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Abstract 14 

Understanding rock shear failure behavior is crucial to gain insights into slip-related geohazards 15 

such as rock avalanches, landslides, and earthquakes. However, descriptions of the progressive 16 

damage on the shear surface are still incomplete or ambiguous. In this study, we use the hybrid 17 

finite-discrete element method (FDEM) to simulate a shear experiment and obtain a detailed 18 

comprehension of shear induced progressive damage and the associated seismic activity. We built 19 

a laboratory fault model from high resolution surface scans and micro-CT imaging. Our results 20 

show that under quasi-static shear loading, the fault surface experiences local dynamic seismic 21 

activities. We found that the seismic activity is related to the stress concentration on interlocking 22 

asperities. This interlocking behavior (i) causes stress concentration at the region of contact that 23 

could reach the compressive strength, and (ii) produces tensile stress up to the tensile strength in 24 

the region adjacent to the contact area. Thus, different failure mechanisms and damage patterns 25 

including crushing and sub-vertical fracturing are observed on the rough surface. Asperity failure 26 

creates rapid local slips resulting in significant stress perturbations that alter the overall stress 27 

condition and may trigger the slip of adjacent critically stressed asperities. We found that the 28 

spatial distribution of the damaged asperities and the seismic activity is highly heterogeneous; 29 

regions with intense asperity interactions formed gouge material, while others exhibit minimal to 30 

no damage. These results emphasize the important role of surface roughness in controlling the 31 

overall shear behavior and the local dynamic seismic activities on faults. 32 
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1 Introduction 35 

Understanding shear behavior along rock discontinuities at various scales, such as joints 36 

and faults, is essential to rock engineering projects and geohazard mitigation. Rock discontinuities 37 

are planes of weakness and are responsible for many geohazards, for example, rock avalanches, 38 

landslides, and earthquakes. Numerous laboratory shear experiments have been conducted on a 39 

large variety of rock types under different conditions (e.g., Bandis et al., 1983; Beeler, 1996; 40 

Marone, 1998; Di Toro et al., 2004; Grasselli, 2001; Reches and Lockner, 2010; Tisato et al., 2012; 41 

Kim and Jeon, 2019; Zhao et al., 2020; Morad et al., 2022). Among these studies, many suggested 42 

the importance of surface roughness and contact condition in controlling the shear behavior. 43 

However, the progressive damaging process on faults is still not well understood because fault 44 

surfaces cannot be observed directly during shear, with the exception of a few studies utilizing 45 

transparent halite samples (e.g., Renard et al., 2012) and in situ and operando testes conducted 46 

under X-ray micro-computed tomography (micro-CT) (e.g., Zhao et al, 2018; Zhao et al., 2020). 47 

Shear processes control coseismic damage and friction on fault, but the constitutive friction 48 

theories are not yet fully understood. 49 

To observe and gain insights into damage processes on rough rock surfaces undergoing 50 

shear deformation, Tatone and Grasselli (2013) used micro-CT to image the joint surfaces after 51 

the shear test; and Crandall et al. (2017) used micro-CT to obtain geometrical information from 52 

fractured shale core that is incrementally sheared. Recently, direct and detailed observations of the 53 

evolution of laboratory fault were achieved by using an in situ rotary shear experimental apparatus 54 

under X-ray micro-CT (Zhao et al., 2017). Such experimental results help draw the connections 55 

between microscopic damage and macroscopic shear behavior, the formation and accumulation of 56 

gouge material, and shear-induced secondary fractures (Zhao, 2017; Zhao et al., 2018; Zhao et al., 57 
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2020). However, due to technological limitations, time-continuous observations of the shear 58 

surface evolution and the in situ stress condition remain shortfalls. 59 

Numerical simulation methods have been extensively used to study the shear behavior of 60 

rock discontinuities. To simulate the interaction and breakage of asperities and the frictional 61 

sliding behavior, numerical methods that can capture solid fracturing and interaction are typically 62 

used. For example, the particle-based lattice solid model (Mora and Place 1993) uses a numerical 63 

concept similar to the discrete element method (DEM) to simulate frictional behavior and 64 

fracturing in solids. Mora and Place (1998) and Place and Mora (2000) used their model to study 65 

the role fault gouge on the frictional behavior of faults, offering a possible explanation for the heat 66 

flow paradox (Henyey and Wasserburg, 1971; Lachenbruch and Sass, 1992). Bonded particle-67 

based methods, such as the particle flow code (PFC) (Cundall and Strack, 1979), are commonly 68 

used for simulating rock shear behavior. Park and Song (2009) used PFC3D to simulate direct 69 

shear tests and demonstrated that the method can simulate typical rock joint shear behavior, and 70 

they found that the peak shear strength and peak dilation angle was strongly influenced by the 71 

friction coefficient, roughness, and bond strength, while the residual shear strength and residual 72 

friction angle was influenced by the particle size, friction coefficient, and bond strength. Asadi et 73 

al. (2012) used a similar approach in two dimensions (PFC2D) to simulate direct shear experiments 74 

on synthetic joint profiles of varying roughness and boundary conditions to assess asperity 75 

degradation and intact material damage. They showed that as the joint is sheared, highly localized 76 

asperity interaction on the joint surface and the geometry of the asperities has a significant 77 

influence on how joints fail. Types of failure include asperity sliding, cut-off, separation, and 78 

crushing, typically associated with tensile failure into the intact material in conditions with steep 79 

asperities and/or high normal stress. However, Bahaaddini et al. (2013) identified a significant 80 
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shortcoming of the particle-based methods due to the unrealistic shear and dilation behavior of 81 

joints as a result of particle interlocking due to the inherent micro-scale roughness of the joint. To 82 

overcome this limitation, they implemented the smooth-joint model (Pierce et al., 2007), where 83 

the blocks associated with either side of the joint are generated separately to appropriately define 84 

and apply the smooth joint model to the interface. Lambert and Coll (2014) created a synthetic 85 

rock joint by importing the real morphology of the joint surface into a bonded particle assembly 86 

and studied the shear behavior using the smooth-joint model. Their results reproduced the 87 

progressive degradation of the asperities upon shearing. 88 

The hybrid finite-discrete element method (FDEM) is increasingly used to investigate rock 89 

shear behavior. FDEM is a micromechanical numerical method first introduced by Munjiza et al., 90 

(1995) combining the finite element method and discrete element method. In doing so, the 91 

numerical method can model the transition of a continuous material to a discontinuous material as 92 

it deforms, yields, and breaks. Karami and Stead (2008) and Tatone (2014) used FDEM to model 93 

direct shear tests and relate progressive asperity degradation mechanisms with the measured shear 94 

stress and dilation during shearing. In addition, Tatone (2014) verified the numerical modelling 95 

observations by coupling their study with X-ray micro-CT imaging on post-mortem specimens. It 96 

was found that tensile fractures develop in asperities at and near the peak shear stress, followed by 97 

a reduction in shear resistance as asperities continue to fail in both tension and shear, and finally, 98 

a residual shear resistance is reached once asperities are completely broken and gouge is formed. 99 

In this study, we used the two-dimensional (2D) FDEM to simulate an experiment on the 100 

gradual evolution of deformation of a laboratory fault, and we improve the understanding of shear 101 

behavior of rough faults through combined interpretation of the simulation and experimental 102 

results. First, we provide a brief review of the FDEM, emphasizing the modeling of damage and 103 
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seismic activity. Second, we develop a clustering algorithm to improve the comprehension of the 104 

simulated fractures and seismic events. Next, we build a model based on the laboratory experiment 105 

and analyze the simulated results focusing on three aspects that are hardly accessible by 106 

experiments: (1) the time-continuous variation of stress conditions on the shear surface, (2) the 107 

progressive failure of the asperities and accumulation of gouge, and (3) the seismic activity related 108 

to shear-induced damage.  109 

The carefully built and calibrated numerical model is able to simulate the emergent rock 110 

mechanical and frictional behaviors. We observe that shear-induced damage and seismic activities 111 

are heterogeneously distributed along the fault surface due to the surface roughness. Seismic 112 

events occur at the locations of asperity failure due to the interlocking-induced stress concentration. 113 

Such events radiate seismic waves and significantly change the overall stress conditions. Some 114 

areas on the fault were covered by gouge material and free from damage. These results agree with 115 

the laboratory observations and further elaborate on the importance of surface roughness in 116 

controlling shear behavior, which is critical to rock engineering practices and earthquake studies. 117 

2 Material and methods 118 

2.1 In situ shear test under X-ray micro-CT 119 

The numerical simulation in this study is based on the experimental work using in situ 120 

shear tests under micro-CT reported by Zhao et al. (2018) and Zhao et al. (2020), and a brief review 121 

is provided here for completeness. The tested specimen was a cylindrical Flowstone (microfine 122 

calcium sulfate cement mortar) 32 mm in length and 12 mm in diameter. The specimen was divided 123 

into top and bottom parts by a three-point bending test that created two semi-samples divided by 124 

a discontinuity (i.e., laboratory fault) with two matching rough surfaces. An unconfined rotary 125 

shear test was conducted on the two semi-samples by shearing the fault under the initial normal 126 
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stress of 2.5 MPa. The top semi-sample was forced to slip incrementally against the fixed bottom 127 

semi-sample. Normal force and torque were recorded during rotation and used to calculate the 128 

friction coefficient. After each incremental slip of 6°, a three-dimensional (3D) micro-CT scan was 129 

conducted, which allows for imaging of the gradual morphological evolution of the specimen (Fig. 130 

1a). This experimental work provided detailed information of the shear-induced secondary 131 

fractures (Fig. 1b) and the progressive damage on the slipping surface (Fig. 1c) in the sample 132 

volume; however, the observation of the shear surface damage evolution was only available at 133 

discrete time points coincident with each shear step, while an actual time-continuous observation 134 

of the shear surface evolution and the local stress condition on the rough surface was not available. 135 

 136 

Fig. 1 Summary of the laboratory set-up and results. (a) Schematic of the in situ shear test and a 137 

zoom-in view of the shear surface (i.e., the zone of interest). (b) 3D visualization of the 138 

development of shear induced fractures with increasing shear displacement. (c) 2D unwrapped 139 

micro-CT image slice showing the progressive damage on the slipping surface with increasing 140 

shear displacement, viewed at the radius (R = 5.6 mm) corresponding to the highest asperity. Red 141 
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dashed boxes in (c) indicate (from left to right) shear-induced aperture opening, fracturing, and 142 

progressive damage and gouge formation (modified from Zhao et al. (2018) and Zhao et al. (2020)). 143 

2.2 The hybrid finite-discrete element method 144 

The hybrid finite-discrete element method (FDEM) combines continuum mechanics 145 

principles with discrete element principles to simulate interaction, deformation, and fracturing of 146 

materials (Munjiza et al., 1995; Munjiza, 2004). FDEM has been used to investigate a wide range 147 

of rock mechanics and geophysics problems including, but not limited to, tunneling and excavation, 148 

micromechanics, rock joint shear behavior, hydraulic fracturing, thermal-mechanical/hydro-149 

thermal-mechanical coupling, and fault dynamics (e.g., Karami and Stead 2008; Mahabadi et al., 150 

2012; Lisjak et al., 2014; Zhao et al., 2014; Yan et al., 2016; Huang et al., 2017; Lei et al., 2017; 151 

Ma et al., 2017; Fukuda et al., 2019; Okubo et al., 2019; Knight et al., 2020). Simulating the entire 152 

shear behavior and evolution of a rough surface is a challenging task that requires advanced 153 

computational resources encompassing, for example, the 3D FDEM method. However, 3D models 154 

explicitly capturing the surface roughness at sub-millimeter resolution and the entire shear process 155 

is not practical due to the demanded computation power. On the other hand, 2D FDEM simulations 156 

has the merit of reducing the computational demand, and it has been shown to provide insights 157 

into the mechanical behavior of rock joints and faults (e.g., Karami and Stead, 2008; Tatone, 2014; 158 

Okubo et al., 2019). 159 

FDEM models synthesize the macroscopic behavior of materials from the interaction of 160 

the micromechanical constituents. In a 2D FDEM model, the simulated material is first discretized 161 

based on a finite element mesh consisting of nodes and triangular elements. Then, the finite 162 

element mesh is enriched by inserting a four-node cohesive crack element (CCE) between each 163 

adjacent triangular element pair. Motion for the discretized system is calculated by an explicit time 164 
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integration scheme, and the nodal coordinates of the elements are updated at each simulation step 165 

(Munjiza, 2004). FDEM models the progressive damage and failure of brittle material according 166 

to the principles of non-linear elastic fracture mechanics (Dugdale, 1960; Barenblatt, 1962), and it 167 

captures the fracturing behavior of solids by modeling the entire failure path, including elastic 168 

deformation, yielding, and fracturing (Fig. 2). 169 

 170 

Fig. 2 Schematic diagram showing the FDEM approach of simulating fracturing. (a) Propagation 171 

of a fracture and the creation of fracture process zone (FPZ). (b) Realization of the fracturing 172 

process in FDEM involves the yielded cohesive crack elements and broken cohesive crack 173 

elements (BCCE). 174 

Depending on the local stress and deformation field, the CCE undergoes elastic 175 

deformation, yielding, and breakage, simulating the damage development of the fracture process 176 

zone (FPZ) (Fig. 3) (Labuz et al., 1985). During elastic loading, the relationships between bonding 177 

stresses (normal bonding stress, σ and shear bonding stress, τ) and the corresponding crack 178 

displacement (opening, o and slip, s) are as follows (Munjiza et al., 1999):  179 
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𝜎 = {

2𝑜

𝑜𝑝
𝑓𝑡                         (𝑜 < 0, compression)

[
2𝑜

𝑜𝑝
− (

𝑜

𝑜𝑝
)

2

] 𝑓𝑡     (0 < 𝑜 < 𝑜𝑝, tension)
            (1) 180 

𝜏 = [
2𝑠

𝑠𝑝
− (

𝑠

𝑠𝑝
)

2

] 𝑓𝑠    (|𝑠| ≤ |𝑠𝑝|, shear)            (2) 181 

where ft and fs are the peak tensile and shear bonding strength of a CCE, respectively. The peak 182 

shear bonding strength is calculated based on the Mohr-Coulomb failure criterion using the 183 

cohesion (c) and internal friction angle (ϕ): 𝑓𝑠 = 𝑐 + 𝜎 tan 𝜙. op and sp are the peak opening and 184 

slip values at the peak bonding stresses calculated as 𝑜𝑝 = 2ℎ𝑓𝑡 𝑝𝑓⁄  and 𝑠𝑝 = 2ℎ𝑓𝑠 𝑝𝑓⁄ , where h is 185 

the nominal element edge length, and pf is the fracture penalty value. A CCE yields once the stress 186 

reaches the peak, then it experiences a post-peak softening behavior with the bonding stresses 187 

gradually decreased (Munjiza et al., 1999): 188 

𝜎 = 𝐹(𝐷)𝑓𝑡        (3) 189 

𝜏 = 𝐹(𝐷)𝑓𝑠         (4) 190 

F(D) is an empirical function that approximates the shape of the experimental stress-displacement 191 

failure curve according to Evans and Marathe (1968): 192 

F(𝐷) = [1 −
𝑎+𝑏−1

𝑎+𝑏
exp (𝐷

𝑎+𝑐𝑏

(𝑎+𝑏)(1−𝑎−𝑏)
)] ∙ [𝑎(1 − 𝐷) + 𝑏(1 − 𝐷)𝑐]     (5) 193 

where a, b, c are empirical curve fitting parameters equal to 0.63, 1.8, and 6.0, respectively. The 194 

damage coefficient (D) is calculated for Mode I, II, and I-II as  195 

𝐷I =
𝑜−𝑜𝑝

𝑜𝑟−𝑜𝑝
          (6) 196 

𝐷II =
𝑠−𝑠𝑝

𝑠𝑟−𝑠𝑝
         (7) 197 
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𝐷I−II = √𝐷I
2 + 𝐷II

2         (8) 198 

with the subscripts indicating the mode of failure. The CCE breaks when D = 1, which corresponds 199 

to a residual opening (or) or a residual slip (sr), for pure Mode I or II failure, respectively. For 200 

Mode I-II failure, DI-II = 1 corresponds to a mixed failure opening and slip (of and sf). The values 201 

of or and sr are calculated using the predefined numerical fracture energy Gf
I and Gf

II, for opening 202 

failure and shear failure, respectively. The failure mode of the CCE (κ) is computed as  203 

𝜅 = {

1                    (pure tensile, Mode I)
1 + 𝐷II         (mixed mode, Mode I − II) 
2                    (pure shear, Mode II)

      (9) 204 

 205 



 

12 

 

Fig. 3 Deformation and failure criteria of the cohesive crack element (CCE). (a) Mode I, tensile 206 

mode, (b) Mode II, shear mode, and (c) Mode I-II, mixed-mode. Shaded areas highlight the total 207 

fracture energy consumed during the failure process of a CCE. The blue curve (failure path) 208 

indicates the stress condition during the yielding and failure processes of the CCE. 209 

When both DI and DII are satisfied at the same time, the failure is also considered as Mode 210 

I-II, and a value of 1.5 is assigned to these events during post-processing. The broken cohesive 211 

crack element (BCCE) is then considered as a new crack with no cohesion, and its behavior is 212 

handled by the interaction algorithms, which are discussed in detail in the literature (Munjiza 2004; 213 

Mahabadi et al., 2012). 214 

2.3 Simulation of fracture propagation and seismicity in FDEM 215 

Modeling seismic activity in rocks can provide quantitative information of the rock failure 216 

process, and a validated model can improve the understanding of laboratory and field seismic 217 

observations. In FDEM, upon breakage of the CCE, the accumulated strain energy is released, 218 

resembling seismic activity. The coordinates, failure time, kinetic energy at failure, and failure 219 

mode of the related BCCE can be recorded (Lisjak et al., 2013). However, a limitation of this 220 

approach is that it considers each BCCE as one single seismic event. Consequently, the properties 221 

of the fracture and the associated seismic events are highly dependent on the mesh size and mesh 222 

orientation (Munjiza and John, 2002). In nature, the breakage of CCEs can be regarded as acoustic 223 

emissions associated with the breakage of several mineral grains and grain boundaries (Zhao et al., 224 

2015; Abdelaziz et al., 2018). In most cases, such a mesh dependency needs to be addressed to 225 

obtain a better physical meaning of the failure process of CCEs. Zhao et al. (2014) attempted to 226 

mitigate the problem with a clustering algorithm considering the temporal and spatial distribution 227 

of BCCEs. In their method, each BCCE is viewed as an advancing crack tip, and BCCEs 228 
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connecting to the crack tip are clustered together as a continuous fracture. However, this 229 

implementation did not consider the physical meaning of fracture propagation. The propagating 230 

fracture can arrest and then continue to propagate according to the stress conditions and material 231 

heterogeneities (Van der Pluijm and Marshak, 2004), and from an energy dissipation point of view, 232 

choosing the yielding point of a BCCE as the fracture tip is more consistent with the cohesive 233 

crack model (Shet and Chandra, 2002). 234 

Stemming from Zhao et al. (2014) and Zhao (2017), we implemented a new clustering 235 

algorithm to mimic fracture propagation process during a seismic event. Note that we consider 236 

only seismic activities related to the formation of new fractures, and seismic events created by 237 

slipping on existing fracture surfaces are not considered. The algorithm proceeds as follows: 238 

(1) The first BCCE that yields at time ty and fails at time tf is considered the initial crack of a 239 

cluster. The search algorithm is then executed to include BCCEs connecting to either side of this 240 

BCCE (i.e., fracture tips). 241 

(2) BCCEs that are connected to the fracture tips and yield within the time window between ty and 242 

tf are included in the same cluster and then treated as new fracture tips. At each output frame, the 243 

same searching criterion is applied to such new fracture tips until no new BCCEs are found. Then, 244 

this cluster of BCCEs is considered to be one continuous fracture, whose growth has produced one 245 

seismic event. 246 

(3) Repeat steps 1-2, until all recorded BCCEs are processed. 247 

(4) Calculate the source parameters of the clustered seismic events as follows (for a cluster of n 248 

BCCEs):  249 

(a) event time is the breakage time tf of the initial BCCE in this cluster; 250 
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(b) the hypocentre location is the centre coordinates of the initial BCCE in this cluster; 251 

(c) the kinetic energy, Ee, is calculated as the sum of the kinetic energy of all BCCEs in 252 

this cluster, 𝐸e = ∑ 𝐸k
𝑖𝑛

𝑖=1 , where 𝐸k
𝑖 =

1

2
∑ 𝑚𝑗𝑣𝑗

24
𝑗=1  is the kinetic energy of a BCCE, and 253 

mj and vj are the nodal mass and velocity of the BCCE at the time of breakage. We adopt 254 

the empirical relation between radiated energy and magnitude to calculate the magnitude 255 

of the seismic events: 𝑀𝑒 =
2

3
(log𝐸𝑒 − 4.8) (Gutenberg, 1956; Lisjak et al., 2013). 256 

(d) the dominant source mechanism (ζ) of each cluster is calculated as a weighted average 257 

of the failure modes of all BCCEs in this cluster: 258 

𝜁 =
∑ 𝐸k

𝑖𝑛
𝑖=1 𝜅𝑖

∑ 𝐸k
𝑖𝑛

𝑖=1

      (10) 259 

Where κi is the failure mode of the ith BCCE, and its associated kinetic energy, Ek
i is taken 260 

as its weight. ζ = 1 and 2 represent pure tensile (Mode I) and shear events (Mode II), 261 

respectively, while events having 1 < ζ < 2 have tensile and shear failure components 262 

(Mode I-II). 263 

This algorithm considers multiple BCCEs created by a single fracturing event, resulting in a more 264 

realistic representation of the source mechanism and event energy than previous studies. Note that 265 

if a series of connected CCEs break simultaneously due to mechanisms such as crushing or 266 

pulverization, they will also be clustered as one event under this algorithm. 267 

2.4 Numerical model setup 268 
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 269 

Fig. 4 Preparation of 2D surface profiles for the FDEM model. (a) The top (left) and bottom (right) 270 

parts of the sample used in the rotary shear experiment. (b)–(c) 3D surface scan of the shear 271 

surfaces. Red dashed lines indicate the extracted profiles. (d) The initial condition by micro-CT 272 

imaging. (e) Comparison of the profiles (red dashed curves) with the micro-CT image showing the 273 

initial condition of the shear simulation. Note that profiles are vertically offset for clearer 274 

illustration. 275 

3D shear simulations would mimic at best the deformation processes, but this is currently 276 

impossible due to computational limitations. Instead, we built the 2D FDEM model that considers 277 

not only the geometry of the experimental specimen but also the initial contact condition on the 278 

rough surface. A 2D circular profile at the radius of 5.6 mm, which corresponds to the roughest 279 

region (i.e., highest asperities) on the surface, was extracted (Fig. 4a-c). We chose such a profile 280 

because the work by Zhao et al. (2018) suggested that this region with the largest roughness plays 281 

an important role in controlling the shear strength and fracture development during the experiment. 282 

To capture the geometry of the slipping surface, we digitized the top and bottom surfaces before 283 

the experiment using a 3D surface scanner (ATOS II by GOM) at a horizontal grid interval of 284 

44 μm. The relative location of the two profiles were adjusted to recreate the initial contact 285 

conditions according to the micro-CT image (Fig. 4d-e). We subsampled the profiles to a 0.1 mm 286 
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nominal grid interval, which was chosen as an acceptable compromise between computation time 287 

and accuracy in representing the surface geometry. In addition, to mimic the rotary shear behavior, 288 

the two ends of the profiles were extended by 3 mm (i.e., the desired total shear displacement) 289 

using the same geometry as their opposite ends to create an effective periodic boundary. These 290 

profiles formed the initial shear surfaces of the numerical model (Fig. 4e). 291 

 292 

Fig. 5 (a) Mesh topology and boundary conditions of the shear test simulation. The blue dotted 293 

line indicates the location of the virtual measurement line. (b) Zoom in view of the refined mesh 294 

at the shear surfaces, and the arrows indicate the smallest gap between top and bottom surfaces. 295 

The bodies of the top and bottom model were 15 mm in thickness, resulting in a total 296 

vertical height of 30 mm, similar to the sample used in the laboratory experiment (Fig. 5a). The 297 

corners at the ends of the shear surfaces were filleted with a radius of 0.2 mm to avoid stress 298 

concentrations that may result in unrealistic damage. To reduce computational time in applying 299 

the normal stress during the simulation, the initial vertical distance between the top and bottom 300 

semi-sample was adjusted to 2×10−6 mm (Fig. 5b). Moreover, two rigid boxes were added to 301 

simulate the sample holders encasing the two semi-samples. The region of interest (i.e., within 302 

1 mm distance from the shear surface) was discretized with a constant nominal element size of 303 

0.1 mm. The remaining parts of the model were meshed with linearly increasing mesh size as a 304 
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function of the distance from the shear surface, with the coarsest element size being 3 mm. As a 305 

result, the model was meshed into 20,240 triangular elements. These elements were assigned with 306 

the calibrated numerical properties (Table 1&2), while the shear boxes had properties of stainless 307 

steel (Young’s modulus at 200 GPa, density at 8100 kg/m3, and Poisson’s ratio at 0.25). 308 

Table 1 Laboratory measured macromechanical properties (i.e., calibration targets) and emergent 309 

properties of the calibrated FDEM model (after Tatone and Grasselli, 2015; Zhao, 2017). 310 

Properties (unit) 
Laboratory 

measurement 

Calibrated 

FDEM model 

     Density (kg·m−3) 1704 1704 

     Young’s modulus (GPa) 15.0 15.0 

     Poisson’s ratio (-) 0.24 0.24 

     Internal friction angle (Degrees) 23 23 

     Internal cohesion (MPa) 16.4 16.4 

     Tensile strength (MPa)  2.6 2.7 

     Uniaxial compressive strength (MPa) 50.3 49.9 

 311 

FDEM models synthesize the macroscopic behavior of materials from the interaction of 312 

the micromechanical constituents. The overall deformation and failure behavior of the simulated 313 

material are controlled by the combined effect of the input parameters defining the elastic 314 

triangular elements and CCEs. As a result, the macroscopic mechanical properties (as listed in 315 

Table 1, except for the density that needs no calibration) measured by standard laboratory tests 316 

cannot be used directly. Rather, an iterative calibration approach is carried out to obtain input 317 

parameters representative of the material, and the laboratory measured properties were used as the 318 

calibration targets. In this approach, numerical compressive and tensile strength test models are 319 

created and simulated using an initial set of input parameters. The macroscopic mechanical 320 

properties and failure patterns are obtained from the simuation and compared against laboratory 321 
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measurements. In a successful calibration, the numerical model will replicate both the macroscopic 322 

mechanical properties measured from the experiments and the overall failure mode of the material. 323 

If the simulation result is inadequate, the input parameters are iteratively fine-tuned until the 324 

calibration targets are met (Tatone and Grasselli, 2015). The laboratory-measured properties and 325 

the emergent macromechanical properties of the calibrated FDEM model are listed in Table 1, and 326 

the calibrated FDEM model parameters are listed in Table 2.   327 

Table 2 Calibrated FDEM model input parameters (after Zhao, 2017). 328 

Parameter (unit) Value 

Continuum triangular elements  

     Density, ρ (kg·m−3) 1704 

     Young’s modulus, E (GPa) 15.6 

     Poisson’s ratio, υ (-) 0.22 

     Viscous damping factor, α 1 

Cohesive crack elements  

     Internal cohesion, c (MPa) 17.5 

     Tensile strength, σt (MPa)  2.55 

     Friction angle, ϕ (Degree) 24.5 

     Mode I fracture energy, GIc (J·m−2) 3.8 

     Mode II fracture energy, GIIc (J·m−2) 90 

     Fracture penalty, Pf (GPa) 156 

     Normal contact penalty, Pn (GPa) 156 

     Tangential contact penalty, Pt (GPa) 156 

 329 

2.5 Simulation procedure and boundary conditions 330 

The simulation was computed using the Irazu FDEM software (Geomechanica Inc., 2021) 331 

with GPU (graphics processing unit) parallelization. The shear test simulation was conducted in 332 

three phases (Table 3). In phase 1, the initial normal stress was applied by compressing the sample 333 

at a constant vertical velocity of 0.2 m/s until the vertical stress reaches 2.5 MPa, which 334 
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corresponds to the initial normal stress condition of the laboratory experiment. In phase 2, the top 335 

and bottom boxes were constrained to their vertical position, and the horizontal shear velocity was 336 

increased gradually to 0.3 m/s. This transition phase allows the oscillation induced by the 337 

instantaneous stop of normal loading to dampen oscillations due to the shear acceleration. In 338 

phase 3, the top and bottom boxes were fixed in their vertical positions (i.e., this is a constant 339 

normal stiffness shear test) and moved in the horizontal direction at a constant velocity of 0.3 m/s 340 

until the desired shear displacement of 3 mm was reached. Note that the loading velocities used in 341 

the study are significantly higher (1000 times) than those used in laboratory experiments; however, 342 

such a speed has been verified to provide a quasi-static loading condition while allowing a 343 

reasonable computation time (Mahabadi, 2012). The model has 26 million simulation time steps, 344 

and each step represents a simulation time of 4×10−10 s. 345 

Table 3 Simulation phases and boundary conditions applied to the model. The applied velocities 346 

in the x (vx) and y (vy) directions, and the resultant shear displacement (u) are listed. 347 

Phase Simulation steps  vx (m/s)[1] vy (m/s)[2] u (mm) 

1 1–66,400 0 0.1 0 

2 66,401–964,000 0–0.15[3] 0 0–0.02 

3 964,000–26,000,000 0.15 0 0.02–3.02 

[1] Positive (→) on the top box and negative (←) on the bottom box. 348 

[2] Negative (↓) on the top box and positive (↑) on the bottom box. 349 

[3] Linearly interpolated every time step to ramp up the shear velocity gradually. 350 

 351 

Normal and shear stresses were measured along a line parallel to the fault and placed 5 mm 352 

above the rigid box in the bottom sample (Fig. 5a). This measurement line monitored the stress 353 

conditions every 13,000 simulation steps, equivalent to a 200 kHz monitoring rate. The recorded 354 

stress values in all elements along the measurement line were averaged to obtain the overall normal 355 
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stress (σn) and shear stress (τ), which were used to calculate the friction coefficient μ = τ/σn, similar 356 

to the laboratory-measured apparent friction coefficient. 357 

3 Results and data analysis 358 

3.1 Shear behavior 359 

 360 

Fig. 6 Calculated friction coefficient of (a) the laboratory test results plotted as a function of the 361 

equivalent slip distance at a radius of 5.6 mm and (b) the numerical simulation. The first ~0.3 mm 362 

are detailed in Fig. 7. Red arrows indicate significant drops of frictional resistance associated to 363 

seismic events 1, 2, and 3, which are investigated in Section 3.2. 364 

The simulated μ showed a similar trend with the experimental data. It reached the peak 365 

value of 0.22 at a shear displacement of 0.32 mm, followed by a significant drop (Fig. 6b). The 366 

simulated μ experienced many abrupt drops during the slipping process and then stabilized at 367 

approximately 0.04 after approximately 1.7 mm of shear displacement. The simulated μ was 368 

significantly lower than the value reported in the laboratory experiment, with many more 369 

oscillations.  370 
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The simulated stress conditions of the first 0.3 mm showed intriguing similarities to the 371 

laboratory experimental data (Fig. 7a&b). In this interval, the shear behavior observed in the 372 

experiment can be divided into four stages (Fig. 7a): (I) τ, σn, and the resultant μ ramped up 373 

gradually; (II) τ experienced a relatively stable stage with minor change, and σn decreased 374 

continuously, causing minor change of μ; (III) τ and σn gradually increased to a peak shear stress, 375 

and μ increased to the peak value; and (IV) τ, σn, and μ dropped rapidly.  376 

 377 

Fig. 7 Comparison of the overall normal and shear stresses and the friction coefficient of stages I-378 

IV between (a) the experimental data and (b) the simulated data. (c) and (d) are the zoom in views 379 

of the local shear and normal stresses, respectively, at the asperity responsible for the stress drop 380 

at stage IV. Orange circles numbered 1-6 indicate the horizontal shear displacements (u). (e) and 381 

(f) are the micro-CT image of the laboratory specimen corresponding to frame 1 and 6 in (c) and 382 

(d). The initial surface profiles from the surface scan data (red curves) are placed next to the 383 

laboratory fault for comparison. 384 
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The numerical simulation qualitatively captured the general trend of these stages (Fig. 7b); 385 

however, simulated σn in stage I decreased gradually, and more oscillations are observed in the 386 

curves in the simulated data. To further investigate the mechanisms behind the shear behavior 387 

during these stages, we examined the simulated local stress conditions around the asperity whose 388 

breakage was responsible for the large and sudden drop of frictional resistance at stage IV (Fig. 389 

7c&d). During stage I, the simulation shows that the shear surface is at the initial contact condition. 390 

As the shear displacement increases, the shear stress increases gradually due to frictional resistance 391 

of the initial contact area. Note that the numerical model did not capture the minor normal stress 392 

increase measured in the experiment at this stage. Such an increase may be related to the interaction 393 

of the asperities in the direction perpendicular to shear (i.e., out-of-plane motion) that does not 394 

exist in the 2D simulation. During stage II, the top and bottom surfaces adjusted to a more 395 

conforming contact, which resulted in the decrease of the shear and normal stress. During stage III, 396 

new contact points were established, and asperities engage and interlock, causing the shear stress 397 

to increase rapidly reaching the peak shear stress at the end of this stage. Asperities survived and 398 

climbed onto each other, causing dilation that increased the normal stress. At stage IV, the highly 399 

stressed asperity underwent high-stress concentration and failure, releasing the accumulated strain 400 

energy that resulted in the sudden and significant drop of stresses and frictional resistance. The 401 

simulated failure pattern, in terms of location and mechanism, resembled the laboratory 402 

observation (Fig. 7e&f). More importantly, the numerical model can provide the evolution of 403 

surface contacts and stress conditions throughout the shear process. 404 

3.2 Progressive damage, gouge formation, and seismic activity 405 

Progressive damage on the shear surface and fault gouge formation was simulated by 406 

BCCEs (Fig. 8). The first several BCCEs occurred when the top and bottom semi-sample were 407 
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loaded with the initial normal stress. Before ⁓1 mm of shear displacement, the damage was 408 

concentrated in the vicinity of the shear surface. After ⁓1 mm of shear displacement, a number of 409 

sub-vertical fractures penetrated the sample body, resembling the fracturing observed in the 410 

laboratory (Fig. 9). The distribution of the shear-induced damage was mostly concentrated close 411 

to the fault surface and heterogeneously distributed along the fault. Broken asperities formed the 412 

gouge layer that accumulated between the semi-samples. As a result, some portions of the bare 413 

fracture surface were protected from wearing (Fig. 9a), and this phenomenon is also observed in 414 

the laboratory micro-CT image (Fig. 9b). 415 
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 416 

Fig. 8 Damage of the shear surface and the accumulation of gouge material with increasing shear 417 

displacement. Damage is represented by broken cohesive crack elements. 418 
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 419 

Fig. 9 (a) Zoom-in view of a portion of the simulated fault surface at 3 mm of slip. The dashed red 420 

lines highlight intact fault walls that were not damaged. (b) Zoom-in view of the micro-CT image 421 

of a portion of the laboratory fault at a similar location to (a) (adopted from Zhao et al., (2018)). 422 

  423 

Fig. 10 Simulated seismic activities. (a) Magnitude, location, and failure mode of the clustered 424 

seismic activity. (b) Event count in each bin. 425 

A total of 7,557 CCEs were broken throughout the simulation, and they were clustered into 426 

1,561 seismic events. Most of the BCCEs near the shear surface failed in shear mode (Mode II), 427 

and almost all sub-vertical fractures propagated in tensile mode (Mode I). The magnitude of these 428 

seismic events ranged between −11.1 and −4.4, with an average magnitude of −7.3. In general, 429 
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large magnitude events were mostly produced by shear-mode failures, while small magnitude 430 

events mostly arose from tensile-mode failures (Fig. 10a). Along the vertical direction (y direction), 431 

the spatial distribution of seismic activity coincides with the damage pattern: events were 432 

concentrated within ±4 mm of the fault. We divided the horizontal length of the fault, i.e., the x 433 

direction, into 100 bins and examined the spatial distribution of the seismic events along such a 434 

path (Fig. 10b). Seismic events were distributed heterogeneously along the fault: bins at x = 435 

29.8 mm and 34.9 mm had the largest number of events at 44; bins at x ranging 10.5 to 12.2 mm 436 

and 20.5 to 21.0 mm had no seismic events. 437 

Each asperity failure resulted in the sudden and significant drop of frictional resistance and 438 

the release of accumulated strain energy. These large magnitude events caused stick-slip-like 439 

responses and released high amplitude stress waves propagating across the model. Prior to these 440 

dynamic seismic events, their corresponding locations experienced low shear velocity due to the 441 

interlocking of asperities and are referred to as interlocking zones (ILZs) in the following 442 

discussion. Stress concentrated at ILZs and eventually broke the asperities, releasing the 443 

accumulated strain energy (see animated figures Fig. S1 in Supplementary Material for the velocity 444 

fields). Three seismic events (Events 1-3, as indicated in Fig. 6) with distinct wave radiation 445 

patterns are chosen as examples for further examination. Event 1 at u⁓0.3 mm was related to the 446 

most significant friction drop. Events 2 and 3 were two consecutive events that occurred on the 447 

slipping surface 12.5 mm apart from each other with a 0.005 ms time delay. We examined the 448 

stress field (Fig. 11) and observed that the magnitude of seismic events was directly correlated to 449 

the magnitude of the stress concentration at the asperities that failed. We observed that stress 450 

concentration at the ILZs reached values as high as the compressive strength of the material, 451 

causing compressive failure. Due to interlocking, the non-interlocking regions slightly ahead (with 452 
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respect to the shear direction) of the ILZs were subjected to significant tensile stress that reached 453 

the tensile strength of the material, thus, causing tensile fracturing. By examining the particle 454 

velocity field (Fig. 12), we found that prior to the seismic events, the locations of the ILZ were 455 

experiencing particle velocities lower than the loading velocity (i.e., < 0.1 m/s). As the seismic 456 

events occurred, the source region had particle velocities that were two orders of magnitude higher 457 

than that of the ILZs (i.e., > 10 m/s). Interestingly, considering that P- and S-wave velocities are 458 

2967 m/s and 1884 m/s, respectively, Event 3 occurred right after the arrival of the P-wave induced 459 

by Event 2, but prior to the arrival of the S-wave. Therefore, Event 3 may have been triggered by 460 

the stress perturbation from Event 2. 461 

462 

Fig. 11 Output frames of the numerical model showing the horizontal stress σxx at (a-c) Event 1 463 

and (d-g) Events 2 and 3. Interlocking zones (ILZs) that are related to the selected seismic events 464 

are highlighted by the yellow arrows. Note that the simulation time interval between two frames 465 

is 0.052 ms.  466 

 467 
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 468 

Fig. 12 Output frames of the numerical model showing the particle velocity at (a-c) Event 1 and 469 

(d-g) Events 2 and 3. ILZs are highlighted by the yellow arrows and the P-wave wavefront of 470 

Event 2 is labelled. Note the color map is in log scale. 471 

4 Discussion 472 

The FDEM numerical model qualitatively captured the mechanical behavior observed in 473 

the laboratory experiments, highlighting the dominant role of surface roughness on the shear 474 

behavior of rocks at low-stress conditions. Both the laboratory experiment and the numerical 475 

simulation show a slip weakening behavior where the friction coefficient ramps up to the peak 476 

value and then decreases to a residual value. In the numerical simulation, the shear stress and 477 

friction reached a steady-state and residual value around ~1.7 mm of total displacement, in 478 

agreement with the laboratory value (Zhao et al., 2018). 479 

During the first ~0.3 mm of shear displacement, the discrepancies between the 480 

experimental and simulation results in stage I and the additional stress oscillations in the simulation 481 

results may be because the 2D model was not able to capture 3D asperity interactions. However, 482 

the overall variation trend of stresses and the damage pattern on the shear surface showed close 483 
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similarities, suggesting that the 2D profile that we used is a proxy for the laboratory specimen. 484 

This also supports our previous interpretation that the highest asperity was responsible for the 485 

formation of the large secondary sub-vertical fractures and the associated sudden drop in shear 486 

resistance (Zhao et al., 2018). These results suggest that our numerical technique, which uses a 487 

combination of surface scanning, X-ray micro-CT imaging, and FDEM modelling, represents a 488 

promising approach to simulate realistic fault behavior. Our simulation provides the continuous 489 

evolution of contacts on the shear surface and the stress conditions that complement the laboratory 490 

observations in achieving a better comprehension of how the interaction between asperities 491 

controls the stress conditions and damage patterns in faults.  492 

During the shear process, asperities interact in various modes including climbing onto each 493 

other, interlocking, and breaking (Scholz, 1990). Our experimental and numerical results show 494 

that such interactions directly influenced the stress conditions and damage patterns. When the slip 495 

displacement is small (u < 1.5 mm), weak asperities (i.e., millimetric scale unevenness) controlled 496 

the frictional behavior, creating gouge material. These observations agree with the laboratory 497 

observations on the post-mortem sample and suggest the importance of surface roughness in 498 

controlling the formation of the gouge layer. As the slip displacement increases (u > 1.5 mm), the 499 

large-scale roughness of the shear surface (i.e., centimetric scale waviness) becomes important to 500 

the shear behavior and damage pattern. Large scale waviness causes high stress concentration 501 

through interlocking and climbing and may cause sub-vertical secondary fractures. 502 

The damage and seismic event distributions are closely related to the stress heterogeneity 503 

on the shear surface caused by the surface roughness. Depending on the geometry of the asperity, 504 

the stress concentration at the ILZs could reach the compressive strength of the material, causing 505 

compressive failure. This mechanism creates gouge material in the vicinity of the shear surface. 506 
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On the other hand, the areas ahead of the ILZs experience tensile stress up to the tensile strength 507 

of the material, thus, creating tensile fractures. This mechanism creates large sub-vertical 508 

secondary fractures. Breakage of strong asperities release the accumulated strain energy in the 509 

whole model, causing an overall shear stress drop, giving a stick-slip-like shear behavior. Such a 510 

lock-and-fail mechanism is recently found to be the key process of stick-slip behavior of bare 511 

surfaces (Chen et al., 2020; Morad et al., 2022). Note that the overall shear loading in our model 512 

is considered quasi-static, but the local seismic events are dynamic activities with particle velocity 513 

more than 100 times the quasi-static loading velocity. This suggests that on a rough shear surface, 514 

quasi-static shear consists of numerous heterogeneously distributed local dynamic seismic 515 

activities, and this process may complicate the slip process on rough faults and the estimation of 516 

the energy budget (Tinti et al., 2005). 517 

Observations on Events 2 and 3 suggest that the stress perturbation from asperities 518 

breakage may trigger events on adjacent interlocking zones. From an earthquake perspective, there 519 

are two possible mechanisms that may trigger seismic events in the near field: (1) static stress 520 

redistribution (e.g., King et al., 1994; Toda et al., 1998) and (2) dynamic stress wave perturbation 521 

(e.g., Kilb et al., 2000; Gomberg et al., 2001). In our simulation, the modeled body did not slip as 522 

a rigid body, rather, the slipping consisted of pulses of local movements, accompanied by 523 

numerous continuously changing of contacts and asperities breakages. When the asperity 524 

associated to Event 1 breaks, the dynamic stress perturbation was damped out, and the static stress 525 

concentration is transferred to nearby asperities, which eventually caused failure of other asperities. 526 

On the other hand, Events 2 and 3 showed a more interesting correlation. Event 3 occurred 527 

between the arrival times of P- and S-waves from Event 2. Within this time window, stress 528 

redistribution had not reached a steady state, suggesting that the perturbation of the dynamic stress 529 
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wave radiated from Event 2 may have triggered Event 3. These results imply that static stress 530 

transfer and dynamic stress perturbation triggering may occur on the same fault and contribute to 531 

the movement of fault slip. However, due to the limitation of the model output frequency and post-532 

processing method, the triggering is not conclusive, Event 2 and 3 may have been independent 533 

seismic events occurred in a narrow time window, and more investigation is needed in future 534 

research. 535 

The numerical simulation has the advantage of continuously modeling the fault shear 536 

process, fault surface damage, and associated stress conditions. However, the simulated sample 537 

experienced more damage than the laboratory sample, which is probably related to the limitation 538 

of 2D simulations not accounting for the motion in the third dimension. For the same reason, the 539 

simulated stresses suffered significant fluctuations, and the friction coefficient was much lower 540 

than the experimental measurement, which is a common limitation of 2D simulations. The 541 

laboratory experiment by Frye and Marone (2002) and the numerical simulation by Hazzard and 542 

Mair (2003) demonstrated that 2D numerical models exhibit friction values notably lower than 3D 543 

models and suffer from greater stress fluctuations due to the lack of particle motion in the third 544 

dimension. In addition, we meshed the shear surface at a relatively high resolution (0.1 mm), 545 

resulting in a large number of asperities at various sizes. Hence, the interlocking and breakage of 546 

these asperities caused stress oscillations (i.e., microseismic events). Even though we qualitatively 547 

captured the shear behavior that matches the laboratory measurements, to fully capture the shear 548 

behavior of the rotary shear experiment, a 3D model capturing the surface geometry and asperity 549 

interaction on the entire shear surface will be required. 550 

5 Conclusion 551 
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In this study, we used a carefully built and calibrated FDEM numerical model to simulate a 552 

laboratory shear experiment. We introduced a new clustering algorithm to improve the 553 

understanding of the simulated fracturing and associated seismic events. The model was able to 554 

qualitatively capture the frictional behavior observed in the laboratory experiment, providing the 555 

missing information in the experimental observation regarding the continuous variation of stresses 556 

and the progressive evolution on the shear surfaces.  557 

Our numerical model matches the experimental results particularly well at the beginning 558 

of the shear deformation (~0.3 mm). We were able to identify similar stress variation trends and 559 

damage patterns. The simulation results provided detailed evolution processes of the contacts on 560 

the shear surface and the local stress conditions, which are not available in experimental 561 

observations. Combining the numerical and experimental results, we conclude that interlocking of 562 

asperities can cause compressive stress concentration on the front side (i.e., facing the shear 563 

direction) of the asperity, which could induce compressive failure (e.g., crushing) near the shear 564 

surface; on the other hand, tensile stress concentration is generated on the leeward side of the 565 

asperity, which could cause sub-vertical tensile fractures that could propagate into the host rock. 566 

Progressive surface damage and the associated microseismic events occur at the locations of 567 

asperity interactions and is highly heterogeneous. Several locations experienced no damage even 568 

after large shear displacement, these locations are either not in contact or were protected by gouge 569 

materials. 570 

As a result of the interlocking and breakdown of asperities, local dynamic failure events 571 

occur, even though the overall loading is quasistatic. These events are considered microseismic 572 

events, and their magnitudes range between −11.1 and −4.4. Strain energy stored in the medium 573 

was released during these events, causing dynamic perturbation to the overall stress condition, and 574 
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the particle velocity in the source reached > 10 m/s, two orders of magnitude larger than the 575 

surrounding regions. This high amplitude stress perturbation could even trigger the failure of 576 

adjacent critically stressed asperities. 577 

Both the numerical model and the experiment suggested the importance of shear surface 578 

roughness in controlling slip behavior, and we were able to explain the laboratory observations 579 

with the help of numerical results. Shear surface evolution is a complicated process that involves 580 

frictional sliding, fracturing, gouge comminution, and seismicity. The high degree of agreement 581 

between simulation and experiment data leads to a promising future of predicting fault behavior 582 

through, laboratory testing, surface characterization, and numerical simulations. These results 583 

improved the understanding of shear behavior and demonstrated that micromechanical based 584 

numerical simulation is a capable approach to study fault mechanics. 585 
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