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Granular avalanches are a form of hazardous landslide that rapidly travels long distances, with the grain-size 
distribution of their fragmented deposits developing fractal characteristics. In this study, we perform three-

dimensional discrete element simulations of granular avalanches in a rotating drum to evaluate the effect of 
fractal particle size distributions on the flow mobility. The mobility of granular avalanches, measured as the 
inverse of the surface inclination angle, increases with the fractal dimension following a bilinear relationship with 
an abrupt slope change at a critical fractal dimension of 3.25, which delimits a roller-developing regime from 
a roller-active regime. The flow enters the roller-active regime when the fractal dimension is greater than 3.25, 
during which a complete basal layer of small particles separating the drum base and the flowing particles above 
is formed. Micro-mechanical evidence suggests that small particles at the drum base act as rotating bearings to 
reduce the effective basal friction, attenuate energy dissipation, and thereby enhance flow mobility.
1. Introduction

Geophysical flows, exemplified by rock avalanches, are character-

ized by their extremely rapid, massive, and flow-like motion of frag-

mented rock resulting from large rockslides (Hungr et al., 2014). These 
phenomena rank among the most hazardous geological events, posing 
significant risks to communities in mountainous areas (Melosh, 1990; 
Strom et al., 2019) and very costly in terms of human lives and engi-

neering structures (Geertsema et al., 2006). Figs. 1(a) and 1(b) show 
two example of geophysical flows and their extremely long runout 
distance. These granular avalanches behave as rapid fluid flows dur-

ing transport and emplacement, which is evidenced by their extreme 
mobility (up to tens of kilometers of runout distance) and greatly re-

duced dynamic friction (Kelfoun and Druitt, 2005; Crosta et al., 2007). 
Thus, many researchers have proposed hypotheses to explain this phe-

nomenon, such as ‘air-layer lubrication’ (Shreve, 1968), ‘fluidized-bed’ 
(Kent, 1966), ‘grain flow’ (Hsu, 1975; Davies, 1982), ‘acoustic fluidiza-

tion’ (Melosh, 1979), ‘dynamic fragmentation’ (Davies and McSaveney, 
1999; Bowman et al., 2012) ‘velocity-weakening’ (Lucas et al., 2014), 
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‘volume-weakening’ (Aaron and Hungr, 2016; Legros, 2002) and so on. 
However, few of various inferences and conclusions have been con-

firmed or refuted.

Fragmentation or particle breakage occurs during transport due to 
inter-particle friction and collision (Davies and McSaveney, 2009; Lan-

glois et al., 2015; Zhao et al., 2017, 2018), altering the particle-size 
distribution (PSD). The fragmentation of rock can lead to an impul-

sive force resulting in an additional fragment velocity to drive further 
runout for rock avalanches (Davies and McSaveney, 1999; Imre et al., 
2010; Bowman et al., 2012; Haug et al., 2021). The deposit of a granular 
avalanche usually shows ‘inverse grading’, i.e., the local mean particle 
sizes fining from the upper surface to the base, and from the proximal 
to the distal end of granular avalanche deposits (Zhang and McSaveney, 
2017), as shown in Fig. 1. The repeated fracture of particles results in a 
self-similar PSD which can be quantitatively characterized by the frac-

tal dimension (𝐷) using a power-law relationship 𝑁(𝑑) =𝑁0(𝑑∕𝑑0)−𝐷 , 
where 𝑁(𝑑) is the number of particles of diameter 𝑑, 𝑁0 is the number 
of particles of a reference size 𝑑0 (Hyslip and Vallejo, 1997). The mass 
fraction of smaller particles increases as the fractal dimension increases. 
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Fig. 1. Examples of historical granular avalanches. (a) The unconfined Chaartash - 3 rock avalanche (41.25◦N, 74.0◦E, Central TienShan, Kyrgyzstan). A fragment 
of the KFA - 1000 satellite image. Here and hereafter, numbers are elevations in meters above sea level of points marked by triangles. (modified from Strom et al. 
(2019)) (b) Cerro Tolosa rock avalanche in the Andes of central Chile and Argentina (modified from a photo by Martin Mergili, University of Graz). (c) Cross-section 
of a rock avalanche deposit showing a lower grain-supported level with smaller clasts size and a upper blocky layer (Crosta et al., 2017).
Various granular materials, such as artificially sheared sediment, ash, 
pumice, blasted rock, debris flow, ice fragments, and rock avalanches, 
have fractal dimensions ranging from 2.17 to 3.54 (Crosta et al., 2007).

It is well known that the coexistence of small and large particles in 
a polydisperse granular system has a significant influence on granular 
flow mobility (Phillips et al., 2006; Linares-Guerrero et al., 2007; Lai 
et al., 2017). Recently, the collapse of granular columns on a horizon-

tal bottom plane has received much attention for the study of transient 
granular flows. Unlike immersed cases where complex fluid-particle in-

teractions are non-negligible (Thompson and Huppert, 2007; Rondon 
et al., 2011; Jing et al., 2018, 2019; Yang et al., 2020, 2021), the dy-

namics of dry granular column collapses are mainly determined by the 
column geometry and the properties of granular materials (Balmforth 
and Kerswell, 2005; Lajeunesse et al., 2005; Lube et al., 2005). Gran-

ular column collapse experiments using bidisperse granular materials 
were conducted by Phillips et al. (2006) to examine the role of fine-

material mass fraction on mobility in a transient flow. On one hand, 
small particles at the base can work as rotating bearings and lubricate 
the flow of coarse particles above. On the other hand, when the mass 
fraction of small particles is too high, the large number of contacts re-

duces the mobility of granular flows due to increased frictional losses. 
Linares-Guerrero et al. (2007) performed a similar study on bidisperse 
granular avalanches using two-dimensional (2D) numerical simulations 
based on the discrete element method (DEM) and confirmed the lubri-

cation by a basal layer of small particles. Lai et al. (2017) performed 2D 
DEM simulations and experiments on the collapse of polydisperse gran-

ular materials following the fractal PSD and showed that the mobility 
of granular flows increased with fractal dimension. Meanwhile, Cabrera 
and Estrada (2021) conducted similar 2D DEM simulations and claimed 
that the fractal dimension had a minor effect on the granular flow mo-

bility as long as the system was sufficiently large to avoid the grain-size 
effect (Cabrera and Estrada, 2019).

Therefore, it is still an ongoing debate about the role of fractal PSD 
and its relationship to granular flow mobility. The uncertainty can be 
partially attributed to the transient nature of granular column collapse, 
i.e., the flow dynamics vary both temporally and spatially, making the 
result sensitive to the specific configuration adopted in simulation and 
experiment. For example, a basal layer of small particles may form as a 
result of particle-size segregation (Jing et al., 2017; Möbius et al., 2001), 
and may not be fully developed during the short period of granular 
column collapse. This may restrict lubrication compared to a case where 
phase separation is dominant and covers almost the entire flow process, 
as commonly seen in natural landslides (Johnson et al., 2012; Kokelaar 
2

et al., 2014).
In this study, we investigate the effects of fractal PSD on the mo-

bility of granular avalanches, when fragmentation and segregation are 
the two major processes, in a steady-state rotating drum configuration 
using a three-dimensional (3D) discrete element method. In contrast to 
the abovementioned granular column collapses, in which the runout 
distance and the flow duration are normally short due to the limited 
space, the setup of continuous granular flows in a rotating drum has 
been considered as an analogue experiment to long-runout landslides 
(Caballero et al., 2012, 2014; Yao et al., 2022). Here, we characterize 
the degree of segregation under the influence of fractal PSD. We aim to 
elucidate the role of small particles at the base from a micromechanical 
perspective, which is rarely discussed in experimental studies. Specifi-

cally, particle rotation versus sliding, the distribution of contact force 
networks, the effective friction coefficient between the drum base and 
the flowing particles, and the evolution of energy dissipation will be 
examined as the fractal dimension of the granular system is varied.

2. Model setup

In order to find the intrinsic mechanism of the influence of fractal 
PSD on the granular flow mobility, we used the Itasca software PFC3D 
(Particle Flow Code in three dimension), which is based on the discrete 
element method (Cundall and Strack, 1979), to run all the simulations 
presented herein. A linear spring-dashpot contact model was adopted. 
Fig. 2(a) presents the physical models in normal direction, which in-

clude a linear spring, a viscous damping dashpot and a divider. The 
normal contact force 𝐹𝑛 is calculated as 𝐹𝑛 = 𝐹 𝑙𝑛 +𝐹

𝑑
𝑛

, where 𝐹 𝑙
𝑛
= 𝑘𝑛𝛿𝑛

is the linear force in normal direction, 𝛿𝑛 is the normal overlap, 𝑘𝑛 is the 
normal spring stiffness, 𝐹𝑑

𝑛
= (2𝛽𝑛

√
𝑚𝑐𝑘𝑛)𝛿̇𝑛 is the viscous dashpot force 

in normal direction, 𝛽𝑛 is the normal damping ratio, 𝑚𝑐 =
𝑚(1)𝑚(2)

𝑚(1)+𝑚(2) is the 
mass of body, 𝑚(1) and 𝑚(2) are the masses of two contacting particles, 
𝛿̇𝑛 is the relative normal translational velocity. In tangential direction 
(as shown in Fig. 2(b)), the physical models include a linear spring, a 
viscous damping dashpot and a slider. The tangential contact force 𝐹𝑠
is calculated as 𝐹𝑠 = 𝐹 𝑙𝑠 + 𝐹

𝑑
𝑠

, where 𝐹 𝑙
𝑠
= (𝐹 𝑙

𝑠
)0 + 𝑘𝑠Δ𝛿𝑠 is the linear 

force in tangential direction, (𝐹 𝑙
𝑠
)0 is the linear tangential force at the 

beginning of the timestep, Δ𝛿𝑠 is the relative tangential-displacement 
increment, 𝑘𝑠 is the tangential spring stiffness, 𝐹𝑑

𝑠
= (2𝛽𝑠

√
𝑚𝑐𝑘𝑠)𝛿̇𝑠 is 

the viscous dashpot force in tangential direction, 𝛽𝑠 is the tangential 
damping ratio, 𝛿̇𝑠 is the relative tangential translational velocity. Then, 
the Mohr-Coulomb sliding criterion is used in the tangential direction, 
𝐹
𝜇
𝑠 = 𝜇𝐹 𝑙

𝑛
, where 𝜇 is the friction coefficient between two particles. 

The 𝑘𝑛 and 𝑘𝑠 are defined through the effective modulus 𝐸∗ and the 

normal-to-shear stiffness ratio 𝜅∗. The 𝑘𝑛 is calculated as 𝑘𝑛 = 𝐴𝜅∗∕𝐿, 
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Fig. 2. Sketch of the linear spring-dashpot model between two interacting par-

ticles, as well as the force-displacement relationships along (a) the normal and 
(b) the tangential directions.

Fig. 3. Schematic diagram of a granular avalanche in a rotating drum. (a) Initial 
state, (b) Steady state.

where 𝐴 = 𝜋𝑟2 is the contact sectional area, 𝑟 = min(𝑅(1), 𝑅(2)) is the 
minimum value of inter-particle radius, 𝐿 =𝑅(1) +𝑅(2) is the length of 
contact. The 𝑘𝑠 is calculated as 𝑘𝑠 = 𝑘𝑛∕𝜅∗. For all simulations carried 
out in this study, a reduced effective modulus 𝐸∗ = 8 MPa is adopted 
to increase the computational efficiency (Jing et al., 2019). Additional 
simulations with larger effective moduli, up to 800 MPa, have been con-

ducted, revealing no significant impact on the numerical results (see 
Appendix A). Typical values for the 𝜅∗ and the inter-particle friction 
coefficient (𝜇) are adopted and are set to be 1.5 and 0.3, respectively. A 
relatively high value of damping ratio (0.8) is applied to represent the 
rough surface of real particles (Li et al., 2020) and to avoid highly ag-

itated bouncing particles (Staron and Hinch, 2006). Simulations in this 
study were expanded to encompass lower damping ratios, down to 0.2, 
as detailed in Appendix B. Despite observing an effect of the damping 
ratio on the inclination angle, this influence does not modify the funda-

mental trend observed. This consistency serves to further validate the 
approach adopted in our simulations.

Fig. 3 illustrates the rotating drum setup with a radius (𝑅) of 60 m 
and a width of 8 m. Periodic boundary conditions are defined in the 
𝑦-direction to minimize the boundary effects. Additional simulations, 
extending drum widths and radii to 32 m and 100 m, respectively, 
reveal no significant impact on the numerical outcomes. To achieve dy-

namics similarity to large scale geophysical flows, a low filling degree of 
5% is adopted such that the bed curvature effects are reduced (Schnei-

der et al., 2011). According to Mellmann (2001), granular flows in a 
rotating drum can be classified into various regimes depending on a di-

mensionless Froude number, 𝐹𝑟 =𝜔2𝑅∕𝑔, where 𝜔 is the rotation speed 
of the drum, and 𝑔 is the gravitational acceleration (9.81 m/s2). When 
the Froude number ranges from 10−4 to 10−2, the particles inside the 
rotating drum flow continuously, which is associated with the so-called 
3

rolling regime. The major results presented in this study are obtained 
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from simulations with a drum rotation speed of 𝜔 = 0.0404 rad/s, cor-

responding to 𝐹𝑟 = 1 × 10−2. Simulations in the rolling regime with 
smaller Froude numbers (i.e., 10−3 and 10−4) have been performed and 
qualitatively similar results can be obtained. Time-averaged values be-

tween 3 and 5 revolutions of the drum are calculated, representing the 
steady-state granular flow behavior with small fluctuations.

The particles in our DEM simulations have ten different diameters 
evenly distributed from 0.2 m to 2 m. The total mass for each case is 
the same (6.79 × 106 kg). The number of particles of each size is de-

termined by the PSD with the fractal dimension 𝐷 ranging from 1.0 to 
4.0, as shown in Fig. 4(a), which covers the range commonly seen in 
nature (Crosta et al., 2007). The PSD is also plotted as the percentage 
of the sample (by mass) that is smaller than a given particle size against 
a logarithmic scale of particle diameter, as presented in Fig. 4(b). One 
simulation with monodisperse particles and the diameter 𝑑 = 𝑑𝑚𝑎𝑥 = 2
m is conducted. It is regarded as the reference case, representing the 
condition in which no fragmentation occurs. It is well known that basal 
roughness plays an important role in the dynamics of granular flows and 
a sharp transition between slip and no-slip boundary conditions can be 
observed as the basal roughness gradually increases (Jing et al., 2016). 
In general, inter-particle collisions are enhanced by a higher basal fric-

tion coefficient, which promotes more frequent interchange of positions 
between particles with different sizes, resulting in an accelerated parti-

cle size segregation (Zhou et al., 2016). In this study, to ensure a fully 
segregated steady state can be achieved quickly, a high friction coeffi-

cient of 1.0 is adopted for the particle-wall interactions.

3. Results and discussion

3.1. Surface inclination angle

When the drum starts to rotate, the particles move upwards along 
the drum base until a maximum inclination angle 𝜃 of the free-surface is 
reached in the steady state, see Fig. 3(b). This inclination angle is com-

monly treated as a measurement of the frictional property of the granu-

lar material that defines the mobility (Chou et al., 2016). In general, the 
granular flow mobility increases as the inclination angle decreases. For 
example, a near zero inclination angle 𝜃 is expected when the granular 
material becomes totally frictionless in an extreme condition.

An interesting phenomenon observed in Fig. 5(a) is that the inclina-

tion angles of the cases with 𝐷 = 1.0 and 𝐷 = 4.0 are 21.5◦ and 28.1◦, 
respectively. In fact, Fig. 5(b) shows that the inclination angle contin-

uously decreases as the fractal dimension increases for the cases with 
different Froude numbers in the rolling regime. Compared to the incli-

nation angle of the reference case with monodisperse particles when 
𝐹𝑟 = 10−2, see the shaded area in Fig. 5(b), the inclination angle of the 
polydisperse cases is slightly affected by the PSD when the fractal di-

mension 𝐷 is less than a critical value of 3.25. However, the reduction 
of inclination angle becomes significant when the fractal dimension 𝐷
is greater than 3.25, and the other Froude number cases have the same 
tendency with the same critical value. The reduced inclination angle 
due to the increase of fractal dimension is a direct indication of an en-

hanced granular flow mobility accompanying fragmentation.

According to Cabrera and Estrada (2021), the shear strength of the 
bulk of the granular material is independent of the PSD. On the other 
hand, for spherical particles on a frictional base, shear is localized in the 
first layer of particles close to the base due to the rolling of the grains 
(Louge and Keast, 2001; Artoni et al., 2012). Also, small particles in 
polydisperse granular flows can gather at the base due to segregation 
and work as rotating bearings that lubricate the flow (Phillips et al., 
2006; Linares-Guerrero et al., 2007; Lai et al., 2021). Therefore, we will 
focus on the micro-mechanical information of the particles and their 
interactions with the drum base to explain the reduction of inclination 
angle with the fractal dimension, especially when 𝐷 is greater than 

3.25.
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Fig. 4. Particle size distributions with different fractal dimensions 𝐷 ranging from 1.0 to 4.0. (a) The number of particles against the particle size in a log-log plot. 
(b) The percentage passing by mass against the particle size in a linear-log plot.

Fig. 5. (a) Comparing steady-state granular flows in a rotating drum with small (𝐷 = 1.0) and large (𝐷 = 4.0) fractal dimensions. Particles are painted according to 
the size and the color changes from blue to red as the size increases. (b) Plot of the time averaged surface inclination angle in the steady state against the fractal 
dimension for different Froude numbers. The error bars indicate the standard deviations due to time averaging, which also applies to the other figures. The shaded 
area indicates the variations of the inclination angle of the monodisperse case when 𝐹𝑟 = 10−2.
3.2. Formation of a basal layer of small particles

Due to particle size segregation, small particles percolate down 
through voids without enduring contacts and coarse particles climb up 
under shear (Möbius et al., 2001; Johnson et al., 2012; Thornton et 
al., 2012; Jing et al., 2017; Gray, 2018). Fig. 6(a) plots the number of 
the smallest particle at the base (𝑁𝑠) against the fractal dimension 𝐷. 
When 𝐷 is small, there are only a few smallest particles at the base and 
they concentrate at the tail of the flow, see the trajectories in the insets 
of Fig. 6(a). As 𝐷 increases, the number of the smallest particle at the 
base also increases. Besides, the active flow region of the smallest par-

ticle gradually expands to the flow front. When 𝐷 is 3.25, the smallest 
particles almost cover the whole basal layer and as 𝐷 further increases, 
the number of the smallest particle at the base increases rapidly.

Following Linares-Guerrero et al. (2007), we use the Gini coefficient 
(𝐺𝑠) to describe the distribution of the smallest particle at the base 
quantitively. The Gini coefficient is a measure of the inequality of a dis-

tribution defined by the Lorenz curve 𝐿𝑠(𝑥∗), 𝐺𝑠 = 2 ∫ 1
0 𝐿𝑠(𝑥

∗)𝑑𝑥∗ − 1, 
where 𝑥∗ is the normalized base length with 0 and 1 corresponding 
to the tail and head of the flow, respectively. The Gini coefficient also 
varies between 0 and 1, representing perfect equality (well mixed state) 
and inequality (completely segregated state), respectively. The inset of 
Fig. 6(b) presents the Lorenze curves for the smallest particle at the 
base in initial and steady states when 𝐷 = 2.0. Initially, particles are 
generated randomly inside the drum and then settle under gravity. As 
a result, the smallest particles are well-mixed and evenly distributed 
along the drum base, which is indicated by a nearly linear increase of 
the accumulative number of the smallest particle as 𝑥∗ increases. When 
segregation fully develops in a steady state, the smallest particles trans-

late to the tail of the flow, which is indicated by the sudden increase of 
4

the accumulative particle number when 𝑥∗ is between 0 and 0.2.
The Gini coefficient 𝐺𝑠 for the smallest particle in steady state is 
plotted against the fractal dimension 𝐷 in Fig. 6(b), and a decreasing 
trend with a sudden change of rate at 𝐷 = 3.25 is observed. A small 
Gini coefficient of 0.14 is obtained at 𝐷 = 4.0, showing that the small-

est particles are evenly distributed at the base. Combined with the large 
number of smallest particles at the base when 𝐷 is large, we can con-

clude that a complete layer of fine particles separating the drum base 
and the flowing coarse particles gradually develops as the fractal dimen-

sion increases. Interestingly, the sudden change of behavior consistently 
at 𝐷 = 3.25 reveals potentially a close relationship between the varia-

tions of the inclination angle and the formation of a basal layer of small 
particles.

3.3. Particle dynamics at the drum base

Fig. 7(a) plots the angular velocity of particles at the drum base 
against the particle diameter for different fractal dimensions. To achieve 
the same level of translational velocity at the contact point between the 
particles and the drum base, a higher angular velocity is observed for 
the smaller particles. Also, in our DEM simulations, the shear contact 
force is limited by the Coulomb friction, i.e., the product of the inter-

particle friction coefficient and the normal contact force, above which 
slippage will occur. Fig. 7(b) plots the percentage of slip contact with 
the drum base against the particle diameter for different fractal dimen-

sions and it shows that large particles tend to slip more. In other words, 
small particles tend to stick to the base and rotate together with the 
drum quickly, similar to rotating bearings.

To find the micro-mechanical origin for the rolling motion of parti-

cles at the drum base, a confining force is calculated by summing up all 
the normal contact forces acting on a specific particle. This confining 

force is normalized by the total weight of the granular flow and is av-
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Fig. 6. (a) Plot of the number of the smallest particle (𝑑 = 0.2 m) at the base 𝑁𝑠 against the fractal dimension. The insets illustrate the trajectories of the randomly 
selected smallest particles when 𝐷 = 1.0, 3.25, and 4.0, with the color changing from light to dark when the particles move. (b) Plot of the Gini coefficient for the 
smallest particle at the base against the fractal dimension. The inset presents the Lorenz curves of the smallest particles at the base in initial and steady states when 
𝐷 = 2.0.

Fig. 7. Plot of (a) the angular velocity, (b) the percentage of slip contact at the base, and (c) the normalized confining force, against the particle diameter for 
different fractal dimensions. (d) Snapshots of the strong contact force network when 𝐷 = 1.0 and 𝐷 = 3.5. The red, blue, and green segments represent the contact 
between large-large (L-L), large-small (L-S), and small-small (S-S) particles, respectively. The thickness of the contact segments is proportional to the contact force 
magnitude.
eraged among a particular particle size, which is further plotted against 
the diameter in Fig. 7(c) for different fractal dimensions. It is found that 
the normalized confining force increases with the particle diameter sig-

nificantly. Since the confining force should be positively correlated to 
the resistance to the rolling motion of particles under shear, small par-

ticles with a small confining force are free to roll and there are more 
restrictions to the rolling of larger particles under a larger confining 
force, which agrees with the results in Figs. 7(a) and 7(b).

Note that the large confining force acting on large particles is not 
just a result of more contacts with the surrounding particles. Fig. 7(d) 
shows the strong contact force networks at two different fractal di-

mensions (Radjai et al., 1998). When 𝐷 = 1.0, most of the strong con-

tact forces are supported by the large particles (mainly L-L contacts). 
When 𝐷 = 3.5, the number of small particles increases significantly (see 
Fig. 4). Here, the small particles specifically refer to the particles with 
the minimum diameter 𝑑 = 0.2 m. As a result, the number of L-S and S-S 
contacts also increases. Meanwhile, a high anisotropy of contact force 
magnitude is observed with the L-L contact segments much thicker than 
5

the others, indicating that the total weight of the granular flow is still 
mainly carried by the large particles when the fractal dimension in-

creases. Therefore, the strong contact force chains going through the 
large particles lead to the large confinement that restricts the rolling 
motion. In contrast, the small particles rotate fast in between the strong 
contact force chains under less confinement, which is the kinematic 
origin for the lubrication of contacts between the drum base and the 
flowing particles.

3.4. Lubrication effect of small particles

To better characterize the lubrication effects of the small particles 
(𝑑 = 0.2 m) at the drum base, an effective friction coefficient 𝜇𝑒 is cal-

culated by dividing the sum of the shear force by the normal force acting 
on the drum base. It is worth noting that the total shear force is deter-

mined by the shear component of the total contact force between the 
drum base and the particles, while the total normal force is derived from 
the normal component of the total contact force between the drum base 
and the particles. Fig. 8(a) shows that the effective friction coefficient 

𝜇𝑒 decreases as the fractal dimension 𝐷 increases. Similar to the evo-
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Fig. 8. (a) Plot of the effective friction coefficient 𝜇𝑒 at the drum base against the fractal dimension. (b) Spatial distributions of the shear force normalized by the 
total weight of the granular flow along the drum base for different fractal dimensions.
lution of the inclination angle, as shown in Fig. 5(b), there is a sudden 
change of rate at 𝐷 = 3.25. More specifically, the effective friction coef-

ficient 𝜇𝑒 decreases from 0.49 to 0.47 as 𝐷 increases from 1.0 to 3.25, 
and quickly drops to 0.40 as 𝐷 further increases to 4.0.

A more detailed examination of the spatial distributions of the nor-

malized shear force along the drum base, as shown in Fig. 8(b), shows 
a close relationship between the friction coefficient reduction and the 
distribution of small particles at the base. The maximum shear force is 
found close to the center and gradually reduces as moving towards to 
the tail and front of the flow. When the fractal dimension is small, the 
small particles concentrate at the tail due to particle size segregation 
(see Fig. 6). In this case, the lubrication effect provided by the small 
particles at the base is limited. As the fractal dimension increases, the 
small particles gradually propagate to the middle of the flow where the 
shear force dominates. As a result, the position of the maximum shear 
force shifts towards the front of the flow, and the magnitude of the max-

imum shear force is reduced, indicating an enhanced lubrication effect 
provided by the small particles at the base.

According to MiDi (2004), the inertial number (𝐼) is defined as a 
dimensionless quantity that weights the relative significance of inertia 
in comparison to confining stresses. The simulations reveal varying di-

rections of local velocity gradients, reflecting the complex dynamics of 
the granular flow in rotating drum. Here, we focus on the data from a 
specific target region, which is defined by a plane with a width of 2.0 
m perpendicular to the granular flow free surface and going through 
the drum center. This region is systematically divided into ten equal 
segments, spanning from the flow surface to the drum bottom. Fig. 9

shows the distribution of the time-averaged inertial number across the 
flow depth in steady state for various fractal dimensions. It is found that 
the inertial number almost decreases by two orders of magnitude as the 
fractal dimension 𝐷 increases from 1.0 to 4.0. The small inertial num-

ber at high fractal dimension is mainly caused by the attenuated shear 
due to the lubrication effect. It is well known that the shear resistance 
of dense granular flows has a positive correlation with the inertial num-

ber. Therefore, the decrease of inertial number across the whole flow 
depth as 𝐷 increases indicates that the lubrication at the base can in-

duce a reduction in frictional resistance for the internal flow.

3.5. Total energy dissipation and flow regime transition

The reduced effective friction coefficient and shear force at large 
fractal dimensions, evidenced in Fig. 8, suggests that less energy is dissi-

pated, which is associated with a high-mobility granular flow. However, 
the total energy dissipation due to friction and collision is generally 
difficult to access directly. Instead, the total energy dissipation is esti-

mated as the work done by the rotating drum which is the product of 
shear force, rotation speed, and drum radius with the assumption that 
a balance between the input and output energy of the whole system is 
achieved in the steady state. The total energy dissipation per unit time 
6

is normalized by 𝜇𝐺𝜔𝑅, where 𝐺 is the total weight of the granular 
Fig. 9. Plot of the time-averaged inertial number from the flow surface to the 
drum bottom in steady state for various fractal dimension scenarios. Error bars 
represent the standard deviations arising from time averaging.

flow, and is plotted against the fractal dimension in Fig. 10. To exam-

ine whether our results can be generalized to other flow conditions, the 
results from cases with two different Froude numbers, i.e., 𝐹𝑟 = 10−3
and 𝐹𝑟 = 10−4, are also presented.

First, when 𝐹𝑟 = 10−2, the reference case with monodisperse parti-

cles has the most prominent energy dissipation compared to the polydis-

perse (as a representation of fragmentation) cases with various fractal 
dimensions. Second, there is less energy dissipation when the Froude 
number decreases, mainly due to the lower flow velocity. In addition, 
similar to the trend for the inclination angle as the fractal dimension in-

creases, the total energy dissipation decreases only slightly when 𝐷 is 
less than 3.25, and drops quickly when 𝐷 is greater than 3.25, indepen-

dent of the Froude number. It means that the sudden change of mobility 
at 𝐷 = 3.25 is an intrinsic characteristic of the flow, with the material 
properties and model setup adopted in this study.

We can classify granular flows in a rotating drum into two different 
regimes: roller-developing regime and roller-active regime, according 
to the fractal dimension (indicated by the dotted line in Fig. 10). In the 
roller-developing regime, there is a limited number of small particles 
in the flow and they concentrate at the tail where the shear resistance 
is small, resulting in an insignificant lubrication effect. In the roller-

active regime, a complete basal layer of small particles separating the 
drum base and the flowing particle above is formed, working as rotat-

ing bearings that lubricate the contacts significantly. As a result, the 
granular flow mobility is enhanced.

3.6. Discussion and limmitations

Recently, the high mobility fluid-like behavior of crushed rock 
avalanches was observed by Hu et al. (2022) from a series of high-speed 

rotary shear experiments. A sharp phase transition characterized by the 
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Fig. 10. Plot of the normalized total energy dissipation per unit time against 
the fractal dimension for cases with different Froude numbers. The shaded area 
indicates the variations of the normalized total energy dissipation per unit time 
of the monodisperse case when 𝐹𝑟 = 10−2. The dotted line depicts the boundary 
between the roller-developing and the roller-active regimes.

significantly reduced apparent fluid viscosity was found after contin-

uous shearing. Such a strength weakening behavior was not present 
when uncrushable steel balls were used, suggesting an important role 
of fragmentation. Interestingly, we estimated the fractal dimension of 
the crushed rocks after shearing based on the particle size distribution 
data from Hu et al. (2022), the result is around 3.0, which is close to the 
critical fractal dimension for regime transition reported here. However, 
it should be noted that the phase transition reported by Hu et al. (2022)

is likely a different phenomenon compared to the flow regime transi-

tion in this study. In the rotary shear experiments, the flow is mainly 
driven by the shear, resulting in insignificant segregation of small and 
large particles after fragmentation. Instead, the flow motion inside the 
rotating drum is mainly driven by the gravity and significant particle 
size segregation takes place. The experimental results from Hu et al. 
(2022) suggest that the PSD of granular materials may affect the fric-

tional property of the bulk flow, which requires future particle based 
simulations to explain its micromechanical origin.

The rolling resistance coefficient (𝛽) is a parameter influencing the 
degree of relative inter-particle rotation. Due to the analogous effects 
of the rolling resistance coefficient and particle shape on granular me-

chanics, larger 𝛽 values of 0.1, 0.25, and 0.5 were chosen for additional 
simulations for fractal dimensions (𝐷) of 1.0, 2.0, 3.0, 3.25, and 3.5.

Fig. 11 illustrates how the inclination angle varies with the frac-

tal dimension for different rolling resistance coefficients (𝛽 = 0.0, 0.1, 
0.25, and 0.5). It reveals an increase in inclination angle with rolling re-

sistance, indicating that rolling resistance limits inter-particle rotation 
and bolsters shear strength. As 𝛽 increases, the reduction in inclina-

tion angle diminishes for 𝐷 values ≥ 3.25. This is attributed to the 
restriction of relative inter-particle and particle-wall rotations by rolling 
resistance, which diminishes the rotating speed of smaller grains at the 
base, thereby attenuating the lubrication effect. The specific mechanism 
of how particle shape and fine-grain lubrication effect interact to influ-

ence granular flow mobility remains unclear, a detailed analysis will be 
conducted in a follow-up study.

The rock avalanche deposits in different sub-facies and regions have 
different characteristics of fractal PSD, which means that the upper 
layer has the smaller value of 𝐷, and the bottom layer has the larger 
value of 𝐷. For instance, Dufresne et al. (2016) and Dufresne and Dun-

ning (2017) find each facies produces a unique grain size distribution in 
two carbonate rock avalanche deposits (Tschirgant in Austria and Films 
in Switzerland), the value of 𝐷 is about 2.2 to 2.4 in jigsaw-fractured 
face, about 2.58 in fragmented face, and about 2.58 to 2.7 in shear 
zone face, respectively. The above features are similar to our simula-
7

tions with the fine particles gathering in the basal layer. This similar 
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Fig. 11. Plot of the inclination angle against the fractal dimension D with the 
rolling resistance 𝛽 = 0.0, 0.1, 0.25 and 0.5.

Fig. 12. Plot of the Heim’s ratio 𝐻∕𝐿 against the fractal dimension 𝐷 with the 
deposits of rock avalanches in different regions (Crosta et al., 2007; McSaveney, 
2002; Hungr et al., 2002; Blair, 1999; Glicken, 1996).

phenomenon indicates that our simulations have certain capabilities to 
capture the particle size distributions of rock avalanche deposits.

The diversity of PSD in rock avalanche deposits reflects variances 
in spatial location, fragmentation processes, and lithology. Due to the 
difficulty on data collection, only a few data on fractal dimension, 
lithology, and the Heim’s ratio of 𝐻∕𝐿 (ratio of fall height to horizon-

tal travel distance) have been reported in literature. Fig. 12 shows that 
the deposits from different lithological contexts exhibit distinct frac-

tal dimensions, which correlate positively in a certain extent with the 
lithological strength and fragmentation pressure. Despite the complex 
origins of rock avalanche deposits, a general trend emerges where the 
𝐻 to 𝐿 ratio decreases with the fractal dimension. This trend is partic-

ularly pronounced in volcanic debris avalanches due to their inherent 
structural characteristics, which predispose them to more significant 
fragmentation compared to other rock types. This observation suggests 
a positive correlation between the flow mobility of rock avalanches and 
the fractal dimension, aligning with our simulation results.

4. Conclusions

To investigate the process when fragmentation is prominent in nat-

ural landslide events, such as rock avalanches, we simulate granular 
flows following different fractal particle size distributions in a rotating 
drum using 3D DEM. Different from previous studies on granular col-

umn collapses, a steady-state granular flow can be obtained in which 
particle size segregation is allowed to be fully developed. Our study 
provides micro-mechanical evidence to a hypothesis that small parti-
cles will sink to the base and lubricate the contacts similar to rotating 
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bearings. It is due to the fact that the strong contact force chains mainly 
go through the large particles and restrict their rolling motion, allow-

ing small particles in between to rotate freely, and thereby reduce the 
effective friction coefficient.

With the increase of the fractal dimension, the number of small par-

ticles increases and the lubrication becomes stronger, which enhances 
the overall granular flow mobility. This result is found to be valid in 
other flow conditions with different Froude numbers. However, the lu-

brication is significant only when the fractal dimension is large enough 
(greater than 3.25 in our rotating drum configuration) or the degree of 
fragmentation is high, which is required for the formation of a complete 
basal layer of small particles. As a result, granular flows in a rotat-

ing drum can be classified into a roller-developing regime (insignificant 
lubrication) and a roller-active regime (strong lubrication effect), de-

pending on the fractal dimension.

Note that our study does not consider the dynamic disintegration 
process of fragmentation (Davies and McSaveney, 2009). Our results 
show that the change to the flow composition as a result of fragmen-

tation can be a governing mechanism that causes the high velocity 
and long runout distance of large-volume landslides. This process is 
generally ignored in large-scale continuum simulations, and the micro-

mechanical data presented in this study can be useful information for 
the development of constitutive models to access more accurate predic-

tions and more economic design of countermeasures.
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Appendix A. Influence of the effective modulus 𝑬∗ on the 
inclination angle

The problems for overlap between particles are one of the classics in 
the discrete element method. Fig. A.1 shows the mean particle overlap 
as a function of fractal dimension, revealing that overlaps range from 
about 1.0 to 1.2% for cases with 𝐹𝑟 = 1 × 10−2, in the steady state. The 
mean overlap abruptly drops to 1.0% for 𝐷 values greater than 3.25. 
8

These values are considered acceptable for granular flow simulations. 
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Fig. A.1. Plot of the mean contact overlap against the fractal dimension 𝐷.

Fig. A.2. Plot of the mean inclination angle and the mean contact overlap 
against the effective modulus with the fractal dimension 𝐷 = 2.0.

Additional simulation cases were conducted to explore the influence of 
𝐸∗ on flow mobility, with 𝐸∗ = 40, 80, 400, and 800 MPa.

Fig. A.2 illustrates the relationship between the mean inclination 
angle and mean contact overlap with the effective modulus 𝐸∗ for the 
case with 𝐷 = 2.0. This figure demonstrates an almost linear decrease 
in mean contact overlap as 𝐸∗ increases. Conversely, the mean inclina-

tion angle remains relatively stable, with minor variations around 28 
degrees, across a broad 𝐸∗ spectrum from 0.8 to 800 MPa. Notably, as 
𝐸∗ increases, the variation in inclination angle, as represented by the 
error bars, also enlarges because the particles closed to the free sur-

face are more agitated. All in all, the effective modulus has a negligible 
influence on the inclination angle when 𝐸∗ ≥ 8.0 MPa. Thus, the use 
of a reduced 𝐸∗ = 8.0 MPa will not alter our conclusions and save the 
simulation time significantly.

Appendix B. Influence of the viscous damping ratio on the 
inclination angle

To investigate the effects of damping ratio on granular flow mobil-

ity, simulations were conducted with damping ratios of 0.2, 0.5 and 
0.8. Fig. B.3 depicts how the mean inclination angle varies with fractal 
dimension for different damping ratios. The data indicate that the incli-

nation angle increases as the viscous damping ratio increases. All three 
cases with different damping ratios exhibit a similar trend: the inclina-

tion angle decreases with the increase fractal dimension. These findings 
indicate that while the damping ratio influences the inclination angle, 
the trend remains consistent across different damping ratios, highlight-

ing the robustness of the relationship between the inclination angle and 

the fractal dimension.

https://doi.org/10.6084/m9.figshare.21346398.v1
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Fig. B.3. Plot of the mean inclination angle against the fractal dimension with 
the damping ratio 𝑑𝑟 = 0.2, 0.5, and 0.8.
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