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Abstract  19 

This paper presents a numerical investigation of the effects of boundary conditions, 20 

i.e., constant normal load (CNL) and constant normal stiffness (CNS), on the failure 21 

mechanism of incipient rock discontinuities in direct shear. A series of numerical 22 

simulations were performed using the particle-based discrete element method 23 

(DEM), in which rock matrix and rock bridges (on incipient joint planes) were 24 

modeled as an assembly of rigid particles that were bonded together at their 25 

contacts. Smooth-joint model was assigned to particles of the persistent portions of 26 

incipient rock joints. Input micro-parameters of particles, bonds and smooth-joint 27 
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were calibrated against a series of laboratory experiments. The study reveals that 28 

CNL and CNS boundary conditions significantly affect shear characteristics of 29 

incipient rock discontinuities. Peak shear stress increased significantly (up to three 30 

times) in the CNS direct shear in comparison with that measured in the CNL direct 31 

shear under the same initially applied normal stresses. The significant increase of 32 

shear stress in the CNS direct shear tests conducted in this study was related to the 33 

opening of newly created micro-cracks and creation of the rupture zones within the 34 

rock bridges, leading to a dramatic increase in the normal stresses. In the 35 

meanwhile, yield behavior was observed in the CNS direct shear while brittle failure 36 

was noticed in the CNL direct shear. It is also found that micro-cracks initiated at the 37 

vicinity of rock bridges in both CNL and CNS shear tests, while they propagated 38 

differently due to the gradual increase of normal stress under CNS boundary 39 

conditions.  40 

Keywords: Incipient rock discontinuity; persistence; rock bridge; direct shear; 41 

boundary conditions; discrete element method 42 

1. Introduction 43 

Translational rockslides and instability of rock masses can be associated with the 44 

shear failure of incipient rock discontinuities. The failure is a combination of sliding 45 

along persistent discontinuity sections and rupturing of intervening incipient portions 46 

(often represented by rock bridges) (Einstein et al.,1983; Stead and Wolter, 2015; 47 

Tannant et al., 2017). Incipient rock discontinuities herein refer to rock joints [1] that 48 

are not fully developed with geological time; they therefore retain considerable shear 49 

and tensile strength sometimes even approaching that of parent rock (Shang et al., 50 

2015 and 2016). (Footer of this page: [1] Rock joints are often used essentially 51 



 

 
 
 

synonymously with rock discontinuities in published literature [e.g. Hencher and 52 

Richard, 2015] and that practice was adopted in this study.) 53 

It has been understood that asperities and texture (Hencher and Richard, 2015; 54 

Bahaaddini et al., 2016), geometry and strength of rock bridges (Kemeny, 2005), 55 

roughness (Hencher and Richard, 2015) and water conditions (Kim and Inoue, 2003) 56 

can influence the shear strength of incipient rock discontinuities. Apart from these 57 

factors, the shear failure mechanism is also influenced by boundary conditions.  58 

Constant normal load (CNL) and constant normal stiffness (CNS) boundary 59 

conditions both exist in nature (Gischig et al., 2011 and 2011a; Poturovic et al., 60 

2015). Figure 1 shows a rock slope with many irregular rock blocks and incipient 61 

rock joints. These incipient rock joints may fail in shear under CNL boundary 62 

condition, threatening vehicles on the high way. Figure 2 presents a schematic 63 

diagram showing CNL and CNS boundary conditions. A translational rockslide may 64 

occur due to the shear failure of incipient rock joints under the CNL condition (Case 65 

A). Normal load, N, (mainly arising from self-weight, W) remains constant and rock 66 

(in grey) overlaying the shear plane can dilate freely during shear. For cases where 67 

unstable blocks are away from free surfaces, either confined by un-tensional rock 68 

bolts (Nemcik et al. 2014) (e.g., Case B in Figure 2) or surrounding rocks in the 69 

underground (e.g., Case C in Figure 2), dilatant deformation are resisted during 70 

shear. This will lead to an increase of normal (i.e. confining) stress. Increased normal 71 

stress, in this sense, will conversely enhance the shear strength of rock 72 

discontinuities (Indraratna and Haque, 2000). This phenomenon in nature can be 73 

represented by CNS boundary condition (Shrivastava and Rao, 2013; Bewick et al., 74 

2014).  75 
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Shear failure of rock discontinuities under CNL boundary conditions has been widely 76 

investigated in the laboratory (e.g. Hencher, 1976; Bandis et al., 1981; Gehle and 77 

Kutter, 2003) and through numerical modelling (e.g. Zhang et al., 2006; Shrivastava 78 

and Rao, 2010; Bahaaddini et al., 2016). Among these investigations authors 79 

focused on the mechanical (opened) rock joints that are, to some extent, special 80 

cases of incipient ones (Shang et al. 2015; Shang 2016). Attempts have been 81 

undertaken to study the shear strength of incipient rock discontinuities. Lajtai (1969) 82 

found that direct shear strength of a coplanar incipient rock joint depends on rock 83 

bridge strength and joint friction using replica samples. Rock bridges may fail in 84 

forms of tension and shear depending on the normal and shear stress conditions. 85 

Similar replica rock joints were prepared by other researchers such as Savilahti et al. 86 

(1990) who found that rock bridge generally failed in tension. Gehle and Kutter 87 

(2003), in their study of breakage and shear failure of rock joints, found that crack 88 

initiated by the formation of wing cracks and propagated into rock bridges. Note that 89 

joints in their study were not parallel to the shear direction. A further study was 90 

presented by Zhang et al. (2006) based on software rock failure process analysis 91 

(RFPA 2D), in which more geometrical parameters of rock joints were involved. They 92 

found that the propagation of wing cracks depended on the joint separation and its 93 

relative orientation to the shear direction.  94 

Due to the difficulty of experimentation, only a few experimental investigations were 95 

reported on CNS direct shear. Indararatna and Haque (1997) investigated the 96 

influence of bentonite infill on the shear behavior of soft joints deformed under CNS 97 

conditions. One main conclusion from that study is that the peak shear strength of 98 

filled rock joints approached that of infill when the ratio of infill thickness to asperity 99 

height reached 1.6. Shrivastava and Rao (2013) developed a large-scale direct 100 



 

 
 
 

shear test machine in the laboratory, in which varying normal stress was generated 101 

by a hydraulic servo-valve to represent CNS boundary conditions. Poturovic et al. 102 

(2015) provided some insights into the shear failure of artificial rock joints deformed 103 

under CNL and CNS conditions. They found that dilation potential depended on the 104 

external boundary conditions and stiffness. Apart from these laboratory 105 

investigations, a series of analytical models have been proposed to study CNS shear 106 

behavior of rock joints, including those of Saeb and Amadei (1990), Indraratna and 107 

Haque (2000) and Lee et al. (2014), see Thirukumaran and Indraratna (2016) for a 108 

brief review in this regard. For numerical modelling of CNS shear of rock 109 

discontinuities, few literatures are available. Indraratna and Haque (2000) examined 110 

the shear behavior of soft saw-tooth rock joints under CNS conditions using 111 

Universal Distinct Element Code (UDEC).  112 

The literatures aforementioned mainly focused on the shear behavior of mechanical 113 

rock discontinuities. It is rare to see direct shear tests on incipient rock joints. As 114 

stated earlier, the presence of rock bridges can give a high strength reserve, which 115 

should be considered in practical situations. To fortify the literature in this area, this 116 

study presents an investigation of the shear failure of incipient rock discontinuities 117 

using the particle-based discrete element method (DEM), with a primary aim of 118 

investigating the influence of boundary conditions (i.e., CNL and CNS). The particle 119 

flow code (Cundall and Strack, 1979) has been widely employed in the modelling of 120 

rock and discontinuities (Zhang and Thornton, 2007; Bewick et al., 2014; Duan and 121 

Kwok, 2016; Mehranpour and Kulatilake, 2017; Shang et al. 2017a) and this code 122 

was used in this study. 123 

2. Methodology of modelling 124 
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2.1 DEM model and calibration 125 

In the study, a DEM model was established using the particle flow code 3D (PFC3D) 126 

produced by the Itasca Consulting Group. In the model, rock matrix and rock bridge 127 

were represented as an assembly that were parallel bounded at their contacts. The 128 

bond will break in either shear or tension when external load exceeds the bond 129 

strength (Itasca Consulting Group Inc 2008). Persistent joint sections were simulated 130 

by the smooth-joint model (SJM) developed by Cundall (2000).  131 

The parallel-bonded DEM model was calibrated against uniaxial compression test on 132 

intact Horton Formation Siltstone. In the experiment, cylindrical samples having a 133 

height to diameter ratio of 2.4 were prepared and ends of samples were ground flat 134 

according to the ISRM standard (Fairhurst and Hudson 1999). The prepared 135 

samples were compressed with a uniform loading rate of 0.5 MPa/s using a servo-136 

controlled loading machine (MAND). Normal load and axial and lateral strain were 137 

recorded during the test. Figure 3a shows two representative curves of axial stress 138 

against axial and lateral strains. The stress-strain curves were used in the calibration 139 

and the procedure was similar to that used by Bahaaddini et al. (2013). In the 140 

calibration, a DEM sample containing 9596 particles with a radius ranging between 141 

1.0 and 1.5 mm was generated. The size of the DEM sample (120 mm × 50 mm) 142 

was the same as that of samples used in laboratory experiment. Modulus of particles 143 

and parallel bond was firstly calibrated through a trial-and-error process, followed by 144 

the calibration of normal to shear stiffness ratio. After that, the bond cohesion, tensile 145 

strength and friction angle were varied to match the uniaxial compressive strength. 146 

Figure 3a shows a comparison of the calibrated numerical and laboratory results. As 147 

can be seen in Figure 3a, a good agreement was reached. Corresponding calibrated 148 

micro-parameters are listed in Table 1. 149 



 

 
 
 

The calibration of SJM in this study involved the micro-parameters selection of 150 

smooth joint normal stiffness, shear stiffness and friction coefficient. Smooth joint 151 

normal stiffness was calibrated against normal deformability test; and shear stiffness 152 

and friction coefficient were calibrated against direct shear test. In the experimental 153 

normal deformability test, intact cylindrical samples (70 mm in diameter and 150 mm 154 

in length) and identical samples with a horizontal planar joint were prepared (Shang 155 

2016; ASTM 2014). Again, two ends of samples were ground flat. Prepared samples 156 

were uniaxially compressed to approximately half of UCS of intact rock at a constant 157 

loading rate of 0.5 MPa/s. Normal force and normal deformation of intact rock and 158 

rock with a horizontal joint were recorded during loading. Joint normal deformation 159 

was estimated by subtracting intact rock normal deformation from normal 160 

deformation of intact rock with a joint (Bandis et al. 1983). A representative result of 161 

stress and joint normal displacement curve is shown in Figure 3b. As it can be seen, 162 

the curve contains a non-linear part (mainly due to the closure of joint) and an 163 

approximately linear part (due to the compression of intact rock). Calibration of the 164 

smooth joint normal stiffness was conducted on a DEM cylindrical sample (with the 165 

same dimension as the physical samples) containing a horizontal joint plane 166 

(represented by SJM). The particle size followed a uniform distribution with Rmin=1.0 167 

mm and Rmax/Rmin=1.5 (Shang et al. 2017a). The constructed DEM sample was 168 

compressed continuously with a constant loading rate of 0.005 m/s. Test was 169 

terminated when normal stress reached approximately half of UCS of intact rock. 170 

Normal stress and normal displacement were recorded during loading. Smooth joint 171 

normal stiffness was varied to match the experimental result, i.e., the curve of axial 172 

stress and joint normal displacement as illustrated in Figure 3b. Corresponding 173 

micro-parameter is listed in Table 1.  174 
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To calibrate smooth joint shear stiffness and friction coefficient, direct shear tests on 175 

a Horton Formation Siltstone joint were performed using a Robertson Shear Box 176 

(developed by Professor Evert Hoek). A constant normal stress of 2 MPa was 177 

applied on the jointed sample using an equipped hand jack. The normal and shear 178 

loads were recorded by Bourdon tube load gauges and shear displacement was 179 

logged by a dial gauge. Shear test was terminated when horizontal shear 180 

displacement reached 10 mm. Shear stresses under a normal stress of 2 MPa and 181 

corresponding horizontal displacement are plotted in Figure 3c. It should be noted 182 

that the authors have attempted to conduct direct shear tests under higher normal 183 

stresses (i.e., 4 and 6 MPa) using the Robertson Shear Box, but they failed in their 184 

attempts to get reliable data due to the intrinsic limitations of the Robertson Shear 185 

Box (see discussion of this point in section 5).  186 

Following the procedures of Bahaaddini et al. (2013), smooth joint shear stiffness 187 

was firstly varied to match the shear stiffness of the planar joint under a normal 188 

stress of 2 MPa, followed by varying the smooth joint friction coefficient to match the 189 

peak shear strength. Figure 3c shows a comparison of the numerical and laboratory 190 

results. As shown in Figure 3c, a good agreement was reached. Corresponding 191 

calibrated micro-parameters are list in Table 1. To understand the shear 192 

characteristics of the DEM model under higher normal stresses, additional two DEM 193 

simulations under normal stresses of 4 and 6 MPa were performed using the 194 

parameters listed in Table 1. Numerical results are shown in Figure 3c (red and 195 

black lines). It can be seen that the friction angles are approximately the same under 196 

different normal stresses (around 31°) and the cohesion is approximately zero (as a 197 

mechanical joint was tested).  198 

2.2 DEM Model setup of CNL and CNS direct shear tests 199 



 

 
 
 

Figure 4 shows the model setup of direct shear tests under CNL and CNS boundary 200 

conditions. In the CNL shear model (Figure 4a), a shear box with a dimension of 100 201 

mm (length) x 100 mm (width) x 40 mm (height) was created. Rock sample 202 

comprised around 49000 particles with minimum radius of 1.0 mm and a ratio of 203 

maximum to minimum particle radius (Rmax / Rmin) of 1.5, which follows a normal 204 

distribution (Potyondy and Cundall, 2004; Shang et al. 2017a). An incipient rock joint 205 

oriented parallel to the shear direction was created, as shown in Figure 4c (particles 206 

forming rock matrix are not shown for clarity). The rock bridge area along the 207 

incipient joint plane was closed by black dashed lines. The lower shear box was 208 

fixed (purple in Figure 4c) and the upper box was deformed (red in Figure 4c) at a 209 

constant shear velocity of 0.02 m/s. To ensure CNL boundary condition, normal 210 

stresses with magnitudes of 6, 20 and 40 MPa were applied on the top shear box 211 

respectively and kept constant using the servo mechanism (Itasca Consulting Group 212 

Inc 2008). The mean shear stress was calculated by dividing the reaction forces 213 

acting along the two side walls of the top box by the area of incipient joint plane. 214 

The CNS direct shear test was set up based on the CNL shear model which is 215 

similar to that used by Bewick et al. (2014). Unlike the free boundary constraint for 216 

CNL shear (Figure 4a), an additional cap of material with a depth of 20 mm was 217 

generated on the top of the upper shear box (grey particles in Figure 4b) to prevent 218 

dilatant deformation during shear deformation. The material comprised particles that 219 

were bonded together at their contacts and the bonds between them are non-220 

breakable. Stiffness of the cap material was assigned by modulus of the particles 221 

and bonds. Three different modulus values (i.e., 1, 10 and 30 GPa, respectively) 222 

were studied.  223 



 

10 
 

To generate the cap material, five additional walls (aw1-aw5, see Figure 4d) were 224 

created on the top of the upper shear box. It is noted that only one horizontal 225 

interface wall was created between the cap material and the upper shear box and 226 

both sides of the wall were active in the simulation model (Figure 4d). After the wall 227 

generation, assemblies of particles (with the same particle size distribution as that 228 

used in the CNL shear, Figure 4a) were generated and the cap and the shear box 229 

were filled by the particles separately. After model reached the static equilibrium, the 230 

particles contacting the horizontal interface wall were detected which can be divided 231 

into two groups. The first group comprised the particles above the interface wall (red 232 

particles in Figure 4b) and the second group involved the particles below the 233 

interface wall (green particles in Figure 4b). The horizontal interface wall between 234 

the cap and the upper shear box was then deleted (Figure 4d). Cycling continued 235 

until static equilibrium was achieved. New contacts between the red and green 236 

particles were generated in that process and linear model without contact bond and 237 

friction was applied at the newly generated contacts. The frictionless linear model 238 

applied between the cap material and the upper shear box guaranteed that there 239 

was no shear force at their interface during the simulation; and the cap material only 240 

provided normal resistance to the dilatant deformation of the upper shear box, 241 

thereby mimicking the CNS boundary condition.  242 

 In the CNS direct shear, the upper shear box and the cap were fixed whilst the lower 243 

shear box was deformed (see Figure 4d). Normal stresses with magnitudes of 6, 20 244 

and 40 MPa were applied on the top wall (i.e., aw5, Figure 4d), respectively; and the 245 

wall was fixed after the initial applied normal stresses were achieved using the servo 246 

mechanism (Itasca Consulting Group Inc 2008). Similarly, the mean shear stress 247 

was calculated by dividing the reaction forces acting along two the side walls of the 248 



 

 
 
 

lower box by the area of the incipient joint plane. The normal stress was calculated 249 

by dividing the reaction force acting on the top wall of the cap by the area of the wall. 250 

Fifteen measurement spheres were arranged in the rock bridge area to monitor local 251 

stresses during the test (Figure 4d).  252 

3. DEM modelling results 253 

3.1 Shear stress and strain characteristics 254 

A series of CNL and CNS direct shear tests were conducted using the carlibrated 255 

DEM model and the numerical simulation scheme described in section 2.2. Figure 5 256 

shows the integrated shear stress and strain curves of CNL direct shear under 257 

different normal stresses (6, 20 and 40 MPa) and CNS direct shear under different 258 

magnitudes of normal stiffness (represented by different modulus of cap material, 259 

i.e., 1, 10 and 30 GPa, respectively). It can be seen that the shear strengths 260 

measured in CNS direct shear were much larger compared with that measured in 261 

CNL shear. The stress-strain curves in the CNS shear were similar to one another 262 

(Figure 5a) and an early shear strength (less shear strain) occurred for the case with 263 

a smaller confinement stiffness (i.e. 1 GPa). Furthermore, the stress paths were 264 

quite similar for other two series of tests when initially applied normal stresses 265 

(IANS) were 20 and 40 MPa.   266 

As anticipated, for CNS direct shear under the same initial normal stress, peak shear 267 

stress increased with the increase of the modulus of the cap material. For example in 268 

Figure 5a, the peak shear stress was 52.2 MPa when modulus of cap material was 1 269 

GPa, while it increased up to 64.1 MPa when modulus was 30 GPa. The stress-270 

strain curves in CNS shear exhibited a clear yield behavior (Yield points are 271 

indicated by circles in Figures 5a, 5b and 5c). Prior to the yield stage, elastic 272 
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behavior dominated, during which stress oscillations (see the close-up view in Figure 273 

5a) were observed due to the fracturing of rock bridges (break of bonds between 274 

particles). Followed by the yield deformation, for all simulations, shear strengths 275 

reached within a shear strain of approximately 0.015.  276 

Compared with the CNS direct shear, on the contrary, stress-strain curves of CNL 277 

shear exhibited a same yield and peak strength (see Figure 5a). Tangent modulus of 278 

the curves (in the elastic deformation stage) prior to the yield points were smaller in 279 

comparison to that measured in CNS direct shear.   280 

Stiffness of confinement and initially applied normal stress in CNS direct shear can 281 

influence the shear strength and failure mechanism (Bewick et al., 2014). Figure 6 282 

shows relative stress increases corresponding to the yield and peak points when 283 

modulus of cap material increased from 1 to 30 GPa. It is observed that the 284 

increment of stresses at the yield and peak points decreased slightly when the 285 

initially applied normal stress was increased. The relative increase of peak shear 286 

stress was 0.179 for a cap modulus of 10 GPa when initially applied normal stress 287 

was 6 MPa, it dropped to 0.127 when initially applied normal stress was 40 MPa 288 

(Figure 6).  289 

3.2 Shear stress versus normal stress in CNS direct shear  290 

Figure 7 shows the relationship between shear stress and normal stress in CNS 291 

direct shear. Significant increase of normal stress was measured which was related 292 

to shear rupture of the rock bridge within the tested incipient joint plane and was not 293 

a result of shearing on pre-existing asperities (persistent joint sections are 294 

represented by smooth-joint model in this study). 295 



 

 
 
 

In Figure 7a, shear stress curves followed a similar path until the first yield point 296 

(51.2 MPa) was reached (cap modulus was 1 GPa). A much higher yield stress (59.3 297 

MPa) was measured with a higher normal stress (22.5 MPa) when cap modulus was 298 

10 GPa, followed by the appearance of peak shear stress (60 MPa) and then steady 299 

reduction to around frictional strength (black dashed line in Figure 7a). A similar 300 

trend was also observed for the case when cap modulus was 30 GPa (blue line in 301 

Figure 7a). Linear coulomb strength envelop (dashed orange line) intersects stress 302 

paths which demonstrates that this rule cannot be used to predict peak shear 303 

strength under CNS boundary conditions because the peak stress under this 304 

condition also depended on the stiffness of confinement (Bewick et al. 2014). 305 

Likewise, at higher initially applied normal stresses (20 and 40 MPa), peak shear 306 

strength reached with a larger normal stress when cap modulus was increased 307 

(Figures 7b and 7c). Figure 8 shows peak normal stress against cap modulus under 308 

CNS direct shear. It is observed that peak shear stresses measured were 309 

proportional to the cap modulus and IANS. Note that zero cap modulus represents 310 

the CNL boundary condition.  311 

3.3 Micromechanical behavior: Stress versus evolution of micro-cracks 312 

Figures 9, 10 and 11 show examples of stress characteristics under CNL shear and 313 

CNS shear with cap modulus of 1 GPa and 30 GPa. Evolution of micro-cracks for 314 

each test is graphically presented (Figures 9d, 10e and 11e). For visualization 315 

purpose, a set of distinct colors were assigned to shear boxes and micro-cracks. 316 

Shear boxes shown in red deformed (along the positive x-direction at a shear rate of 317 

0.02 m/s) and those shown in purple stationed. Induced shear cracks were shown in 318 

red and tensile cracks in yellow. For clarity, top and front walls are not shown; shear 319 
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planes (including persistent joint planes and rock bridges in between) and particles 320 

(forming the rock matrix) in the bottom shear box are shown.  321 

In the example of CNL direct shear (Figure 9), shear stress, normal displacement 322 

and cumulative number of micro-cracks are plotted against shear strain (Figures 9a, 323 

9b and 9c). Figure 9d shows the corresponding images monitored at five key stages 324 

shown in Figure 9c, i.e., test initiation (Point A), fracture initiation around tips of rock 325 

bridge (Point B), crack propagation (Point C), crack coalescence (Point D) and end 326 

of test run (Point E).  It can be observed that cracks initiated around two edges of 327 

rock bridges at the shear strain of around 0.0028 and concentrated along the shear 328 

direction (Magenta dashed boxes in Figure 9dB). Then, cracks propagated in a clear 329 

trend, showing more concentration in the center of rock bridge area (indicated by the 330 

blue arrows in Figure 9dC). Peak shear stress reached at the Point D, at which 331 

micro-cracks coalesced in the middle, leaving two U-shaped areas of rock bridges 332 

(Figure 9dD). Peak shear stress reached (Figure 9a), accompanied by a significant 333 

increase of normal displacement (Figure 9b) and occurrence of more micro-cracks 334 

(Figure 9c). Note that the increase of normal displacement in the CNL direct shear 335 

was related to the servo-controlled mechanism for maintaining the required normal 336 

stress (6 MPa for this case) rather than dilation. Subsequently, shear stress dropped 337 

abruptly from the peak (21 MPa) to around 13 MPa, after which point no significant 338 

increase of the number of micro-cracks was observed. Figure 9dE shows the image 339 

at the end of the test run, in which some scattered microcracks were found around 340 

the edges of top shear box due to stress concentration.  341 

In the CNS direct shear tests with a cap modulus of 1 GPa (Figure 10), fifteen shear 342 

stress paths were monitored through the test run using the measurement spheres 343 

described in Figure 4d. For clarity, they are plotted separately against shear strain 344 



 

 
 
 

(Figures 10a and 10b). Unlike the CNL shear, the bottom shear box (red) deformed 345 

whilst the top shear box and the cap material stationed (in purple) (Figure 10eA). 346 

Micro-crack evolution, at the five stages described above, in the CNS direct shear 347 

(Figure 10e) exhibited a clear different pattern in comparison to that observed in the 348 

CNL direct shear (Figure 9d). Prior to appearance of the shear strength at Point D 349 

(Figures 10d and 10eD), micro-cracks initiated around two edges of rock bridges 350 

(Magenta dashed boxes in Figure 10eB) but propagated with an I-shaped pattern 351 

(indicated by blue arrows in Figure 10eC) towards the middle area of the rock bridge. 352 

At this stage, apart from the micro-cracks generated in the rock bridge, a small 353 

amount of micro-cracks were induced above the persistent joint surfaces (indicated 354 

by the blue dashed circles in Figure 10eC). The monitored shear stress paths at this 355 

particular stage exhibited clear peaks (Figures 10a and 10b), subsequently rise with 356 

oscillations, which was related to the opening of newly generated cracks and 357 

generation of rupture zone in the rock bridge area. 358 

At the Point D, peak shear stress reached with the mirco-cracks approximately 359 

coalesced (Figure 10eD). Steady increase of the number of micro-cracks was still 360 

observed due to the break of bonds within the rock matrix (which is related to the 361 

highly increased normal stress and confinement in CNS direct shear). The increase 362 

of normal stress approached to a constant (just below 27.5 MPa) at the end of test 363 

run when no significant increase of the number of micro-cracks appeared on the 364 

shear plane (Figure 10eE). It can be noted that the relative increase of the number of 365 

shear micro-cracks (92%) in CNS and CNL was much larger than that for tensile 366 

micro-cracks (23%), which was due to the increment of normal stress in CNS shear, 367 

leading to more shear cracks.  368 
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An example of CNS direct shear with a higher cap modulus of 30 GPa is shown in 369 

Figure 11. The fracturing process was very different compared with that observed in 370 

the case with a smaller stiffness of confinement (1 GPa, Figure 10). Again, cracks 371 

initiated around two edges of rock bridges but with an early appearance of micro-372 

cracks outside areas of the shear plane (Figure 11eB). Instead of the I-shaped 373 

pattern (Figure 10eC), micro-crack propagation led to a U-shaped area of rock 374 

bridge in the middle (blue arrows in Figure 11eC) and the rock bridge then 375 

disappeared gradually until the Point D. Peak shear stress reached at the Point D 376 

and reduced gradually with some oscillations until the end of test run. Another 377 

observation is that a large number of micro-cracks, especially shear micro-cracks 378 

(red), were created above the shear plane (Figures 11eD and 11eE) due to the 379 

significant increase of normal stress (up to 120 MPa in Figure 11a). The number of 380 

shear micro-cracks was 27047, which was around 5.7 times of that of tensile micro-381 

cracks (4738).  382 

Figures 12 shows contoured plots of micro-cracks induced in the CNL and CNS 383 

direct shear tests in which normal stress and IANS are both 6 MPa. Micro-cracks are 384 

plotted as poles on equal angle stereonets and they are not shown for clarity. 385 

Contoured areas are filled by red for CNL tests and by monochrome for CNS tests. 386 

Values in each legend represent the percentage of density of poles per 1% area. 387 

Rose diagrams showing the trends of micro-cracks in CNS direct shear and best-fit 388 

planes of poles are included. As illustrated in Figure 12, cracks orientated very 389 

differently for CNL and CNS direct shear, while for the series of CNS direct shear 390 

tests conducted under different confinement stiffness, orientation of induced micro-391 

cracks exhibited a similar pattern. As seen from the rose diagrams, shear micro-392 

cracks trended mainly between approximately 0 degree and 180 degree from north, 393 



 

 
 
 

whereas tensile micro-cracks approximately between 180 degree and 360 degree 394 

from north (CNS tests in Figure 12). This finding also applies to other series of shear 395 

tests conducted in this study with a higher normal stress (for example 20 MPa in 396 

CNL shear) and IANS (for example 40 MPa in CNS shear) (Figures 13 and 14). It is 397 

also found that the magnitude of initially applied normal stress in CNS shear tests 398 

had some influence on the orientation and concentration of micro-cracks. For 399 

example, in the CNS shear tests under the same confinement stiffness of 10 GPa, 400 

density of shear micro-cracks ranged between 1% and 3% per 1% area when IANS 401 

was 6 MPa (see the first figure at the third row in Figure 12). While it reduced within 402 

2% per 1% area when IANS was increased to 20 MPa (see the first figure at the third 403 

row in Figure 13). The number of micro-cracks increased with the increase of peak 404 

normal stress, irrespective of boundary conditions, as illustrated in Figure 15.  405 

 4. Discussions 406 

The main difference between incipient rock discontinuities and mechanical ones is 407 

that discontinuities at incipient stage have some tensile strength due to rock bridges 408 

(Shang et al. 2017b and 2018) or secondary mineralization and cementation (Hoek 409 

2007; Hencher 2012). Given time, they will develop into mechanical fractures in 410 

response to loading (Shang et al. 2016), weathering (Goudie 2016) and precipitation 411 

(Wieczorek and Jager 1996).  412 

Besides the boundary conditions, Bahaaddini (2017) indicated that the size of gap 413 

zone between the upper and lower shear boxes also has some effects on shear 414 

mechanism and hence, zero gap zone has been used in this study to reduce the 415 

potential effect of gap zone. In this DEM model, incipient rock joints with a particular 416 

areal persistence value (0.4) were created, however the potential influence of areal 417 
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persistence on shear strength will be reported in a separate research paper by the 418 

authors. Rock bridges within incipient Horton Formation Siltstone joints were 419 

assigned with the same strength to that of adjacent intact rock. Potential weathering 420 

and erosion of persistent sections of this lithology, that were observed in the field 421 

(Shang et al. 2017b), have not been considered for simplification. Strength 422 

weakening can be a potential approach to allow the effect of weathering to be 423 

investigated, however, such approach significantly depends on the reliability of input 424 

parameters depicting weathering conditions. The strength weakening approach may 425 

be evaluated through laboratory tensile and shear tests of weathered rock samples 426 

combined with detailed observations in the field.    427 

Results of this study show that CNL and CNS boundary conditions had a significant 428 

effect on the shear characteristics of incipient rock discontinuities, in terms of peak 429 

shear strength (Figure 5), paths of normal stress versus shear stress (Figure 7) and 430 

the way of fracturing within rock bridges (Figures 9, 10 and 11). A clear yield 431 

behavior was observed in CNS direct shear tests (Figures 5 and 7), which is related 432 

to the creation of rupture zones in rock bridges and simultaneously increase of 433 

normal stresses.  434 

Dilation delineates volumetric expansion of rock materials in deformation  435 

(Raziperchikolaee et al., 2014). In this study, smooth-joint model was assigned to the 436 

persistent portions with incipient planes to simulate a planar joint surface. Input 437 

parameters (Table 1) for this model were calibrated against normal deformability 438 

tests (Figure 3b) and direct shear tests (Figure 3c). The DEM model in this study did 439 

not consider roughness and asperity. The dilation in the CNS direct shear tests 440 

conducted in this study was related to the opening of newly created cracks and 441 

generation of the rupture zones within the rock bridges. It should be noted that, in the 442 



 

 
 
 

particle flow code, dilation can be indirectly simulated by assigning the angle of 443 

dilation (Itasca Consulting Group Inc 2008; Raziperchikolaee et al., 2014). 444 

5. Limitations of the study and suggestions for future research  445 

In the calibration of the smooth joint model, the authors failed in their attempts to get 446 

reliable data from the direct shear tests under high normal stresses (i.e., 4 and 6 447 

MPa) using the Robertson Shear Box, which is due to its intrinsic limitations when 448 

high normal stresses were applied. It was difficult to control the Robertson Shear 449 

Box when higher normal stresses were applied (i.e., 4 and 6 MPa) using the 450 

equipped hand jack; the applied normal stresses always dropped down and it 451 

required continuously manual control by the addition of pressure using the equipped 452 

hand jack. These stress alternations have led to errors (human errors may also 453 

existed in that procedure). This alternation in normal stress was not observed when 454 

a lower normal stress was applied (i.e., 2 MPa). The stress-displacement curve 455 

under a normal stress of 2 MPa was therefore used for the calibration of the smooth 456 

joint, which is sufficient as a mechanical joint (no true cohesion) was tested. It is 457 

suggested that the Golder Shear Box is used in the direct shear tests in the future 458 

research. For the Golder Shear Box, a dead weight is used to apply normal stresses, 459 

which can eliminate the problems encountered in the study (see Hencher and 460 

Richards (2015) for details of the Golder Shear Box).  461 

In addition, it has to be accepted that it is extremely difficult to conduct the physical 462 

experiments on natural incipient rock joints. Because natural sample preparation is 463 

uncontrollable – it seems impossible to secure a group of incipient rock joints with 464 

identical geometrical parameters of rock bridges so that the tests under different 465 

boundary conditions are not repeatable. Replica sample may resolve this issue to 466 
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some degree but setup of a CNS direct shear test is also extremely difficult. As 467 

mentioned in the introduction, the difficulty of experimentation is also one of the 468 

reasons that inspired the authors to investigate the CNS shear mechanism using the 469 

numerical method. The methodology established in this study provides some insights 470 

that allow us to better understand the CNL and CNS shear mechanism, especially at 471 

micro-scale level. It is suggested that CNS direct shear tests of natural incipient rock 472 

joints are imperative to be conducted in the future to validate the numerical findings 473 

in this study.   474 

6. Conclusion 475 

This study presents the shear failure of incipient rock discontinuities under CNL and 476 

CNS boundary conditions based on a 3D discrete element method, in which rock 477 

matrix and rock bridges were mimicked using discrete rigid particles bonded together 478 

at their contacts. Smooth-joint model was assigned to the persistent portions of 479 

incipient joint planes. The method allows the creation of incipient rock discontinuities 480 

with various areal persistence (that are difficult to obtain through physical models) 481 

and the measurement and observation of micro-cracking behavior inside incipient 482 

joint planes (which are not currently achievable in the experimentations).  483 

Findings in the study reveal that CNL and CNS boundary conditions had significant 484 

effects on the shear characteristics of incipient rock discontinuities. Under CNL 485 

boundary conditions, incipient rock joints failed in brittle due to the sudden rupture of 486 

rock bridges. Whereas yield behavior occurred for CNS direct shear, which was 487 

related to the gradual increase of normal stresses (because of the opening of the 488 

newly created fractures and creation of the rupture zones) in the process of 489 

shearing, leading to the increase of shear strength. Shear stress increased 490 



 

 
 
 

significantly with the increase of normal stresses, irrespective of the boundary 491 

conditions. Under the same initially applied normal stress, a higher stiffness of 492 

confinement resulted in a higher increment of normal stress in CNS direct shear.  493 

It is also found that fracturing behavior depended significantly on the boundary 494 

conditions. For the CNL direct shear tested in this study, cracks initiated around rock 495 

bridge edges, propagated and coalesced firstly at the middle of the rock bridges. For 496 

the CNS shear, however, cracks concentrated around edges first but propagated 497 

gradually with an approximately same speed to the middle.  498 
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Figure captions 644 

Figure 1. A rock slope adjacent to a highway in Taiwan showing massive blocks. 645 

Adapted from Shang et al. 2016.   646 

Figure 2. Schematic diagram showing CNL and CNS boundary conditions.  647 

Figure 3. DEM model calibration against characteristics of Horton Formation 648 

Siltstone. Results from laboratory experiment and the DEM model: (a) Uniaxial 649 

compressive strength of intact rock; (b) Normal deformability test results and (c) 650 

direct shear strength of planar Horton Formation Siltstone joints.  651 

Figure 4. Model setup under CNL ((a) and (c)) and CNS ((b) and (d)) boundary 652 

conditions.    653 

Figure 5. Shear stress against shear strain of an incipient rock joint under CNL and 654 

CNS boundary conditions under normal stresses of (a) 6 MPa, (b) 20 MPa and (c) 40 655 

MPa. 656 

Figure 6. Relative increase of yield and peak stresses against initially applied normal 657 

stresses in CNS direct shear. 658 

Figure 7. Shear stress plotted against normal stress for CNS direct shear under 659 

initially applied normal stresses of (a) 6 MPa, (b) 20 MPa and (c) 40 MPa.  660 



 

 
 
 

Figure 8. Peak normal stress versus cap modulus under CNS direct shear. CNL 661 

direct shear occurred when cap modulus equals to zero. 662 

Figure 9. CNL shear characteristics at a normal stress of 6 MPa. (a) Measured 663 

shear stress against shear strain; (b) Normal displacement versus shear strain; (c) 664 

Cumulative number of total, shear and tensile cracks versus horizontal shear 665 

displacement/strain and (d) monitored development of micro-cracks. Red discs 666 

donate shear cracks and yellow discs tensile cracks.  667 

Figure 10. CNS shear characteristics at initially applied normal stress of 6 MPa and 668 

cap modulus of 1 GPa. (a) and (b) Monitored shear stress vs. strain using measured 669 

spheres shown in Figure 4d; (c) Normal stress against shear strain; (d) cumulative 670 

number of cracks versus horizontal displacement/strain and (e) Development of 671 

micro-cracks. 672 

Figure 11. CNS shear characteristics at initially applied normal stress of 6 MPa and 673 

cap modulus of 30 GPa. (a) and (b) Monitored shear stress vs. strain using 674 

measured spheres shown in Figure 4d; (c) Normal stress against shear strain; (d) 675 

Cumulative number of cracks versus horizontal displacement/strain and (e) 676 

development of micro-cracks. 677 

Figure 12. Orientation of cracks in CNL direct shear test (first row) and CNS direst 678 

shear test (rest of rows), where both the normal stress (for CNL shear) and initially 679 

applied normal stress (for CNS shear) are 6 MPa.   680 

Figure 13. Orientation of cracks in CNL direct shear test (first row) and CNS direst 681 

shear test (rest of rows), where both the normal stress (for CNL shear) and initially 682 

applied normal stress (for CNS shear) are 20 MPa.   683 
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Figure 14. Orientation of cracks in CNL direct shear test (first row) and CNS direst 684 

shear test (rest of rows), where both the normal stress (for CNL shear) and initially 685 

applied normal stress (for CNS shear) are 40 MPa.   686 

Figure 15. Number of induced micro-cracks against peak normal stress in CNL and 687 

CNS direct shear. 688 

Table caption 689 

Table 1 Input micro-parameters of particles, bonds and smooth joints for the DEM 690 

model. 691 
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