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a b s t r a c t

Debris avalanches are a major concern due to their high mobility. However, the mechanism of friction 
weakening in debris avalanches remains poorly understood. This study systematically investigates the 
friction weakening mechanism of granular flows using rotation drum experiments, large-scale chute 
experiments, and numerical simulations. Notably, dilation of granular flows is a characteristic feature 
associated with friction weakening. The results indicate that dilation occurs synchronously with friction 
weakening during the motion of granular flows, as evidenced by the motion patterns and force in
teractions of debris avalanches. Collision contacts were identified  as the primary driver of particle 
dilation. An optimal collision strength can induce dilation of granular flows, reducing contact between 
the sliding body and substrate, thereby leading to friction weakening. The peak collision strength of 
granular flows during movement is determined by fragment size. The critical condition for triggering 
friction weakening in debris avalanches is identified as the peak Savage number (Ns,p) greater than 1.06. 
A mathematical model based on the granular inertial collision-friction coupling equation was devel
oped. This study provides compelling evidence that the fractal dimension of various types of high-speed 
debris avalanches tends to stabilize within a narrow range.
© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by- 
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1. Introduction

Mountains host approximately 15% of the global population 
and are highly vulnerable to geological disasters. High-speed 
debris avalanches are one of the most destructive natural haz
ards in mountainous regions. Notably, these avalanches commonly 
exhibit friction weakening during movement, a critical phenom
enon influencing  their dynamics and destructive potential. The 
fragmented assembly does not lose mobility and can move several 
kilometers over horizontal ground (Cruden and Krahn, 1978; 
Davies and McSaveney, 2009). For example, on 29 April 1903, a 
giant landslide occurred in Alberta, Canada, resulting in the 
movement of 4 × 107 m3 of debris avalanche material over a 

distance of 2.5 km in less than 30 s. This catastrophic event led to 
the burial of half of the town of Frank, claiming the lives of over 
10,000 individuals (Cruden and Hungr, 1986). Some of the boul
ders in the accumulation displayed well-preserved edges, and 
objects such as undamaged tree trunks and house structures were 
found within, implying that the internal motion of the debris 
avalanche resembled that of a non-Newtonian fluid. Similarly, on 
24 June 2017, a landslide of approximately 4.5 × 106 m3 of debris 
avalanche occurred in Xinmo village, Sichuan Province, China. This 
landslide moved approximately 2.6 km in 60 s and resulted in 10 
deaths and 73 people reported missing (Zhao et al., 2021).

The potential mechanisms of friction weakening include air 
lubrication, pore water liquefaction, and heating lubrication 
(McEwen, 1989; Legros, 2002; Staron and Hinch, 2007; Deline 
et al., 2011; Singer et al., 2012; Medwedeff et al., 2020; Li and 
Moon, 2021; Deng et al., 2023). The presence of a liquid phase at 
the sliding surface can provide a lubricating effect between the 
sliding mass and substrate. However, debris avalanches occurring 
on other planes or under completely dry conditions also exhibit 
enhanced mobility (Davies and McSaveney, 1999; Collins and 
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Melosh, 2003). A connection between temperature increase and 
friction weakening has been documented in coal-measure rock 
avalanches (Goren and Aharonov, 2007; Hu et al., 2018). The 
observed reduction in frictional resistance in mining areas during 
landslides may be attributed to chemical material transfer pro
cesses at the sliding interface. In contrast, landslide mobility 
enhancement in non-mining regions is likely controlled by phys
ical mechanisms (Fisher, 1971; Campbell, 1989; Robinson et al., 
2015). Therefore, a better understanding of the friction- 
weakening mechanisms of debris avalanches is necessary.

Debris avalanches are composed of discrete fragments and are 
accompanied by frequent energy transfer between fragments 
(Stark and Hovius, 2001; Frattini and Crosta, 2013). A particle- 
based mechanism is considered acceptable for explaining friction 
weakening. From the perspective of fragment fluctuations, rapidly 
increasing stress at the base of the slide can produce a sonic boom- 
like effect around the basement layer, helping to transition the 
slide into a fluidized state, thereby reducing friction (Yamada et al., 
2018). Iverson and Vallance (2001) concluded that fragments 
alone in sliding masses, without the participation of other media, 
can cause debris avalanches to undergo a sudden reduction in 
friction. The interaction between mass flow and substrate reflects 
the internal processes that enhance movement, which is an 
important flow  mobility and friction pattern manifestation (Hsu 
et al., 2008; Lucas et al., 2014; Allstadt et al., 2019; Bartali et al., 
2020). A typical phenomenon observed in high-speed debris ava
lanches during the movement process is fluidization,  in which 
larger fragments tend to move on the surface of the sliding mass as 
the entire avalanche moves in a flow-like manner (Davies, 1982; 
Johnson et al., 2015). However, these phenomena have not been 
completely reproduced or observed in experiments to verify the 
relation between friction weakening and fluidization.  Therefore, 
further study of the debris avalanche movement process is 
necessary to identify the internal processes that enhance mobility.

Volume dilation of debris avalanches results from particle in
teractions (Cagnoli and Romano, 2012). Dilation is an important 
characteristic of frictional granular materials and is related to the 
evolution of topological structures within the granular assemblies 
(Walker and Tordesillas, 2010). The dilation of some fragments 
may reduce the contact between the sliding mass and substrate, 
which may suggest the occurrence of friction weakening. How
ever, there is no evidence to illustrate that fragment dilation is 
related to the friction weakening of the sliding mass. In this study, 
a series of experiments was conducted to investigate the dilation 
effect of granular flows and its relationship with friction weak
ening. Our findings  indicate that the dilation and friction weak
ening of debris avalanches are synchronous responses. More 
evidence of dilation and friction weakening was obtained through 
large-scale chute experiments. This study also discusses the 

critical factors influencing  friction weakening and explains how 
granular dimension affects the behavior of high-speed debris 
avalanches.

2. Methodology

The rotation drum experiments, large-scale chute experiments, 
and discrete element method (DEM) simulations were conducted 
to study the friction weakening mechanism. The parameters used 
in these experiments are provided in Table A1 in Appendix A.

2.1. Rotation drum experiments

A rotational drum apparatus was employed to investigate the 
interfacial interactions between fragmented materials and the 
substrate under high-velocity shear conditions. The system, driven 
by an electric motor, allows precise control of angular velocity 
within a range of 0–80 rad/s (loading scheme is provided in 
Table C1 in Appendix C). The rotation drum was gradually accel
erated until the granular flow  reached a steady state with the 
drum. Two motion cameras were positioned at the front and back 
of the drum (Fig. 1). The initial granular flow  volume was kept 
uniform (Vo = 1400 cm3) in each experimental condition. A total of 
eight different granular sizes were tested (spherical material, with 
the density ρ = 1500 kg/m3 and the granular particle diameter 
dp = 1.5 mm, 2 mm, 2.5 mm, 3 mm, 4 mm, 5 mm, 6 mm, and 
8 mm), representing debris avalanche fragments. A comprehen
sive overview of the conditions is provided in Table 1. The angular 
velocity was increased in a gradient loading scheme by 0.1 Hz, 
equivalent to 0.293 rad/s. The drum was rotated for 1 min to reach 
a stable status at each angular velocity condition.

Furthermore, a collapse experiment was conducted to deter
mine the static friction coefficient of the granular flow. The total 
volume of the granular flow was precisely 400 cm3. The granular 
materials were loaded into the column, with the bottom being 
covered by coarse paper. The hollow cylinder was lifted at a con
stant velocity under each condition. The initial granular column 
and the collapsed granular mass under different values of D and 
d are shown in Fig. 2. All experimental conditions are presented in 
Table 1.

2.2. Large-scale chute experiments

A large-scale experimental chute was employed to investigate 
the dilation phenomena based on forceful data. The experimental 
chute consisted of a hopper, an acceleration section, and a depo
sition section. The granular flow was transferred from the hopper 
while maintaining the same total mass. The experimental setup 
comprised three force sensors (range: 50 N; precision: 0.05 N; 

Fig. 1. Sketch of the rotation drum experiments: (a) Model of the rotation drum experiment; and (b) Detailed size of the experimental apparatus.
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diameter: 0.1 m), three thickness sensors (range: 1000 mm; pre
cision: 0.1 mm), one microseismic sensor, two motion cameras 
(resolution: 2K, 240 fps), and one high-speed camera (resolution: 
1080p, 1000 fps) (Fig. 3). Four different granular sizes were uti
lized, with dp = 6 mm, 8 mm, 10 mm, and 20 mm (spherical ma
terial, with the density ρ = 2500 kg/m3). The mass of the sliding 
material was 100 kg under all conditions. The detailed conditions 
of the large-scale chute experiments are summarized in Table 2.

2.3. Numerical simulations

DEM simulations were conducted based on large-scale chute 
experiments with experimental conditions of Nos. 1 and 5. The 
DEM simulations employed the Herz-Mindlin contact model, 
which does not consider the cohesion between particles. This 
contact model combines Herzen's normal force model and 
tangential force model developed by Mindlin and Deresiewicz 
(1953). The contact interactions between particles were modeled 
using the Hertz-Mindlin contact model. The governing equations 
for the normal force (Fn) and tangential force (Ft) between particles 

are expressed as follows: 

Fn =
4
3

E*
̅̅̅̅̅
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√
δ

3
2
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√
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where E* is the equivalent Young's modulus; G* is the equivalent 
shear modulus; R* is the equivalent radius; and δn and δt represent 
the normal and tangential overlaps between particles, 
respectively.

The rolling friction torque (τi) is defined as 

τi = − μrFnRiωi (3) 

where μr is the rolling coefficient; Ri is the radius of contact particle 
i, and ωi is the angular velocity of particle i.

The friction damping forces in the normal (Fd
n) and tangential 

(Fd
t ) directions are given by 
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where β is the damping coefficient; Sn and St are the normal and 
tangential stiffness, respectively; m* is the equivalent mass; and 

vn
rel
̅→

and vt
rel
̅→

are the normal and tangential components of the 
relative velocity between particles, respectively

The normal stiffness (Sn) and tangential stiffness (St) are 
calculated as 

Sn =2E*
̅̅̅̅̅̅̅̅̅̅
R*δn

√
(6) 

St =8G*
̅̅̅̅̅̅̅̅̅̅
R*δn

√
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The numerical simulations were validated using time–space 

Table 1 
Physical parameters of the rotation drum experiment and the static friction coef
ficient (μo) obtained through the collapse experiments (D is the fractal dimension, 
and d is the relative particle diameter).

No. D μo No. d μo

1 0.55 0.24 1 0.04 0.29
2 1.18 0.25 2 0.03 0.33
3 1.56 0.3 3 0.025 0.33
4 1.85 0.34 4 0.02 0.34
5 2.30 0.37 5 0.015 0.38
6 2.66 0.36 6 0.0125 0.36
7 2.83 0.35 7 0.01 0.4
8 3 0.34 8 0.0075 0.43
9 3.34 0.37 –
10 3.71 0.37
11 4.15 0.37
12 4.83 0.4

Fig. 2. Collapse experiments under varying granular compositions: (a) Hollow cylinder used in collapse experiments; (b) Static friction angle of granular flow under different 
values of D; (c) Static friction angle of granular flow under different values of d; (d) Fitting curve between μ0 and D; and (e) Fitting curve between μ0 and d.
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image information and velocity data obtained from three experi
mental monitoring points. The validated simulation parameters 
are presented in Table 3.

2.4. Definition of key parameters

To describe the particle size distribution of the sliding material, 
the relative particle size (d) is used to quantify the single particle 
size distribution: 

d=
dp

r
(8) 

where r is the rotation drum radius.
The mixed particle size distribution is described through the 

power-law particle size distribution, which is applied to study 
granular mobility in both experiments and numerical simulations, 

generated relative to a reference grain size d: 

N
(
dp

)

No
=

(
dp

do

)− D

(9) 

where N(dp) is the number of grains with diameter dp, No is the 
number of grains with diameter do, and D is the power-law 
exponent called fractal dimension. A larger fractal dimension in
dicates that the number of fine particles is larger than that of the 
coarse particles.

In rotation drum experiments, the apparent friction coefficient 
is defined as the tangent of the inclination angle of the granular 
flow (Fig. 4a): 

μ* = tan θ (10) 

The expansion coefficient (S*) is determined from the rotation 
drum experiments and describes the enlarged area of the granular 
material under various conditions compared to the initial 

Fig. 3. Sketch of large-scale chute physical experiment.

Table 2 
Physical parameters used in the large-scale chute experiments (d1 is the diameter 
of fine particles, d2 is the diameter of coarse particles, m1 is the mass of fine par
ticles, and m2 is the mass of coarse particles).

No. d1 (mm) d2 (mm) m1 (kg) m2 (kg) D

1 6 20 25 75 2.09
2 8 20 25 75 1.8
3 10 20 25 75 1.42
4 6 20 50 50 3
5 6 20 75 25 3.91

Table 3 
Parameters used in the numerical simulation.

Parameter Value

Poisson's ratio of the fragments, λf 0.25
Density of the fragments, ρf (kg/m3) 2500
Shearing modulus of the fragments, E (GPa) 10
Poisson's ratio of the chute, λc 0.3
Density of the chute, ρc (kg/m3) 7900
Shearing modulus of the chute, E (GPa) 60
Restitution coefficient (fragment to fragment), ef-f 0.2
Static friction coefficient (fragment to fragment), fs, f-f 0.2
Rolling friction coefficient (fragment to fragment), fr, f-f 0.1
Restitution coefficient (fragment to chute), ef-c 0.2
Static friction coefficient (fragment to chute), fs, f-c 0.3
Rolling friction coefficient (fragment to chute), fr, f-c 0.1

Fig. 4. Definition of parameters used in experiments: (a) The area of granular flow S, 
the contact length L, the apparent height h, and the apparent friction coefficient μ*; 
and (b) The expansion coefficient S*.
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conditions (Fig. 4b). It is calculated as follows: 

S* =
S
So

(11) 

where S is the granular flow area under dynamic conditions, and So 
is its initial area under static conditions.

In large-scale chute experiments, the dynamic friction coeffi
cient (μ) is used to quantify the friction of the sliding mass during 
movement, which is calculated based on the ratio of time- 
averaged force components: 

μ=

∫ te
t0

Fsdt
∫ te

t0
Fndt

(12) 

where Fs and Fn are the shear and normal forces of debris ava
lanches, respectively; t0 and te are the time recorded at the initial 
and final points.

Furthermore, the Savage number (Ns) is utilized to quantify the 
influence  of particle behavior under various particle size distri
butions on the flow regime (Lai et al., 2017). Ns indicates the pre
dominant particle behavior (collision or shearing) in granular 
mixtures. A larger Ns value implies a more pronounced collision 
interaction. 

Ns =
_γ2d

2

μ0gh
(13) 

where μ0 represents the static friction coefficient;  _γ denotes the 
shear rate of the granular material along the basement layer, and it 
can be calculated as _γ = v=H*, in which v is the relative velocity; 

the parameter (d) corresponds to the average particle size of the 
granular material, which can be determined through the weighted 

average d = (m1d1 + m2d2)=(m1 + m2), where m1 and m2 repre
sent the particle masses with diameters d1 and d2, respectively; 
and h indicates the apparent height of the granular system. 
Additionally, the equivalent thickness, H*, is a key parameter 
characterizing the frictional interaction between the granular 
material and the substrate. This dimensionless quantity is math
ematically defined as the ratio of the granular flow's area (S) to its 
contact length (L) with the substrate, expressed as H* = S= L. The 
data of contact length (L) and area (S) can be found in Tables C2–C4 
in Appendix C.

3. Results

3.1. Particle dilation in rotation drum experiments

Photographic results from the rotation drum experiments 
indicate that the granular flow exhibits dilation as the movement 
velocity increases (Fig. 5a–f). The expansion coefficient  (S*) ex
hibits a positive response to the velocity of the granular flow 
(Fig. 5g), while the apparent friction coefficient (μ*) is negatively 
influenced by the velocity of the granular flow (Fig. 5h). Generally, 
high-speed debris avalanches tend to show flow-like behavior 
under shearing effects. However, the dilation observed in granular 
flow  is not a common characteristic of the movement of debris 
avalanches induced by shearing effects, as the interstices among 
granular particles become apparent under dilation. The motion 
pattern of the granular flow also includes intermittent bouncing, 
which is strongly related to the friction weakening in high-speed 
debris avalanches.

Additionally, granular flows comprising larger fragments 
exhibit greater dilation under the same external dynamic 

conditions (see Fig. 6a–c for slow dynamic conditions and Fig. 6d–g 
for rapid conditions). The fragment size is a critical factor in 
determining whether the sliding mass can undergo friction 
weakening. The granular flow with larger fragments shows higher 
Ns values under the same external dynamic conditions (Fig. 6h), 
and the apparent friction coefficient (μ*) is negatively correlated 
with the Savage number (Ns) (Fig. 6i). The effect of shear rate on 
the mobility of granular flow is shown in Fig. 6j. It can be observed 
that as the shear rate increases, the friction coefficient  of the 
granular flow increases only under certain particle size conditions 
(d = 0.0125, 0.02, and 0.04), and it remains largely unchanged 
under other conditions. Overall, the influence of shear rate on the 
mobility of granular flow is relatively minor.

To further analyze the experimental results, a correlation 
analysis was conducted between the Froude number (Fr) and 
apparent friction coefficient (μ*), the dilation coefficient (S*) and 
apparent friction coefficient (μ*), as well as the Savage number (Ns) 
and apparent friction coefficient (μ*). This enabled a quantitative 
evaluation of the degree of association between each dynamic 
parameter and the friction coefficient. The correlation analysis was 
performed using the Pearson correlation coefficient method: 

r=
∑

(xi − x)(yi − y)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(xi − x)2 ∑
(yi − y)2

√ (14) 

where xi and yi represent the ith observations of the two datasets, 
and x and y denote the mean values of the two datasets. Correlation 
analysis shows that the correlation coefficients  (r) between the 
apparent friction coefficient  (μ*) and the Froude number (Fr), 
expansion coefficient, and the Savage number (Ns) are 0.041, − 0.187, 
and − 0.404, respectively (specific data are provided in Table C5 in 
Appendix C). This indicates that the apparent friction coefficient 
(μ*) is primarily influenced by the Savage number (Ns), followed by 
the expansion coefficient (S*). The results of the rotating drum ex
periments demonstrate that collision interactions dominate among 
larger fragments and serve as the primary dilation mechanism.

3.2. Particle dilation on large-scale chute experiments

Dilation of granular flow is a typical characteristic when fric
tion weakening occurs in such flows. However, direct data ob
tained from rotation drum experiments were not sufficient  to 
support the relationship between dilation and friction weakening. 
Therefore, detailed data on the normal and shear force during 
granular flow movement were obtained via large-scale chute ex
periments. The results show that dilation of the sliding mass is also 
observed during movement. The amplitude of dilation increases as 
the fractal dimension (D) decreases (Fig. 7a–c). At monitoring point 
#1, the peak shearing force decreases as the D decreases, and the 
data obtained from monitoring point #3 exhibit the same 
increasing tendency (Fig. 7d). The peak normal force remains 
constant (Fig. 7e), and the peak vibrating acceleration is positively 
correlated with the granular dimension. The sliding mass con
taining larger fragments shows a larger fluctuating  vibration 
amplitude (Fig. 7f). The dynamic friction coefficient (μ) exhibits the 
same tendency as the variation in the granular dimension (Fig. 7g), 
which is synchronized with the amplitude of dilation under 
different fractal dimensions (Fig. 7a). The detailed force data ob
tained from large-scale chute experiments are presented in Fig. B1
in Appendix B.

In the numerical simulations, 15 additional monitoring points 
were set on the chute to investigate variations in the tangential 
and normal forces (Fig. 8a). The results were validated using time- 
space image information (Fig. 8b) and velocity data from physical 
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experiments (Fig. 8c–e). The numerical simulation results show 
that the tangential and normal forces decrease as the Savage 
number (Ns) increases. However, the amplitude of decrease in the 
normal force is significantly  greater at D = 2.09, which further 
demonstrates that the sliding mass containing larger fragments 
exhibits extra dilation (as the normal force rapidly decreases with 
increasing Ns) due to the increase in collision contacts (Fig. 9).

4. Discussion

4.1. Critical influencing factor of friction weakening

The findings from the above-mentioned physical experiments 
indicate a close relationship between friction weakening and 
granular flow dilation; that is, the occurrence of dilation indicates 

Fig. 5. Dilation observed in rotation drum experiments: (a–f) Motion pattern of granular flow under different velocity conditions with d = 0.04 in rotation drum experiments: (a) 
v = 1.2 m/s, (b) v = 1.8 m/s, (c) v = 3.5 m/s, (d) v = 4.1 m/s, (e) v = 5.9 m/s, and (f) v = 6.4 m/s; (g) Expansion coefficients corresponding to different velocity conditions; and (h) 
Apparent friction coefficient under velocity conditions.

Fig. 6. Granular flow containing larger fragments exhibit smaller apparent friction coefficient: (a–c) Profile of granular flow under d = 0.0075, 0.01 and 0.04 with smaller velocity 
of v = 0.6 m/s; (d–g) Profile of granular flow under d = 0.0075, 0.01, 0.03 and 0.04 with larger velocity of v = 5.9 m/s; (h) Savage number is positively related to the fragment size of 
granular flow; (i) Dynamic friction coefficient decrease as the Savage Number increases; and (j) Dynamic friction coefficient does not change significantly as the increase of shear 
rate.
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a decrease in friction. This raises the following question: What 
mechanism causes particle dilation in granular flow?  From the 
perspective of force interaction, dilation is the result of contacts 
within the granular flow. Previous studies have emphasized that 
the shear interaction is important for inducing forces that make 
the sliding mass move like a fluid, and the particle dilation can be 
explained by the shearing effect. However, the evolutionary trends 
of the peak shear force and the dynamic friction coefficient align 
under the same conditions in large-scale experiments. Conse
quently, the shear interaction may not contribute to dilation dur
ing the movement of the granular flow, nor does it support 
frictional weakening. Meanwhile, the collision contact between 
particles is another pivotal interaction mechanism in granular 
flow. It can therefore be speculated that the dilation is triggered by 
a collision.

The apparent friction coefficient and the dynamic friction co
efficient  are negatively correlated with the Savage number (Ns). 
The friction coefficient decreases gradually as the Savage number 
increases (Fig. 10a), indicating that the strength of the collision 
contact is related to the granular flow  friction, rather than the 
shearing effect. Furthermore, the simulation results show that the 
peak shear and normal forces decrease as the Savage number in
creases, but the decrease in the amplitude of the peak normal force 
is substantially greater at D = 2.09 (see Fig. 9). This demonstrates 
that the sliding mass containing larger fragments exhibits 
enhanced dilation, with the normal force rapidly decreasing as the 
Savage number (Ns) increases due to increased collision contacts. 
The “D-based” increasing tendency of the collision contact is not 
influenced  by variations in velocity. The dynamic friction coeffi
cient is positively correlated with particle size, and this 

Fig. 7. Results of large-scale chute experiments: (a–c) Motion patterns of the granular flow under different particle size conditions in large-scale chute experiments: (a) D = 3.91, 
(b) D = 2.09, and (c) D = 1.41; (d) Peak shear force under fractal dimension corresponding to monitoring points #1 and #3; (e) Peak normal force under fractal dimension 
corresponding to monitoring points #1 and #3; (f) Vibrating acceleration under different fractal dimension; and (g) Dynamic friction coefficient under different fractal 
dimensions.

Fig. 8. DEM simulation model of large-scale chute experiment conducted through EDEM 2021: (a) Two conditions are conducted on simulation (D = 2.09 and D = 3.91) and 15 
monitoring points are set (0.5 m interval each point); (b) Model validation based on movement process; (c) Model validation based on velocity data of sliding masses under 
D = 2.09; (d) Model validation based on velocity data of sliding masses under D = 3.91; and (e) Comparison with experimental probes.
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relationship can be observed under different velocity conditions. 
Granular flows with larger particle sizes demonstrate stronger 
collision contacts under the same external conditions, making 
them more likely to exhibit friction weakening. This is because 
granular flows containing larger fragments attain a higher Savage 
number (Ns) under the same external dynamic conditions.

The velocity condition and fragment size influence collision. A 
distinctive attribute of debris avalanches is their high mobility, 
which depends on external dynamic conditions. Another key 
characteristic is an internal factor: the fragment size, which plays a 
critical role in determining whether the sliding mass can experi
ence friction weakening. To illustrate this, the peak Savage number 
(Ns,p) – defined as the Savage number under the critical rotation 
angular velocity of the granular flow – was calculated for different 
fractal dimensions (D) based on rotation drum experiments. The 
critical angular velocity associated with each D was also recorded 
to represent the dynamic friction of the granular flow. A larger 
critical angular velocity indicates that the granular assembly is 
subjected to less friction under the same external conditions (if the 
contact between the granular assembly and substrate is smooth, 
the critical angular velocity is infinite). The results show that the 
peak Savage number (Ns,p) decreases nonlinearly with increasing 
D. This indicates that the peak collision contact of the granular 
flow  is restricted by the fractal dimension and that the particle 
contact tends to transform into shear interactions among frag
ments as the fragment size decreases (Fig. 10b). The characteristic 

point at which the critical angular velocity starts to decrease 
sharply is identified  at a fractal dimension D = 2.65 with the 
corresponding peak Savage number Ns,p = 1.06. The point Ns, 

p = 1.06 serves as the demarcation point between collision- and 
shear-dominating effects in the movement process. When shear 
contact is the dominant mode of interaction between fragments 
(Ns,p < 1.06), friction rapidly increases. The D constrains the peak 
Savage number; when D > 2.65, the shear effect dominates the 
movement process, and Ns,p remains small and is not influenced by 
variations in dynamic conditions. As a result, an increase in 
movement speed is insufficient to induce friction weakening when 
D > 2.65. Conversely, when D < 2.65, the collision effect gradually 
becomes dominant with increasing velocity (the peak Ns > 1.06) to 
trigger friction weakening. Therefore, the critical factor influencing 
friction weakening is fragment size, and two conditions are 
required to trigger friction weakening: (1) a fractal dimension 
D < 2.65, which is the basic condition (fragment size); and (2) 
sufficient  momentum to support the generation of dilation 
(collision condition).

To further quantify the findings of this study, a mathematical 
model based on the granular inertial collision–friction coupling 
equation was established, linking collision intensity, degree of 
dilation, and basal friction coefficient. The basal friction coefficient 
is influenced by both the reduction in contacts due to dilation and 
the enhancement of collision effects and can be expressed as μc =

f (μ0;S =S0;Ns). Based on the fitting calculations using data from the 
rotating drum experiments, the following relationship was 
obtained: 

μc =
1 + 3μ0(S

* − 1)
2(1 + Ns)

(15) 

where μ0 is the static friction coefficient, S* is the expansion co
efficient, and Ns is the Savage number.

A comparison between the apparent friction coefficient  (μ*) 
derived from experimental data and the calculated apparent fric
tion coefficient (μc) is shown in Fig. 11. Both data sets are located 
near the function μ* = μc, within a ±30% deviation range indicated 
by the dashed lines. This observation demonstrates that the model 
can be used to quantitatively analyze the relationship among 
collision, dilation, and frictional weakening.

4.2. Mechanism of friction weakening triggered by dilation

The mechanism of friction weakening in granular flows in
volves the interaction of collisions, which induces dilation. This, in 
turn, results in a reduction in contact between the whole sliding 

Fig. 9. Force data obtained by simulations. The peak normal and shear forces decrease 
as the Savage number increases, and the normal force sharply decreases at D = 2.09 
compared with the condition of D = 3.91.

Fig. 10. Relationships between collision contact and friction weakening and between collision contact and fragment size: (a) The friction coefficient decreases as the Savage 
number increases in both kinds of experiments considered in this work; (b) The peak Savage number of the sliding mass is influenced by the fractal dimension (a curve fitted by a 
logistic function with R2 = 0.987, the root mean square error (RMSE) = 0.214, and Ns = 4 =[1+(D=2:2)5:5

]) and the critical Savage number is 1.06. The critical angular velocity is also 
influenced by the fractal dimension (a curve fitted by a Boltzmann function with R2 = 0.99, RMSE = 2.107, and wc = 44:6=[1+e(2:9− D)=0:1] +55:3); corresponding to a critical fractal 
dimension of 2.65.
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mass and the substrate. The essential mechanism contributing to 
friction weakening is the collision of particles. The size discrep
ancy of the fragments determines the peak collision strength of 
the granular flow. Granular flows containing larger fragments can 
better acquire momentum and exhibit lower friction through 
collision contact (Fig. 12a). Furthermore, the dilation effect tends 
to cause large fragments to gradually move to the surface, finally 
depositing at the top of the sliding mass. Such accumulations of 
large fragments have been identified on deposition surfaces during 
field investigations of high-speed debris avalanches (Fig. 12b–d).

At the initial stage of movement, the fractal dimension of debris 
avalanches is relatively small because the sliding masses are not 
yet fully fragmented. Friction weakening can be triggered rapidly 
by collision contact as the velocity of the debris avalanche in
creases during movement. However, strong collision contacts lead 
to greater fragmentation of the sliding mass, which increases the 
fractal dimension, ultimately resulting in the fractal dimension 
exceeding the critical fractal dimension. The peak Savage number 
tends to decrease and remains at a lower value, and the friction 

weakening gradually ceases. With increasing fractal dimension, 
the collision effect gradually weakens, and the subsequent frag
mentation effect also subsides. This explains why the fractal 
dimension of high-speed debris avalanches remains within a sta
ble range, according to field investigations. Most high-speed debris 
avalanches exhibit a fractal dimension that falls within the range 
of 2.3–3.2. To illustrate this point, the fractal dimension of a high- 
speed rock avalanche is approximately 2.6, and that of a high- 
speed volcanic avalanche is approximately 2.7 (Crosta et al., 2007).

4.3. Applications and research limitations

This study systematically reveals the dynamic coupling mech
anism of frictional weakening and dilatancy effects in granular 
flow through multi-scale experiments and numerical simulations. 
It incorporates the temporal and spatial synchronicity of particle 
collision intensity, dilation, and frictional weakening into a unified 
analytical framework for the first time, providing critical experi
mental evidence and theoretical breakthroughs for understanding 
the extraordinary motion characteristics of high-speed debris av
alanches. The present framework primarily focuses on collision- 
dominated regimes under specific  stress levels. The stress level 
settings in the physical experiments may have a certain applica
tion range. In the drum experiment, the centrifugal force can be 
converted into an effective measure of the applied stress level. 
When the drum rotates, the centrifugal acceleration experienced 
by the particles is ac = w2r. This acceleration can be equivalently 
expressed as a magnification  of gravitational acceleration: N =

ac=g. In the granular system, the normal stress (σn) is positively 
correlated with the equivalent gravity, which can be expressed as 

σn = ρgNH* (16) 

The stress levels in the drum experiments were found to fall 
within the range of 0–20 kPa (Fig. 13a). The pioneering work on the 
modulation of shear rates in confined flows with fractal particle 
distributions provides valuable insights for interpreting the 
observed friction weakening under a wide range of pressure 

Fig. 11. The relations between experimental (μ*) and calculated (μc) apparent friction 
coefficients.

Fig. 12. Mechanism of friction weakening of a high-speed debris avalanche and evidence from field investigation. (a) Large fragments are prone to dilation due to the collision 
effect, and the contact between the sliding mass and the substrate decreases. Enormous fragments can be widely observed on the surface of the deposition region of (b) the 
Zelongnong debris avalanche, which occurred in 2018 in Tibet, China; (c) the Xinmo debris avalanche, which occurred in 2017 in Sichuan, China; and (d) the Yigong debris 
avalanche, which occurred in 2000 in Tibet, China.
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conditions (e.g. P = 1 kPa, 10 kPa, and 100 kPa; Ding et al., 2024). 
Our experiments have further refined the gradient of stress levels 
by conducting 96 loading tests within the stress range of 0–20 kPa, 
with an average stress increment of 0.2 kPa between each group. 
This approach allows a more detailed capture of the dynamic 
changes in the stress-dependent drag reduction effects of debris 
avalanches under low to medium stress conditions. Additionally, 
to maximize the relevance of physical experiments to real-world 
disasters, it is essential to conduct experiments at the largest 
feasible scale, with the inertial number requirement being in the 
range of 1 × 10− 5 to 1 × 10− 1 (Choi et al., 2024). The inertial 
number I (I = _γd=

̅̅̅̅̅̅̅̅
P=ρ

√
) was calculated for the drum experiments 

and found to be below 0.1 in all cases, indicating that the stress 
levels in the drum experiments can reflect the stress characteris
tics of actual debris avalanches (Fig. 13b).

Moreover, the research system has established a core correla
tion model of granular flow dynamics in an idealized setup. It is 
important to note that the complex topographic boundaries of 
natural landslides, such as abrupt changes in basal roughness and 
three-dimensional topographic effects, may modulate the chain 
response of particle collision and dilatancy. Although the simpli
fication  of homogeneous spheres in the numerical model effec
tively reveals the macroscopic laws of collision energy transfer, 
further exploration is needed to incorporate the real angular 
morphology of debris and the dynamic fragmentation processes. 
The proposed critical threshold value of the Savage number 
(Ns > 1.06) not only provides a quantitative criterion for triggering 
frictional weakening at the laboratory scale but also establishes a 
key dimensionless parameter foundation for constructing cross- 
scale disaster dynamics models in the future. The identified sta
ble interval of debris particle sizes also offers a new physical 
explanation for the self-organized evolution patterns observed in 
different types of high-speed debris avalanches.

The primary reason for selecting artificial  granular materials 
was to isolate complex geological factors and focus on the me
chanical coupling mechanism of “dilation-driven friction weak
ening”. Although the surface roughness of natural particles may 
enhance localized frictional dissipation compared to artificial 

spherical materials, this effect predominantly governs static or 
quasi-static frictional strength characteristics. As this study fo
cuses on the inertia-dominated regime, such differences in ma
terials do not compromise the identification  of dilation-driven 
friction reduction as the dominant mechanism. The limitations of 
this study mainly include two aspects: (1) The complex particle 
size distribution in natural debris avalanches: polymodal particle 
distributions in real events may introduce competing effects be
tween segregation-induced lubrication and interlocking resis
tance. (2) Fragmentation effects: the collision-induced dilation 
effect is most pronounced in dry granular flows characterized by 
sufficient kinetic energy to maintain sustained particle saltation. 
However, its governing influence may become attenuated in fine- 
grained systems induced by fragmentation. Future research should 
further investigate the coupled effects of polymodal particle size 
distributions and fragmentation in natural debris avalanches. 
Through multiscale simulations and experimental validation, the 
friction weakening mechanisms governed by the interplay be
tween collisional and viscous effects in complex granular systems 
could be elucidated, thereby providing more accurate theoretical 
support for hazard dynamics modeling.

5. Conclusions

High-speed debris avalanches typically exhibit pronounced 
friction weakening effects. The dilation of rock fragments has been 
observed to synchronize with frictional weakening during such 
events. This study reveals that the mechanism of friction weak
ening is driven by particle collisions, which induce dilation in 
granular flows, thereby resulting in contact between the sliding 
mass and substrates. The dilation is negatively correlated with the 
friction coefficient and is influenced by the velocity condition and 
fragment size. Among these factors, fragment size is identified as 
the critical influencing factor of friction weakening. Fragment size 
directly affects the normal force experienced by the sliding mass. 
Granular flows containing larger fragments show a more rapid 
reduction in normal force. The critical condition for triggering 
friction weakening in debris avalanches has been found to be a 
fractal dimension D < 2.65, as supported by physical experimental 
data. In such conditions, the peak Savage number exceeds 1.06, 
thereby enabling the collision effect to gradually dominate as ve
locity increases. This ultimately leads to friction weakening. 
Finally, a mathematical model was developed, based on the 
granular inertial collision–friction coupling equation, to quantita
tively describe the relationships among collisions, dilation, and 
friction weakening.
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