cracks.
[bookmark: _Ref485125959]RESULTS
[bookmark: OLE_LINK43][bookmark: _CTVP001988a058895cc46979e0d51b117686c45][bookmark: _CTVP00148b1a6c3f4714bc5a97ae93d762c4661][bookmark: _Hlk514841439][bookmark: _CTVP001921c8803d8ff47f5b4d0cc5d0c8372e6][bookmark: _CTVP001175b0f15259848f496edd0f1fa378feb][bookmark: _CTVP0013fa08c1627b143c9bea32b2ff6df9557][bookmark: OLE_LINK24][bookmark: _CTVP00106129ce38d6e40168cff280876a37639]Conventionally, the calibration procedure looks only at the strength values and the Young’s modulus, disregarding the failure mode and fracturing patterns. However, in our simulations, the emergent properties of the synthetic sample as well as the crack patterns of the GBM show great resemblance to the results of previous laboratory test results [23] and conventional FDEM simulation [21] (Figure 3a). The GBM simulation results exhibit a Class II failure in unconfined condition and under low confinement, which is typical of brittle failure in granite [43]. On the other hand, at higher confinement pressure the GBM simulation results show better prediction of post-peak behaviour than Zhao et al. [21] (Figure 3a). Macroscopically, the GBM simulations show strain weakening post-peak failure at confining pressures below 30MPa transitioning to strain hardening for higher confinements [44, 45]. 
[bookmark: _Hlk514841888][image: ]
[bookmark: _Ref485162825][bookmark: _Ref490823967][bookmark: OLE_LINK41][bookmark: _CTVP0017716070157c743f992e4cfbabb550034]Figure 3. Results of the simulation represented as a) Comparison of stress-strain results between experimental results (red), GBM (green), and conventional simulation results (black). The dashed portion of the GBM simulations stress-strain curves indicate the post peak behaviour exclusively captured by the simulation. The brown asterisks indicate peak stress and the brown boxes indicate the macroscopic failure points. b) Influence of confining pressure, at macroscopic failure, on the crack modes. ER represents interphase cracks and RA represents intraphase cracks. c) Evolution of the b-value and D-value (green) and change in frequency of broken CCE (grey) as a function of the confining pressure for GBM simulations in comparison to the b-value and D-value (black) of conventional FDEM simulations [21]. d) Change in the dominant failure mode, at peak, with increase in confining pressure. 
[bookmark: OLE_LINK16][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK44][bookmark: _CTVP001576a756a87b44a66a47ce90f91bbe70e][bookmark: _CTVP001410ed771835a49e4b599ee3b0c1e8a30]The results of the simulation indicate that under uniaxial conditions, cracks initiate along the grain boundaries, parallel to the direction of the loading at about 35% of the peak strength (Figure 4 - Panel A). As the sample approaches failure, there is a proliferation of microcracking, accumulating rapidly at 50–60% of the peak strength (Figure 4 - Panel A), caused by the coalescence of several intergranular cracks extending along grain boundaries. At peak stress, majority of the cracks are intergranular. The macroscopic failure occurs as several extensional fractures propagate parallel to the direction of loading. The fractures are dominated by tensile cracks along grain boundaries (Figure 3b and d) majority of which are along feldspar grain boundaries (Figure 3b, Figure 4 – Panel B and Figure 4 – Panel C). Comparison of GBM macroscopic failure fracture patterns, conventional simulations [21], and the micro-CT images of the tested laboratory samples [23] is presented in Figure 5.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: _Hlk514331732][bookmark: OLE_LINK39]Under low confinement, the process of coalescence of the cracks is similar to that of the uniaxial loading condition; however, the transition of the macroscopic failure mode from axial splitting to conjugated shear planes is due to the coalescence of several homophase, interphase, and intraphase cracks, and not to the propagation of a single crack along grain boundaries as inferred by classical GBM models. This macroscopic failure behaviour is exhibited up to a confining pressure of 10 MPa, beyond which the number of broken CCE increases substantially (Figure 3c) with the proliferation of intragranular cracks concentrated along the shear band. At higher confining pressures the microcrack coalescence is limited, leading to large scale deformation caused by the increasing amount of isolated and homogenously distributed microcracks. These cracks occur before the peak strength is reached and the shear-band localizes after the peak strength is reached (Figure 4 – Panel B).
[bookmark: _Hlk514841970][bookmark: _CTVP001b41f80bd861b4e1ba4ad3732bbb427a8][bookmark: _CTVP001aaf717846b04463f91ef6c04d1634dd1]The range of simulated AE magnitudes is comparable to laboratory scale activity recorded in the range between −7.5 and −6.8 [46]. The b-value shows a significant drop with the increase in confinement pressure between the unconfined condition and 5 MPa confinement (Figure 3c). Beyond 5 MPa the b-value decays at lower rate. The D-value increased slightly from 1.419 to 1.492, as the confining pressure increased from 0 to 2 MPa. This is then followed by a decay of similar trend to that of the b-value. These values exhibit a trend similar to those of the conventional FDEM simulations [21] (Figure 3c).
[image: ]
[bookmark: _Ref493251366]Figure 4. Simulation results, at peak and macroscopic failure, showing the transition from brittle failure at low confining pressure, to shear dominated failure along shear bands at higher confining pressure. Panel A shows the frequency of the cracks and their onset as the sample undergoes strain overlaid by the complete stress-strain curves. The orange line and the grey line represent the grain boundary and the intraphase cracks respectively. The graph clearly illustrates the increase in the frequency of the cracks as the confining pressure increases with the proportion of intragranular cracks increasing drastically above the 10MPa confinement. Panel B and Panel C illustrate the cracks at peak and at macroscopic failure respectively.
[image: ]
[bookmark: _Ref514251997][bookmark: _Hlk514252949][bookmark: _CTVP00193cda7ee683949ed94efbec59dc958fd][bookmark: _CTVP001cac4465248424fcaad358444e1dcf814]Figure 5. Comparison between the fracture patterns of GBM simulations, conventional simulations [21], and micro-CT images of the tested laboratory specimens [23]. 

[bookmark: _Ref485728403]DISCUSSION
[bookmark: OLE_LINK40]Increasing the confining pressure causes a shift in the failure mechanism of the numerical models from tensile dominant to shear dominant microcracks (Figure 3d), a substantial increase in the frequency of the CCE breakage (Figure 3c), and a change in the proportion of the intergranular to the intragranular cracks (Figure 3b). This change in failure mechanism is also reflected by temporal variation of the failure mode, and the variation in strain at which the onset of cracking occurs (Figure 4 - Panel A).
[bookmark: _Hlk515529230][bookmark: OLE_LINK21][bookmark: _CTVP001517c69cf2eb1411caa6d75b35e6d8c33]As confining pressures increases, a macroscopic shear band develops with localized increase of the intraphase microcracks (Figure 4 – Panel C). This emergent behaviour of the model is the result of confining pressure suppressing crack propagation, meaning that cracks require more energy to grow; at very high confining pressure the coalesce of isolated clusters of microcracks along the shear band leads to a pseudo-ductile deformation [47, 48].


[image: ]
[bookmark: _Ref490313767][bookmark: _CTVP0019cc3372f619742bbb3016e491eba77ea][bookmark: _CTVP001ae7c35797c3b439781dcc6240524fc7a]Figure 6. Comparison, at no confinement, between a) direct observation for coarse grained granite (Modified after Lee et al. [49]) and b) peak simulation results. Comparison, at high confinement, between c) direct observation for Westerly Granite at 95% of the failure strength (Modified after Sprunt and Brace [50]) and d) simulation results at peak. Red lines and black lines highlight the microcracks. Q is quartz, F is feldspar, M is microcline, and P is plagioclase.
[bookmark: _CTVP0015782acb8409e468d8f2b2fbc3e719d43][bookmark: _Hlk514331416][bookmark: _CTVP0015f997d5669b947328f686948338c6e1d][bookmark: _CTVP0019ce1c156214849a88fa0bcac279ccab4][bookmark: _CTVP001ee83e149079c4076926d116b6fd76bd8]As also directly observed by Lee et al. [49], in unconfined conditions and at low confinement pressures, the microcracks are mainly intergranular, majority of which are along the feldspar grains (Figure 6a). Under high confinement, intragranular cracking (Figure 6d) initiates from grain boundaries and develops into transgranular cracks that form isolated clusters accumulated within and around the shear band (Figure 7). Crack intersection and the formation of fragmented particles becomes predominant (Figure 7a) and is associated to the accelerated accumulation of damage manifested by significant increase in the crack density along the shear band; dominantly intraphase cracks (Figure 7a), these results are similar to those reported by Sprunt and Brace [50] (Figure 6c) and Haimson and Chang [51] (Figure 7b and d) for Westerly granite.
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[bookmark: _Ref484272263][bookmark: _CTVP001378b71453a9c45deb9f0a0d9a89f55e1]Figure 7. Post-peak simulation results at 30MPa confinement showing (a) clustering of intragranular microcracks with the formation of gouge and fragmented grains along the shear band and (c) localised clustering of intragranular microcracks. The results are compared against direct observations of Westerly granite under true triaxial conditions [51] that show (b) a segment of the main fracture surrounded by crack localization (crushed zone) and (d) localized cluster of subparallel transgranular axial microcracks with excessive breakage within the grain.
[bookmark: OLE_LINK27][bookmark: _CTVP001b98ba1cce2184e9eb73819fc02fbdf83]The decrease in b-value can be explained by the fact that at high confining pressure the crack growth resulted in an increasing number of intragranular cracks, less sensitive to the polycrystalline microstructure, which translated into larger magnitude AE events and were accompanied by higher crack velocities [41, 47]. On the other hand, at lower confinement and in unconfined condition, the crack growth is dominated by many relatively small events caused by the coalescence of the cracks along the grain boundaries. 
[bookmark: _Hlk514330975][bookmark: OLE_LINK31][bookmark: _Hlk514329916][bookmark: _Hlk514330704]The low D-value, in the unconfined condition, is an indication of a rapid and clustered failure, which does not follow the general D-value variation trend as a function of confinement. A closer look at the simulation results (Figure 4 – Panel B) indicates that the post-peak coalescence of cracks initiate as shear dominant microcracks along the edges at the bottom right of the localised failure. This increase of shear dominant microcracks can be explained as a small fragment of the rock begins chipping away and starts sliding out as the cracks coalesce resulting in a higher frequency of shear dominant microcracks than expected. The continuing decrease in b-value and D-value (Figure 3c) with the increase in confining pressure is a sign of significant crack coalesce (localization of cracks).
CONCLUSIONS
[bookmark: _Hlk514327705][bookmark: _CTVP0015328f973416842c79719e642bf9b4be1][bookmark: OLE_LINK32][bookmark: OLE_LINK34][bookmark: OLE_LINK35]In this paper, we implemented GBM in FDEM and examined the advantages that GBM has over conventional FDEM modelling techniques. The GBM empowered FDEM models not only captured the emergent strength properties and complete stress-stain behaviour of the simulated rock sample, but greatly improved our understanding in the microscopic cracking and macroscopic fracturing mechanisms. Specifically, GBM models can simulate preferential crack growth paths at weaker grain boundaries, and the variation of such behavior at different stress conditions, which are difficult to be depicted by the FDEM classical mesh topology [39]. Our simulation results using GBM in FDEM closely represented the failure of rock material as observed in the laboratory. We demonstrated that the path of the macroscopic failure plane is a result of the combination between local stress conditions and the microstructure of the model: at low confining pressure, the cracks are locally deflected along the grain boundaries; while at high confinements, the crack patterns results are less sensitive to the polycrystalline microstructure. Thus, GBM captures both the impact of the microcracks in terms of their associated AE and the coalescence patterns, demonstrating how the model can predict realistic crack patterns. 
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[bookmark: _Ref514251262][bookmark: _Hlk514252727][bookmark: _CTVP00191a9d788cd854729b12a364daae0a38d]Figure A 1. The influence of regularization on two dimensional Voronoi diagram. (a) The red lines illustrated indicate edges that are below the user threshold, (b) the regularization process removes these small edges and resolves by a two-step process: new vertex positioning, and new region interpolation [33].
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[bookmark: _Ref514251929][bookmark: _Hlk514252770]Figure A 2. Results of mesh sensitivity analysis. (a) complete stress-strain curves, and (b) comparison of relative frequency of crack types at peak. It is evident that the mesh element size does not have any significant influence on the overall strength and the relative frequency of the cracks.
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[bookmark: _Ref514251946][bookmark: _Hlk514252795][bookmark: _CTVP001f2711309ec0c46dca3f26306b2692917][bookmark: _Hlk515608567][bookmark: _CTVP0012088d08b2ba44b3e8fb6b30e9b8e6cf9][bookmark: _CTVP001a774371c6d304d439353a32f082c1c60][bookmark: _CTVP00165eb6363756447e08ecff58730a1c036]Figure A 3. The simulation results, for the unconfined condition, in the form of stress-strain curves used in calibrating [39] the homophase boundaries. The properties of the mineral phases and interphase boundaries were adopted from Mavko et al. [38], Mahabadi [23], and Zhao et al. [21] and were unchanged during the calibration process. The strength properties of the homophase boundaries, as they represent intrinsic flaws, were taken as 90% of the corresponding mineral phases. The fracture energies (FE) and the fracture penalty (FP) of the homophase boundaries were calibrated iteratively to obtain plausible emergent uniaxial maximum strength and elastic response. The iterative calibration was carried out by altering the values of FE and FP as a percentage of their corresponding mineral phases, and the values of 75% and 50%, respectively, were adopted (dashed black line). Adopting these values allowed the synthetic sample to capture the anticipated emergent response (dash-dot red line). 
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