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Highlights 10 

1. 3D DEM model was used to analyze the impact induced rock fragmentation. 11 

2. The rock fragmentation intensity depends highly on the impact loading rate. 12 

3. The three parameters generalized extreme value distribution function can describe the 13 

fragment size distribution characteristics. 14 

Abstract 15 

Rock fragmentation can occur in rapid rock mass movements due to extremely rapid 16 

loadings. In this process, the rock block can disintegrate partially or completely depending on 17 

the impact loading rate. This contribution presents the results of a series of numerical 18 

simulations by the Discrete Element Method (DEM) on the fragmentation of single spherical 19 

rock block impact against rigid ground floor, aiming to clarify the fragmentation 20 

characteristics. In the analyses, the properties of rock impacting fragmentation are illustrated, 21 

regarding the fragment characteristics, the damage ratio, and fragment size distribution 22 

pattern. Specific attention is given to the effect of impact loading rate on the fragmentation 23 

characteristics. As the loading rate increases, the rock fragmentation intensity increases 24 

linearly, while the mean fragment size decreases gradually. In addition, the fragment number 25 



 

 

exhibits a power law dependence on the loading rate which is in agreement with experimental 26 

observations. The measured fragment size distribution can be characterized properly by the 27 

three parameters generalized extreme value distribution function, which shows better 28 

accuracy than the Weibull distribution function. 29 

Keywords: rock fragmentation; discrete element method; impact loading rate; fragment size 30 

distribution; damage ratio 31 

1. Introduction 32 

Rockfalls involving abrupt movements of rock masses detached from steep slopes or 33 

cliffs 1 are widely observed in mountainous areas. These events can cause significant hazards 34 

to human lives and lifeline facilities 2, 3. Among various types of block motion (e.g. freefall, 35 

bouncing, and rolling), bouncing (impact) is the most complex, uncertain, and poorly 36 

understood one 4, 5. During impacting, the kinetic energy dissipates and the direction of 37 

motion changes. Depending on the mechanical properties of the terrain and the rock block, 38 

the impact angle, and the block shape, mass, and velocity, the impact process can vary from 39 

the elastic to plastic 5, 6. In addition, during impact, the rock block tends to break, this is 40 

especially true for weak rocks 4. After fragmentation, the motion trajectories of rock 41 

fragments are very difficult to predict, increasing the probability of damage to human lives 42 

and properties 7. In this process, the position and the extent of the accumulation zone are 43 

strongly affected by rock fragmentation. This phenomenon has been observed by Crosta et al. 44 

8, and they concluded that rock fragmentation influences the runout extent and trajectory of 45 

rockfall. 46 

Several parameters can influence the fragmentation process 9, 10, namely, the pre-existing 47 

discontinuities, the ground conditions, the impact energy and the impact angle. Through 48 

DEM analyses and lab tests, Moreno et al. 11, Samimi et al. 12 and Thornton et al. 13 49 

investigated the granular agglomerate impact fragmentation, and they conclude that the 50 

breakage extent of agglomerate mainly depends on the normal component of the impact 51 

velocity. Wang and Tonon 9 analysed the effect of impact angle on the rock fragmentation 52 



 

 

using DEM, and the results indicate that the magnitude of the normal velocity is the main 53 

factor influencing the rock fragmentation. De Blasio and Crosta 14 point out that the major 54 

fragmentation occurs due to the effect of normal stress acting on the impacting plane rather 55 

than the shear stresses. Consequently, it can be concluded that the normal component of the 56 

impact velocity plays an important role in rock fragmentation. 57 

Using the open source DEM code ESyS-Particle 15, 16, this paper presents a model of the 58 

normal impact induced fragmentation of a synthetic rock under different impact loading rates. 59 

The fragmentation characteristics are analysed, including the fragmentation process, the 60 

fragmentation intensity, the fragment number, and the fragment size distribution. 61 

2. Model configuration and parameter calibration 62 

In this study, the impact of a rock block with a rigid ground is analysed to investigate the 63 

fragmentation characteristics. The numerical model configuration is shown in Fig. 1. In the 64 

DEM model, the spherical rock block is represented as an assembly of densely packed and 65 

bonded spherical particles. The block has a diameter (D) of 10 cm. It consists of 48,987 66 

randomly distributed spherical particles with the average radius of 1.5 mm, and the ratio of 67 

the largest to smallest radius is set as 3. The rigid ground is represented by a layer of fixed 68 

particles with a radius of 0.75 mm. 69 

In the rock block, the adjacent particles are bonded together by a bonded particle model 70 

(BPM). The bond breakage criterion is introduced according to Wang and Mora 17. After the 71 

bond breaks, the particles will experience cohesionless frictional interaction (CFI) if they 72 

come into contact with each other. The interaction model between the rock block and rigid 73 

ground is of CFI type as well. A more detailed discussion of the BPM and CFI models can be 74 

found in the work of Wang and Mora 17. 75 

To calibrate the DEM model, a series of numerical uniaxial compression tests have been 76 

conducted, and the results have been compared with the experimental data on coal rock 77 

reported by Liu et al. 18. The coal rock is chosen for its low strength and brittle nature, and 78 

availability of dynamic test data. In the calibration, the DEM parameters are selected by trial 79 

and error, and the final values are listed in Table 1. Fig. 2(a) shows the comparison between 80 



 

 

experimental and numerical stress-strain curves of rock samples under uniaxial compression 81 

tests. The numerical stress-strain curves match well the experimental ones, indicating the 82 

DEM model can reproduce the mechanical and deformation features of real coal rock. The 83 

numerical uniaxial compression tests with different strain rates are performed to investigate 84 

the effect of strain-rate on the mechanical responses of specimen. It can be observed that 85 

before failure, the stress-strain curves are the same for tests with different strain rates, which 86 

match the experimental data well before failure (e.g. ε = 0.62%) (see Fig. 2(a)). In addition, 87 

the strain rate has a minor influence on the peak strength of coal rock. Thus, the current 88 

uni-axial compression test can be considered slow enough as quasi-static state, and the 89 

obtained peak strength and Young’s modulus are identical for the coal rock. 90 

The numerical Split-Hopkinson Pressure Bar (SHPB) tests conducted by Xu et al. 19 and 91 

Wang and Tonon 20 are available to investigate the dynamic mechanical response of the 92 

synthetic coal rock. The DEM model configuration of the SHPB platform is similar to that 93 

described in Xu et al. 19. The results are compared with the experimental SHPB tests reported 94 

by Liu et al. 18. As shown in Fig. 2(b), the peak compression strength increases with the strain 95 

rate, and the elastic modulus remains constant, which are in line with the experimental 96 

results. 97 

3. Results 98 

In the analyses, the impact loading rate (𝜀̇) is defined as v0/D, with v0 being the initial 99 

impact velocity, D being the diameter of the rock block. The ranges of initial impact velocity 100 

and the corresponding loading rates examined in the numerical model are listed in Table 2. 101 

Fig. 3 shows the time evolutions of the fragment number, normalized kinetic energy, Ek, 102 

and the damage ratio, αb, for the impact loading rate of 500 s-1. The normalized kinetic energy 103 

is the ratio of the total kinetic energy of the fragments to the initial kinetic energy. The 104 

damage ratio, or bond breakage ratio ( b ) 21, which is defined as the ratio of the number of 105 

broken bonds to the initial number of bonds, has been used to quantify the rock fragmentation 106 

intensity. As shown in Fig. 3, once the rock block impacts upon the ground, the damage ratio 107 



 

 

and the fragment number increase sharply to the peak values at 100T, and the kinetic energy 108 

decreases gradually. The subsequent sliding and collision of fragments also lead to further 109 

decrease of kinetic energy, while the damage ratio remain almost unchanged. The slight 110 

decrease of fragment number during 100T to 200T is due to the disaggregation of relatively 111 

small fragments (e.g. around 10 particle block), leading to fragments smaller than our 112 

statistical criterion. In addition, as shown in Fig. 4, the radial displacement of the fragments is 113 

very small at 100T, however the displacement increases gradually after 100T and the 114 

fragments are ejected. This indicates that the rock fragmentation occurs before fragment 115 

ejection, and the fragments ejected by the impacting energy of fragmentation. 116 

Fig. 5 shows the time evolution of the rock block border impacting at different loading 117 

rates from a top view. The border is approximated as the connection of the centers of the 118 

outermost fragments. As shown in Fig. 5, for the range of tested impact loading rates, the 119 

radial displacement is almost nil before 100T, and the fragments were ejected out after 100T. 120 

Fig. 6 shows the plan view of rock fragments after impact for different impact loading 121 

rates. According to the plots, it can be observed that as the loading rate increases, the number 122 

of fragments and the damage ratio increase, while the average size of fragments decreases 123 

with the loading rate. Fig. 7 shows the dependence of the damage ratio (αb) and fragment 124 

number (N) on the impact loading rate. It is clear that the damage ratio increases linearly with 125 

the impact loading rate, which is in accordance with the numerical results reported by 126 

Thornton et al. 13 and Kafui and Thornton 22. In addition, the general increasing trend of the 127 

fragment number is similar as the experimental data on aluminum rings reported by Grady 128 

and Kipp 23, even though the testing method and material are different. 129 

To obtain the fragment size distribution, we defined the characteristic fragment size as 130 

 3
0fd V V=  (1) 131 

where Vf is the volume of the fragment, and V0 is the volume of the rock block before impact. 132 

With regard to the fragment size distribution, various distribution functions have been 133 

used in the literature 25-27, among which, the Weibull distribution has been widely quoted 28-30. 134 

The Weibull distribution can be expressed as 135 
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where dc and k are fitting parameters. 137 

Hogan et al. 31 proposed a three parameter generalized extreme value distribution to 138 

describe the fragment sizes, and it turns out that this distribution function can better fit the 139 

experimental data than the Weibull distribution 32. The generalized extreme value distribution 140 

is given by 141 
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where   is the location parameter,   is the scale parameter and   is the shape 143 

parameter. 144 

To compare the aforementioned two distribution relations, the two functions are used 145 

respectively to fit the fragment size distribution as weighted by fragment number mass (see 146 

Fig. 8 and Fig. 9, respectively). Fig. 8 shows the numerical results and the fitted cumulative 147 

frequency distribution. It is obvious that the number based (“Num-based” in the plots) 148 

cumulative frequency distribution is in line with the generalized extreme value distribution. 149 

As shown in the partial enlargement drawing in Fig. 8 (a) and (b), a large mismatching error 150 

exhibits between the Weibull distribution and the numerical results. On the contrary, the 151 

generalized extreme value distribution can fit the numerical results with good accuracy. Fig. 9 152 

shows the numerical results and the fitted cumulative mass fraction distribution. Similarly, 153 

the generalized extreme value distribution fits the data with a higher accuracy than Weibull 154 

distribution. 155 

In the generalized extreme value distribution, two parameters,   and  , are important, 156 

because   is determined by the average size of the rock fragments, and   determines the 157 

range of the fragment size distribution. Hence, an investigation of the two parameters can 158 

give a further insight into the effect of loading rate on the fragment size distribution. Fig. 10 159 

shows the effect of the impact loading rate on the two fitting parameters. For fragment size 160 

distribution weighted by fragment number (Fig. 8(a)), the impact loading rate has a little 161 



 

 

influence on the two parameters. 162 

For fragment size distribution weighted by fragment mass (Fig. 9(a)), the two 163 

parameters decrease gradually with the impact loading rate (see Fig. 10(b)). This means that 164 

the fragment size becomes smaller, and the corresponding fragment size distribution becomes 165 

narrower as the impact loading rate increases. This phenomenon is as expected, since the 166 

increased rock fragmentation intensity and fragment number at high loading rates would lead 167 

to reduced fragment size 23. 168 

4. Conclusions 169 

The current numerical study on the impact induced coal rock fragmentation shows that 170 

the DEM model allows a qualitatively good simulation of rock block fragmentation. The 171 

loading rate has a significant influence on the rock fragmentation behavior. The obtained 172 

numerical results indicate that the fragmentation process occurs before fragment ejection, and 173 

the ejection motion occurs shortly after the rock disaggregation. In addition, rock samples 174 

tested at high impact loading rates would cause much higher fragmentation intensity, and 175 

correspondingly, a large amount of smaller fragments, when compared with those tested at 176 

low loading rates. The damage ratio increases linearly with the loading rate, and the fragment 177 

number exhibits power law dependence on the loading rate, which is in agreement with 178 

experimental observations. The size distribution of the resultant fragments can be properly 179 

fitted by the three parameters generalized extreme value distribution function than do the 180 

Weibull distribution. 181 
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Captions 261 

 262 

Fig. 1. Configuration of the three-dimensional DEM model. The rock block is spherical 263 

(colors indicate different particle radius). The rigid ground is represented by a layer of fixed 264 

particles. 265 

 266 

Fig. 2. DEM and experimental (Exp.) results of (a) 3D unconfined uniaxial compression tests, 267 

and (b) Split-Hopkinson Pressure Bar (SHPB) tests of coal rock. “r” stands for the strain rate 268 

used in the compression simulations. 269 

 270 

 271 

Fig. 3. Time evolutions of fragment number, normalized kinetic energy, Ek, and damage ratio, 272 

αb (𝜀̇=500 s-1) (the statistics only considers the fragments consisting of more than 10 273 

particles).  274 

 275 

 276 

Fig. 4. Impacting fragmentation process of the rock block (𝜀̇= 500 s-1). For visualization 277 

purpose, fragments are colored with a set of distinct colors, while the fragments consisting of 278 

less than 10 particles are ignored. “T” is unit time used in the simulation, T = 5×10-6 s. 279 

 280 

Fig. 5. Time evolution of the rock block profile impacting at different loading rates from a top 281 

view (see also Fig. 6). 282 

 283 

 284 

Fig. 6. Top view of rock fragments after impact for different impact loading rates. Distinct 285 

colors are set to different fragments, and fragments consisting of less than 10 particles are not 286 

plot. 287 

 288 

Fig. 7. (a) Damage ratio (αb), (b) Fragment number (N) dependence on the impact loading 289 

rate. The inset plot in (a) shows the numerical data of Thornton et al. 13 and Kafui and 290 

Thornton 22, while the inset plot in (b) shows the experimental data of aluminum rings 291 

reported in Grady and Kipp 24. 292 

 293 

Fig. 8. Numerical results (scattered data points) and fitted cumulative frequency distributions 294 

(solid lines) of fragments for different impact loading rates using (a) the generalized extreme 295 

value distribution, and (b) the Weibull distribution 296 

 297 



 

 

 298 

Fig. 9. Fragment size distribution weighted by mass for different loading rates. Scatters are 299 

numerical results, and solid lines are fitted distributions using (a) the generalized extreme 300 

value distribution (b) Weibull distribution. 301 

 302 

Fig. 10. Fitting parameters of the fragment size distribution weighted by (a) fragment number 303 

(b) fragment mass for different impact loading rates 304 

 305 

 306 

 307 

Table 1. Microscopic parameters used in DEM models 308 

Table 2. Range of initial impact velocity and impact loading rate used in the tests. 309 
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Fig. 1. Configuration of the three dimensional DEM model. The rock block is spherical 

(colors indicate different particle radius). The rigid ground is represented by a layer of fixed 

particles. 

  



 

Fig. 2. DEM and experimental (Exp.) results of (a) 3D unconfined uniaxial compression tests, 

and (b) Split-Hopkinson Pressure Bar (SHPB) tests of coal rock. “r” stands for the strain rate 

used in the compression simulations. 

  



 

Fig. 3. Time evolutions of fragment number, normalized kinetic energy, Ek, and damage ratio, 

αb (𝜀̇=500 s-1) (the statistics only considers the fragments consisting of more than 10 

particles).  

  



 

Fig. 4. Impacting fragmentation process of the rock block (𝜀̇= 500 s-1). For visualization 

purpose, fragments are colored with a set of distinct colors, while the fragments consisting of 

less than 10 particles are ignored. “T” is unit time used in the simulation, T = 5×10-6 s. 

  



 

Fig. 5. Time evolution of the rock block profile impacting at different loading rates from a top 

view (see also Fig. 6). 

  



 
Fig. 6. Top view of rock fragments after impact for different impact loading rates. Distinct 

colors are set to different fragments, and fragments consisting of less than 10 particles are not 

plot. 

  



 
Fig. 7. (a) Damage ratio (αb), (b) Fragment number (N) dependence on the impact loading 

rate. The inset plot in (a) shows the numerical data of Thornton et al. 13 and Kafui and 

Thornton 22, while the inset plot in (b) shows the experimental data of aluminum rings 

reported in Grady and Kipp 24. 

  



 

Fig. 8. Numerical results (scattered data points) and fitted cumulative frequency distributions 

(solid lines) of fragments for different impact loading rates using (a) the generalized extreme 

value distribution, and (b) the Weibull distribution 

  



 
Fig. 9. Fragment size distribution weighted by mass for different loading rates. Scatters are 

numerical results, and solid lines are fitted distributions using (a) the generalized extreme 

value distribution (b) Weibull distribution. 

  



 
Fig. 10. Fitting parameters of the fragment size distribution weighted by (a) fragment number 

(b) fragment mass for different impact loading rates 

 



 

1 

Table 1. Microscopic parameters used in DEM models 1 

Microscopic parameters 

Particle 

    Radius (mm) 0.75-2.25 

    Density (kg/m3) 2650 

    Young’s modulus (MPa) 5×103 

    Poisson’s ratio 0.25 

    Friction coefficient 0.58 

Bond 

    Cohesion (MPa) 14.25 

    Young’s modulus (MPa) 1.25×103 

    Friction angle (°) 45 

    Poisson’s ratio 0.25 

 2 

Table 2. Range of initial impact velocity and impact loading rate used in the tests. 3 

v0 (m/s) 20 30 40 50 

𝜀̇ (s-1) 200 300 400 500 

 4 
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