
1.  Introduction
A scree (talus) slope is characterized by an inclined accumulation of rock debris sourced from the upper part 
of a weathered cliff at the foot of the cliff. Scree slopes are widely encountered in high, frigid mountainous 
regions and have some interesting geomorphic features (Caine, 1969; Kirkby & Statham, 1975; Sass,  2006). 
The formation of scree slopes, as shown in Figure 1, is a complex process that involves the detachment, descent, 
movement, and accumulation of weathered and failed rock. The mechanics of this dynamic process have been of 
long-standing interest in a number of fields (e.g., Bertran et al., 1997; Bithell et al., 2014; Caine, 1969; De Blasio 
& Sæter,  2009,  2015; Jomelli & Francou,  2000; Kirkby & Statham,  1975; Obanawa & Matsukura,  2006; 
Sass, 2006, 2007; Savage & Lun, 1988; Sheng et al., 2021; Utili & Crosta, 2011a).

The movement and accumulation of debris masses during the formation of scree slopes is a type of geophysical 
mass flow (Gray & Thornton, 2005; van der Vaart et al., 2018). These slope deposits are primarily composed of 

Abstract  Particle sorting is one of the most interesting phenomena observed in the formation of scree 
slopes. We present a study of this phenomenon through physical model tests and numerical simulations at 
the grain scale, with a focus on the link between the degree of sorting and particle attributes, as well as the 
underlying mechanisms. By characterizing the degree of sorting with the graphic segregation index, we show 
that the degree of sorting increases as the difference in particle size and shape between the component materials 
of the deposited mixture increases. We propose two factors, the relative size factor (SFr) and relative shape 
factor (ORr), and show that the degree of sorting increases with the absolute values of these two factors (|SFr| 
and |ORr|). By monitoring the motions of tracer particles in the numerical simulations, we found that particle 
migration proceeds in a periodical mode of "collision/friction ⇌ regaining ⇌ collision/friction." Also, we 
performed energy analyses, revealing that relatively large and rounded particles tend to have a lower rate of 
kinetic energy dissipation, migrate at a higher velocity over a longer period of time, and have a larger migration 
distance. In addition, we define a relative kinetic energy dissipation rate |Dk_r| and find that it is positively 
correlated with |SFr| and |ORr|; the discrepancy in particle size and shape between the component materials is 
responsible for the difference in their kinetic energy dissipation rates, and it is the latter that determines their 
migration distance difference and sorting features.

Plain Language Summary  A scree slope is an inclined accumulation of the rock fragments and 
sand grains sourced from a weathered and failed cliff. Particle sorting is an interesting phenomenon observed 
in scree slopes, which refers to the special arrangement of particles in terms of particle size and shape along 
the longitudinal direction of slopes, and affects the overall motion of granular mass flows during the formation 
and failure of scree slopes. Through physical model tests and numerical simulations at a particulate scale, we 
attempt to understand the sorting phenomenon at a fundamental level. We found that the degree of sorting 
in a scree slope increases with the increasing discrepancy in particle size and shape between the component 
materials. We identified a positive correlation between the sorting index and the relative particle size and 
shape factors. We reveal that the difference in particle size and shape is associated with the difference in the 
dissipation rate of kinetic energy of particles, and the latter determines the difference in the migration distance 
of particles and the sorting feature. Understanding the sorting phenomenon is important for the evaluation of 
the influence of geophysical mass flows in scree slopes and for the prevention of related hazards.
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rock fragments and sand grains with weak or no interparticle bonding, and they typically have a loose structure 
(Pei, 2016; Zhang et al., 2010). Thus, scree slopes tend to deform and fail in response to relatively small exter-
nal disturbances (Carson, 1977; Pei, 2016). Such scree slope failures are different from the deep-seated slope 
failures observed in soil mechanics (Martin, 2000; Utili & Crosta, 2011a). Geophysical mass flows induced by 
scree slope failures can be described as shallow granular free-surface flows or shallow granular avalanches (Gray 
& Chugunov, 2006; Gray & Thornton, 2005), and they are, to some extent, analogous to debris flows, snow 
avalanches and pyroclastic flows (Gray & Kokelaar, 2010; Johnson et al., 2012; van der Vaart et al., 2018). Of 
primary interest is the particle sorting (i.e., segregation) phenomenon observed in scree slopes. A large number 
of field investigations have indicated that the arrangement of particles in scree slope deposits has obvious sorting 
features (e.g., Bertran et al., 1997; De Blasio & Sæter, 2009, 2015; Evans & Hungr, 1993; Gardner, 1970; Jomelli 
& Francou, 2000; Kotarba & Strömquist, 1984; McGrath et al., 2013; McSaveney, 1971; Pei, 2016; Pérez, 1989; 
Statham, 1976; Zhang et al., 2010): from the upper part to the lower part of a scree slope, the size and roundness 
of the particles tends to increase; that is, relatively large and rounded particles are located around the base of the 
slope, and relatively small and irregular particles are present near the crest of the slope (see Figure 1).

The phenomenon that particles of dissimilar properties segregate is widely present in geophysical mass flows 
such as landslides and snow avalanches (Gray & Kokelaar, 2010; De Hass et al., 2015; Zhou et al., 2020) and in 
granular flows associated with industrial processes such as mining and bulk solids conveying (Saxton et al., 2008; 
Dai et al., 2021). Coarse particles tend to preferentially migrate towards the flow front, leading to a specific struc-
ture in the flow deposits: coarse particle domination at the front of the deposit and small particle domination at 
the rear (Gray & Kokelaar, 2010; Zhou et al., 2020) (Figure 1). This particle-sorting induced structure can in turn 
exert a strong impact on the bulk motion of the geophysical mass flows, including local rheology, flow mobility 
and run-out distance (Bi et al., 2016; Gray & Chugunov, 2006; Gray & Kokelaar, 2010; Phillips et al., 2006; van 
der Vaart et al., 2018). Therefore, it is critical to gain a deep understanding of the phenomenon of particle sorting 
to evaluate the potential influence of geophysical mass flows occurring during the formation and failure of scree 
slopes, and to take corresponding countermeasures for the mitigation of scree-slope related hazards.

Kirkby and Statham (1975) and Statham (1976) established a mathematical model based on an essential parameter—
the dynamic angle of friction. This parameter was used to characterize the overall friction effect of a particle 
moving on a slope surface. They attributed the occurrence of particle size sorting to the difference in dynamic 
angles of friction between coarse and fine particles. Following Kirkby and Statham (1975), Gabet (2003), Gabet 
and Mendoza (2012), and DiBiase et al. (2017) proposed a particle-based ravel transport model to account for the 
effects of grain size and surface roughness on the spatial pattern of steep hillslope sediment transport. De Blasio  

Figure 1.  Schematic description of scree slope formation with an inset showing the scree slopes in Tianshan.
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and Sæter (2009, 2015) performed small-scale physical model tests to mimic the formation and evolution of scree 
slopes, and probed the underlying mechanism by examining the dynamics of falling grains on an inclined granu-
lar bed. They assumed that the longitudinal size sorting along the slope may be attributed to the difference in the 
modes of energy loss of particles impacting the granular bed: large particles tend to lose most energy upon the 
first impact at the falling point and then either stop or migrate towards the distal part of the slope bed, while small 
particles undergo several bouncing motions, losing energy and being deposited near the initial point of impact.

Interestingly, the field surveys and measurements performed by several researchers have suggested that the parti-
cle arrangements in some scree slopes do not exhibit a distinct sorting feature (Caine, 1967, 1969; De Blasio & 
Sæter, 2010; Gardner, 1968; Haas et al., 2012; Luckman, 1971; Pérez, 1985; Thornes, 1971). Other researchers 
have shown that the sorting feature can be gradually erased during the evolution of a scree slope (Bones, 1973; 
De Scally & Owens, 2005; Gardner, 1968; Jomelli & Francou, 2000). De Blasio and Sæter  (2010) observed 
during a field survey in Drammen (Norway) that the slope deposits do not display a marked longitudinal variation 
in block size but rather a sorting feature in block shape. Specifically, regular blocks with relatively high aspect 
ratios are more likely to travel along the slope and arrive at the toe. Thus, it is evident that particle sorting in scree 
slopes is an interesting but challenging problem that is not yet fully understood in terms of both the characteriza-
tion and interpretation of the underpinning mechanisms.

Recently, discrete element method (DEM) simulations have been used to investigate the formation and evolution 
of scree slopes. Utili and Crosta  (2011b) performed a two-dimensional (2D) DEM simulation to model cliff 
retreat, but their studies did not concentrate on the dynamics involved in the formation and evolution processes 
nor the basic characteristics (e.g., particle sorting) of scree slope deposits. Bithell et al. (2014) reported a 2D 
DEM study on the development of scree slopes, in which all debris masses to be accumulated were generated 
once and then released together to form a scree slope; the true dynamic process responsible for the formation of 
scree slopes was not accounted for. Zhou and Ng (2010) used a similar approach to perform DEM simulations 
of debris flows and examine reverse segregation. Again, current numerical studies basically fail to reveal the 
underlying mechanism of particle sorting from a fundamental perspective by capturing the true formation and 
evolution processes. These approaches have also not provided a quantitative analysis of particle sorting features 
by considering the effect of basic particle attributes.

To address this limited understanding, we present a study that aims to elucidate the phenomena of particle sorting 
observed in scree slopes at a micromechanical level. Using granular materials with various particle sizes and 
shapes, we performed a series of model experiments of scree slopes and quantitatively characterized the effects of 
particle attributes on the sorting feature. We then performed three-dimensional (3D) DEM simulations to mimic 
the formation of scree slopes and to further examine the mechanisms for the sorting feature. In the numerical 
simulations, we monitored particle movements, particle interactions and energy variations to trace the dynamics 
of the debris mass at a particulate scale and to probe the influence of basic particle attributes on the particle 
motions and energy dissipation. The findings from this study contribute to a deeper understanding of the sorting 
phenomena in scree slope deposits and the behavior of geophysical mass flows in scree slopes.

2.  Experimental and Numerical Implementation
2.1.  Experimental Device and Materials

The experimental device, as shown in Figure 2a, is made up of a welded steel frame. The dimensions are 3.6 m 
in length, 0.6 m in width, and 1.8 m in height. At the top of the steel frame is a V-shaped hopper for releasing 
particles. The steel plate modeling the bed rock can be divided into three sections: the kinetic migration section, 
accumulation section and buffer section. The angles of the kinetic migration and accumulation parts relative to 
the horizontal plane are set to 44° and 11°, respectively. Along the two long edges of the steel plates stand the 
two vertical transparent acrylic plates (0.6 m in height) to prevent particles from moving outside and for ease of 
observation. A black grid with the horizontal and vertical spacings being both 2 cm, was drawn on the transpar-
ent plates to permit comparison of the accumulation characteristics of different granular masses (see Figure 2a).

The basic particle attributes play a critical role in the mechanical behavior of granular materials (Cavarretta 
et al., 2010; Yang & Wei, 2012; Dai et al., 2016; Dai, 2018a) (Table 1). We used five granular materials (i.e., glass 
bead, dolomite rock grain, cobble, sandstone, and basalt rock grain) to study the effect of particle size and shape 
on the characteristics of accumulated granular mass (see Figures 2b–2f). The particle shapes for these materials 
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vary from round to angular, and there are three particle size levels. The effect of interparticle friction and particle 
mineralogy is beyond the scope of this study and is partly isolated by performing experiments in which material 
type is not varied in a certain test series. The particle densities of the materials used do not differ considerably 
(Table 1); thus, the particle mass effect is, to some extent, equivalent to the particle size effect. In the experiments, 
the transparent glass beads are dyed yellow for ease of being distinguished from other materials. In addition, we 
laid a thin blanket on the steel plate to increase the bed roughness. We have also referred to the literature (e.g., 
De Blasio & Sæter, 2015) for the test equipment design and material use. We used a shape factor called the overall 
regularity (OR) to characterize the particle shape, which is expressed as (Yang & Luo, 2015):

𝑂𝑂𝑂𝑂 =
𝐴𝐴𝐴𝐴 +𝑅𝑅 + 𝐶𝐶

3
� (1)

where the roundness (R), aspect ratio (AR) and convexity (C) are introduced in detail in Appendix A. The effect 
of climate-dependent slope surface friction conditions is not considered in the proposed test program.

2.2.  Experimental Procedure

To undertake a systematic study on the effect of particle size and shape, we selected one material as the base 
material and then added another material of equivalent mass into the base material to create a mixture for test-
ing. The mixture scheme is shown in Table 2, and the individual letters a, b and c in Table 2 are the codes that 
represent the three size levels. The weight of each mixture is 80 kg, with the base and addition materials having 
an equal weight, and a small portion (5 kg) of mixtures are used for each release. Thus, we performed the release 
of each mixture 16 times to complete the testing of a mixture with a mass of 80 kg. The release height was 
1.5 m. After the release of all mixture masses, we divided the accumulated mass into several sections at an equal 

Figure 2.  Side view of the experimental device and the testing materials.

Particle type Density (g/cm 3) Minerals Roundness (R) Aspect ratio (AR) Convexity (C) Overall regularity (OR) Particle size (mm)

Glass bead 2.62 Quartz 1.000 1.000 1.000 1.000 12, 16, 25

Cobble 2.90 Quartz 0.936 0.731 0.664 0.777 20∼30

Dolomite grain 2.94 Calcium/Magnesium 
carbonate

0.802 0.841 0.650 0.764 9∼12, 10∼20, 
20∼30

Sandstone 2.68 Quartz 0.872 0.737 0.629 0.746 10∼20, 20∼30

Basalt grain 2.76 Quartz 0.863 0.721 0.610 0.731 6∼9, 10∼20, 20∼30

Table 1 
Basic Attributes of the Testing Materials
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horizontal interval of 10 cm, separated the added material from the base material for each section, and weighed 
the mass of the two constituent materials to determine their mass fractions in various sections of the deposits.

2.3.  Numerical Model Setup

The DEM program particle flow code (PFC) has been shown to be a powerful numeric tool to investigate the 
mechanical behavior of granular materials (Dai et al., 2015, 2019, 2021; Gu et al., 2015, 2017; Li & Yu, 2010; 
Yang & Dai, 2011). We used PFC3D in this study to mimic the formation of scree slopes and micromechanically 
analyze the effect of particle attributes on the formation and characteristics of scree slopes. Figure 3 shows the 
numerical model setup, the dimensions of which are the same as those of the physical apparatus. We do not use 

Test series Base material

Particle size of 
base material 

(mm) Added material

Particle size of added material (mm)

a b c

I Basalt grain (B) 6∼9 Glass bead (G) 12 16 25

Dolomite grain (D) 10∼20 20∼30 30–50

Sandstone (S) \ \ 20–30

II Glass bead (G) 25 Dolomite grain (D) 6∼9 10∼20 20∼30

Sandstone (S) \ 10∼20 \

Basalt grain (B) 6∼9 10∼20 20∼30

III Cobble (C) 20∼30 Dolomite grain (D) 6∼9 10∼20 20∼30

IV Dolomite grain (D) 30∼50 Glass bead (G) \ 16 \

Sandstone (S) \ 10∼20 \

Basalt grain (B) 6∼9 10∼20 \

Table 2 
Experimental Mixture Scheme

Figure 3.  Numerical model and particle shapes considered in the simulation.
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the periodic boundaries for lateral walls for consistency with the laboratory 
apparatus. The density of the numerical particle is 2.65 g/cm 3, and the particle 
size, which is characterized by the diameter of a spherical volume-equivalent 
particle, ranges from 15 to 50 mm. We used a linear elastic contact model to 
describe the contact behavior between particles. The particle stiffness in the 
normal and tangential directions is 10 5 N/m, and so is the wall stiffness. This 
stiffness value is comparable to the values for typical sand grains (Wang & 
Coop, 2016) and is thus considered to be reasonable. The interparticle and 
particle–wall friction coefficients are set to 0.5, and the local and viscous 
damping values are specified to be 0.05 and 0.2, respectively. The walls of 
the hopper have the same stiffness as the other walls. In the same manner as 
applied with respect to the real apparatus, the numerical model is divided 
into three sections, as shown in Figure 3. The model parameters are shown in 
Table 3. We have referred to many studies (e.g., Lu & Hsiau, 2008; Sitharam 
et al., 2002; Zhou & Ng, 2010; Zhou & Sun, 2013) to determine the values 

of numerical model parameters and ensured that the parameter values used can help capture the basic behavior of 
soil and rock materials in scree slope formation.

According to the rule of clump particles in PFC3D, we combined multiple spheres to generate particles of various 
shapes, which is a particle generation technique that has been used by many other researchers (Dai et al., 2017; 
Dai, 2018b; Li & Yu, 2010; Yang et al., 2013). We used six particle shapes (see Figure 3), including spherical, 
subrounded, elongated, flat, tetrahedral and ellipsoidal shapes, to approximately represent the diverse particle 
morphologies in the laboratory experiments. The comprehensive shape factor OR (i.e., overall regularity) was 
also used to characterize the shape of the modeled particles, with roundness R in Equation 1 replaced with sphe-
ricity S, which is the squared ratio of diameters between the volume-equivalent and surface-equivalent spherical 
particles (Pabst & Gregorova, 2007; Robinson & Friedman, 2002; Wadell, 1932, 1935). The values of the shape 
factors are listed in Figure 3.

Although the definitions of roundness and sphericity are not exactly the same, their values are positively corre-
lated, as indicated by Zhou et al. (2018). The determination of particle roundness is based on 2D image analysis 
with a focus on 10 representative grains in this study (see Appendix B); thus, the roundness is considered to be 
an average value from 10 2D image analyses, which may, to some extent, help eliminate the difference between 
the 2D and 3D cases. Thus, we assume that the overall regularity factor can reasonably capture the basic shape 
characteristics in both experiments and numerical simulations and contribute to the consistent findings in this 
study, although the definitions of roundness and sphericity are not the same. In addition, the overall regularity 
factor (OR) cannot characterize multiscale shape features such as small-scale roughness (Nie et al., 2022).

2.4.  Numerical Simulation Scheme

The execution of numerical simulations broadly follows the experimental procedure. For each run of the simu-
lation, two types of clumped particles are uniformly mixed and contained in the modeled granular hopper. The 
mixture scheme is shown in Table 4. The weight of each component material is 4.8 kg, and a tracer particle 

Parameter Value

Particle density, ρ (g/cm 3) 2.65

Particle diameter, d (mm) 15, 24, 32, 50

Interparticle friction, μs 0.5

Wall friction, μw 0.5

Normal stiffness of particles (walls), kn (kwn) (N/m) 10 5

Shear stiffness of particles (walls), ks (kws) (N/m) 10 5

Local damping, α 0.05

Viscous damping, β 0.2

Table 3 
DEM Modeling Parameters

Simulation 
series Base material

Particle size of base 
material (mm) Added material

Particle size of added material (mm)

a b c

I Tetrahedral shape (TS) 15 Spherical shape (SS) 24 32 50

Subrounded shape (SR) 24 32 50

Ellipsoidal shape (ES) 24 32 50

II Spherical shape (SS) 50 Elongated shape (EG) 15 24 32

Flat shape (FS) 15 24 32

Tetrahedral shape (TS) 15 24 32

Table 4 
Numerical Mixture Scheme
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is set for close observation. When the baffle is removed, particles fall onto the artificial slope under gravity 
(g  =  9.8  m/s 2). To determine whether the accumulated mass arrived at an equilibrium state, we introduce a 
cycling requirement that specifies an upper limit (1‰ in this study) for the ratio between the maximum unbal-
anced force magnitude and the average magnitude of forces acting upon the particle entities. If the ratio value is 
less than the upper limit (1‰), the accumulated mass is assumed to have reached a static state. Amid the simula-
tions, we monitored various quantities, including particle motions and energies.

3.  Experimental and Numerical Observations
3.1.  Segregation Profiles

Figure 4 shows the typical accumulation process of a binary mixture composed of dolomite (in white) and basalt 
(in dark gray) aggregates for the test of IV-D-B(b). In this study, "D" refers to dolomite aggregates, and "B" 
stands for "basalt aggregates." Other abbreviations are given in Table 2. The particle sizes of the two aggregates 
are d = 30∼50 mm and d = 10∼20 mm for the dolomite and basalt aggregates, respectively. The front and side 
views of deposits indicate that relatively large and round particles (i.e., dolomite aggregates) tend to travel to the 
distal part of the board, and most basalt aggregates, which are relatively small in size and irregular in shape, do 
not migrate along the board as far as the dolomite aggregates and are mostly deposited in the upper part. Figure 4d 
also shows that the dolomite aggregates are primarily distributed at the top of deposits, creating a distinct strat-
ification structure. That is, particle segregation occurs along the depth of accumulated deposits. However, strat-
ification is beyond the scope of this study. We also did not observe a particle crushing phenomenon; thus, this 
phenomenon is assumed to play a minor role in the occurrence of particle sorting.

Figure 5 plots the variation in the concentration of small particles with the normalized horizontal distance, which 
is also called the segregation profile of accumulated mass. The profiles in Figure 5a are for the test series of 
I-B-G, in which the mixture comprises the base material of basalt aggregates (d = 6∼9 mm) and the addition 
material of glass beads at three size levels (i.e., d = 12 mm, 16 mm, and 25 mm). There is a clear decreasing 
trend in the mass fraction of small particles, P, against the normalized horizontal distance, X/X0, wherein X0 is the 
horizontal spread distance of deposits from the tail to the front, indicating that relatively small and irregular basalt 
aggregates tend to be located at the upper part of the board, while large and rounded glass beads are prone to move 
further to the lower part. The segregation curve for I-B-G(a) is lower than that for I-B-G(c) in the upper part but  

Figure 4.  Evolution of the accumulated granular mass, with the states after (a) 2 times of release of mixture, (b) 6 times of 
release of mixture, (c) 16 times of release of mixture, and (d) the side view of deposits.
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is higher than that in the lower part, with the curve for I-B-G(b) lying in between. Such observations signify a 
potential influence resulting from the particle size; increasing the size of glass beads makes more of them travel 
to the lower part of the board and leads to a more noteworthy segregation phenomenon.

Figure 5b shows the segregation profile curves for the IV-D-G(b), IV-D-S(b), and IV-D-B(b) tests, in which the 
base material is dolomite aggregates and the addition materials (i.e., glass beads, sandstone and basalt aggregates) 
have different particle shapes. The particle sizes of the addition materials are in the range of d = 10∼20 mm, 
which is lower than that (d = 30∼50 mm) for the base material. IV-D-S(b) and IV-D-B(b) show a normal segrega-
tion pattern; that is, large particles (base material) are primarily distributed in the lower part, and small particles 
(sandstone or basalt aggregate) are primarily distributed in the upper part. The mass fraction P for IV-D-S(b) is 
lower than or close to that for IV-D-B(b) in the upper part but is higher in the lower part. This is because the shape 
(OR = 0.731) of basalt aggregates, as indicated in Table 1, is more irregular than that (OR = 0.746) for sandstone 
grains, and it is typically more difficult for particles with more irregular shapes to migrate further towards the toe 
of slope deposits through either sliding or rolling behaviors. Thus, the mass fraction of basalt aggregates in the 
upper part is relatively large but is comparatively small in the lower part.

Figure 5.  Segregation profile curves for (a) test series of I-B-G(a), I-B-G(b), and I-B-G(c), and (b) test series of IV-D-G(b), 
IV-D-S(b), and IV-D-B(b).
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Of particular interest is the observation in Figure  5b that the test of IV-D-G(b) shows a reverse segregation 
pattern; that is, small particles (glass beads) are primarily distributed in the distal part of the board, with most 
large particles (dolomite aggregates) being in the upper part. This phenomenon is primarily due to the effect of 
particle shape. Although the size of glass beads is less than that of dolomite aggregates, glass beads are more 
rounded than dolomite aggregates, and the effect of particle size on the segregation behavior of the mixture is 
presumably overwhelmed by the effect of particle shape, such that relatively rounded glass beads, instead of 
relatively large dolomite aggregates, are more likely to move further, leading to the reverse sorting feature. In 
general, varying the shape of small particles from irregular to rounded seems to make the segregation curve rotate 
in an anti-clockwise direction around a certain pivot point. The particle density may not play a determining role in 
the reverse segregation of this test series because the absolute particle density difference for the two component 
materials is 0.32 g/cm 3, which is approximately 11% of the mean density value, and this difference is unlikely to 
give rise to a significant reverse sorting feature.

Figure 6.  Segregation profile curves for (a) the simulation series of I-TS-SS(a), I-TS-SS(b), and I-TS-SS(c), and (b) the 
simulation series of I-TS-ES(a), I-TS-SR(a), and I-TS-SS(a).
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Figure 6a shows the segregation profiles for the simulation series of I-TS-
SS(a), I-TS-SS(b) and I-TS-SS(c), in which the binary mixtures are composed 
of tetrahedral (named "TS") shaped (base material) and spherical (referred 
to as "SS") particles of varying size (d = 24 mm, 32 and 50 mm) (addition 
material). Other material abbreviations in the simulation series are accessi-
ble from Table 4. The particle size of the base material is d = 15 mm. The 
segregation profiles show the same variation trend as observed in experi-
ments (see Figure 5a) and have the same implications for the distribution of 
particles. With an increase in the size of spherical particles, the profile curve 
section for the slope part near the slope crest tends to rise, and the section for 
the distal slope part (near the slope toe) tends to dip, meaning that increasing 
the size of spherical particles makes more of them move to the lower part and 
induces a more marked segregation phenomenon.

The segregation profiles for the simulation series of I-TS-ES(a), I-TS-SR(a) 
and I-TS-SS(a) are shown in Figure 6b. The constituent particles of addi-
tion materials have different particle shapes, and the OR values are 0.7712 
and 0.7816, respectively, for the ellipsoid and subrounded shapes, which are 
smaller than OR = 1.0 for the spherical shape. The particle size (d = 15 mm) 
for the base material is less than that (d = 24 mm) for the three addition mate-
rials. Figure 6b shows that the reduction of particle shape irregularity for 
addition materials enhances the segregation degree since the curve section 
for the upper part is the highest, and that the lower part is the lowest for the 

case of I-TS-SS(a). This phenomenon also supports the experimental finding that relatively rounded and large 
particles are prone to move further and settle near the toe of deposits.

3.2.  Particle Sorting (Segregation) Analysis

For a quantitative analysis of the sorting feature, a novel segregation index proposed by Dai et al. (2020), the 
graphic segregation index (GPSI), is used to characterize the degree of sorting of deposited mixtures. The GPSI 
value for a normal segregation state ranges from 0 to 1.0, with 0 referring to a complete mixing state and 1.0 
representing the state of full normal segregation (i.e., relatively large particles deposit at the lower part, and rela-
tively small ones are in the upper part). The index value for a reverse segregation state varies from −1.0 to 0, with 
−1.0 denoting the state of full reverse segregation, at which relatively small particles accumulate in the lower part 
of the board and relatively large particles settle in the upper part.

Table 5 compares the GPSI values by considering the test series of II-G-B(a), II-G-B(b), and II-G-B(c), in which 
the base material is glass beads with d = 25 mm, and the addition materials are basalt aggregates of three size 
levels (i.e., d = 6∼9 mm, 10∼20 mm, and 20∼30 mm). The GPSI value decreases with an increasing particle size 
of basalt aggregates, which indicates that increasing the particle size of basalt aggregates promotes the probabil-
ity of their migrating downwards and leads to the mitigation of segregation degree. Table 5 also shows the GPSI 
values for the tests of II-G-B(b), II-G-S(b), and II-G-D(b), with the base material being glass beads (d = 25 mm) 
and the addition material having various shapes (d = 10∼20 mm). The promotion of irregularity in particle shape 
for addition materials enhances the segregation degree of deposited mixture; that is, the more irregular the grain 
shape of addition materials (with a relatively small particle size), the more addition materials accumulate near 
the initial point of impact.

The GPSI values for the cases in the simulation series with the addition materials of various particle sizes (i.e., 
II-SS-FS(a), II-SS-FS(b), and II-SS-FS(c)) and of different particle shapes (i.e., II-SS-EG(c), II-SS-FS(c) and 
II-SS-TS(c)) are shown in Table 5. In two series of simulation cases, the base material is made up of spherical 
particles that have a larger particle size (i.e., d = 50 mm) than the constituent particles for all addition materials. 
The GPSI value decreases with both increasing particle size and shape factor OR of addition materials, and this 
result is consistent with the experimental finding. Both the experimental and simulation results suggest that the 
narrowing of the difference in particle size and shape between the base and addition materials tends to induce a 
weaker segregation phenomenon.

Category
Target 
effect

Test/
simulation 

name
Varying size/
shape factor

GPSI 
value

Test series Size effect II-G-B(a) d = 6∼9 mm 0.4846

II-G-B(b) d = 10∼20 mm 0.4287

II-G-B(c) d = 20∼30 mm 0.3064

Shape effect II-G-B(b) OR = 0.731 0.4287

II-G-S(b) OR = 0.746 0.313

II-G-D(b) OR = 0.764 0.2046

Numerical series Size effect II-SS-FS(a) d = 15 mm 0.8244

II-SS-FS(b) d = 24 mm 0.6667

II-SS-FS(c) d = 32 mm 0.5446

Shape effect II-SS-EG(c) OR = 0.673 0.6366

II-SS-FS(c) OR = 0.735 0.5446

II-SS-TS(c) OR = 0.869 0.4636

Table 5 
Graphic Segregation Index (GPSI) Values in Different Test and Simulation 
Series
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Now, we introduce the relative size and shape factors to characterize the size and shape difference for a closer 
examination of sorting, with the expressions given as:

Relative size factor ∶ ��r =
�a − �b

�a + �b
� (2)

Relative shape factor ∶ ��r =
��a − ��b

��a + ��b
� (3)

where 𝐴𝐴 𝑑𝑑a and 𝐴𝐴 𝑑𝑑b are the average particle sizes for the addition and base materials, respectively; and ORa and 
ORb are the factors of overall regularity for the addition and base materials, respectively. Figure 7a shows that 
GPSI is positively correlated with the relative size factor SFr if SFr and ORr are both positive, and that it has a 
negative correlation with SFr in case SFr and ORr are both negative. Given that the addition materials have more 
irregular particle shapes (ORr < 0) and smaller particle sizes (SFr < 0), increasing the particle size discrepancy 
(i.e., decreasing SFr) between the base and addition materials enhances the segregation degree (i.e., the GPSI  

Figure 7.  Relations of graphic segregation index (GPSI) with relative particle size and shape factors: (a) GPSI versus relative 
size factor (SFr); (b) GPSI versus relative shape factor (ORr).
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value). If the addition materials have more regular particle shapes (ORr > 0) and larger particle sizes (SFr > 0), 
increasing the size difference (i.e., increasing SFr) also promotes the segregation degree. Figure  7b shows a 
similar rela tionship between the GPSI index and the relative shape factor ORr: the increase in the particle shape 
difference between the base and addition materials increases the GPSI value and segregation degree. However, 
Figure 7b shows a reverse segregation case (i.e., IV-D-G(b)) with a notable negative GPSI value. The GPSI value 
in the test series of SFr = −0.4286 shows an overall decreasing trend with ORr. Concerning the reverse segrega-
tion case, we are still able to conclude that when ORr is positive, decreasing the shape irregularity (i.e., Increasing 
the ORr value) promotes the segregation degree because the absolute value of GPSI for the case of IV-D-G(b) 
has increased.

For ease of comparison, we redrew Figure 7 with the absolute values of the relative size and shape factors |SFr| 
and |ORr|, as shown in Figure 8. In terms of the case of IV-D-G(b), we use a positive GPSI value to characterize 
the segregation degree. Figure 8 shows that GPSI increases with the absolute values of relative size and shape 
factors, |SFr| and |ORr|. In the same manner, Figure 9 plots the GPSI values against the absolute values of relative 
size and shape factors, |SFr| and |ORr|, for all numerical cases. The correlations of the GPSI value (i.e., segregation 
degree) with the factors |SFr| and |ORr| are in an overall good agreement with the observations in Figure 8. These 

Figure 8.  Relations of graphic segregation index (GPSI) with absolute values of relative particle size and shape factors for 
test series: (a) GPSI versus relative size factor (|SFr|); (b) GPSI versus relative shape factor (|ORr|).
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observations further support the finding that the larger the difference in particle size (or shape) between the base 
and addition materials is, the higher the degree of particle size (or shape) segregation.

4.  Micromechanical Analysis
4.1.  Particle Migration Mode

The fundamentals underlying the particle sorting phenomenon follow Newtonian mechanics. To scrutinize parti-
cle sorting in more detail, we set a number of tracer particles and monitored the motions and energies of such 
particles in the numerical simulations. Figure 10a shows the variation in kinetic energy normalized by particle 
mass (i.e., Ekn = Ek/m) with elapsed time t by focusing on two tracer particles at a certain particle releasing and 
accumulating process, wherein Ek is the kinetic energy composed of the translational and rotational parts that can 
be expressed as (mv 2 + Jω 2)/2. The normalized kinetic energies for the two modeled particles demonstrate an 
overall declining tendency. Particle motions are also shown to evolve at a special mode before they stop, which 
is characterized by a general process of "initial falling → collision/friction ⇌ regaining ⇌ collision/friction → 
eventual rest state." After the release of the mixture from the hopper, particles typically acquire a high velocity 
immediately before their initial contact with the board. After the first collision with the bed, the particles tend  

Figure 9.  Relations of graphic segregation index (GPSI) with absolute values of relative particle size and shape factors for 
numerical cases: (a) GPSI versus relative size factor (|SFr|); (b) GPSI versus relative shape factor (|ORr|).
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Figure 10.  Evolution of (a) kinetic energy, (b) friction energy consumption, and (c) collision energy consumption of the 
tracer particles during the 14th release for the case of II-SS-FS(a).
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to lose most of the kinetic energy, with Ekn decreasing markedly in the initial state. However, the particles are 
expected to regain kinetic energy in the next descending process due to the contribution of work done by gravity 
against frictional forces. In the next migration process, particles periodically undergo the process of "collision/
friction ⇌ regaining ⇌ collision/friction" until they come to rest.

As shown in Figure 10a, the kinetic energy of the large and spherical particles is dissipated at a relatively slow 
rate compared to the small and irregular particles, indicating that large and round particles are more likely to 
move further within a relatively long period of time, and the motions of small and irregular particles may soon be 
stopped at a comparatively small migration distance. That is, the kinetic energy dissipation rate plays a key role 
in the particle migration distance.

In Figure 10b and Figure 10c, we present the evolutions of the normalized friction energy consumption (i.e., 
Efn  =  Ef/m) and collision energy consumption (i.e., Ecn  =  Ec/m). Figure  10b shows that the friction energy 
consumption experiences a steady increase for the two component particles during their migration, and the fric-
tional dissipation for the small and irregular particles is faster. Figure 10c shows that the collision dissipation 
depends on several major collisions during migration. The large and spherical particles suffer from more colli-
sions than the small and irregular particles.

4.2.  Kinetic Energy Dissipation Rate

As discussed above, the energy dissipation rate is a critical indicator of particle migration distance, which deter-
mines particle segregation. Thus, we introduce the dissipation rate of kinetic energy, Dk, which is defined as:

𝐷𝐷k =

d𝐸𝐸kn

d𝑡𝑡
� (4)

The kinetic energy dissipation rate is given by the incremental kinetic energy within a time increment divided by 
this time increment (approximately 0.03 s), which is equivalent to 1,000 time steps in the DEM program. For ease 
of comparison, a given migration moment is normalized by the relatively long motion period for one of the tracer 
particles to give a normalized migration moment. Figure 11 shows the variations in the kinetic energy dissipation 
rates of the two tracer particles for the cases of II-SS-FS(a) and II-SS-TS(a) against the normalized time. Some 
highly scattered data points exist and are indicative of high kinetic energy dissipation rates. These scattered points 
may be linked with collision behavior, which contributes to considerable energy loss.

Figure 12 shows the best-fit curves of the raw data for a more in-depth inspection. The (absolute) kinetic energy 
dissipation rate exhibits an overall decreasing trend; that is, the kinetic energy dissipation rate decreases as parti-
cles move downwards along the board and approaches zero when they cease to migrate. The energy dissipation 
rate for the large and rounded particles is also lower than that for the small particles of irregular shape, which 
explains the observation in Figure 10a that relatively large and rounded particles tend to travel farther within a 
longer migration period.

4.3.  Relation of the Kinetic Energy Dissipation Rate With Particle Properties

To compare the kinetic energy dissipation rates of component materials in the mixture in more detail, we propose 
the index of the relative kinetic energy dissipation rate between the addition and base materials, |Dk_r|, which is 
defined as:

|𝐷𝐷k_r| =
|𝐷𝐷k_a −𝐷𝐷k_b|

|𝐷𝐷k_a +𝐷𝐷k_b|
� (5)
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where 𝐴𝐴 𝐷𝐷k_a and 𝐴𝐴 𝐷𝐷k_b refer to the mean kinetic energy dissipation rates for the addition and base materials in a 
given simulation case, respectively. Figure 13 compares |Dk_r| and GPSI by focusing on the influence of particle 
size and shape. The particle size for the addition material is varied in the series of II-SS-EG(a), II-SS-EG(b), and 
II-SS-EG(c), and the particle shape is different for the addition material in the series of II-SS-EG(a), II-SS-FS(a), 
and II-SS-TS(a). Particles for the base materials in these two series are spherical, and their sizes (d = 50 mm) are 
larger than those (d = 15 mm, 24 and 32 mm) for the addition materials.

Figure 13 shows that |Dk_r| generally decreases with increasing particle size and shape factor OR for the addi-
tion materials, as does the GPSI index, meaning that |Dk_r| decreases as the difference in particle size and shape 
decreases. Figure 13 also shows that |Dk_r| is positively correlated with GPSI, indicating that the sorting phenom-
enon depends on the relative kinetic energy dissipation rate between the component materials. In general, the 
larger the relative kinetic energy dissipation rate is, the higher the degree of segregation.

Figure 11.  Evolution of kinetic energy dissipation rates for the tracer particles: (a) spherical and flat shapes in II-SS-FS(a); 
(b) spherical and tetrahedral shapes in II-SS-TS(a).
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We plot the relative kinetic energy dissipation rate in Figure 14 with respect to the absolute values of the relative 
particle size and shape factors, |SFr| and |ORr|. The relations of |Dk_r| with the factors of |SFr| and |ORr| are compa-
rable to those for the GPSI values, as shown in Figures 8 and 9. That is, |Dk_r| increases as |SFr| and |ORr| increase, 
except for some individual cases. This observation agrees with the finding from Figure 13 that the segregation 
degree has a positive correlation with the relative kinetic energy dissipation rate.

Thus, the promotion of the discrepancy in particle size and shape between the component materials of the binary 
mixture leads to the escalation of the difference in their kinetic energy dissipation rates (i.e., an increase in the 
relative kinetic energy dissipation rate |Dk_r|). An increasing difference in the  kinetic energy dissipation rate is 
responsible for a more noticeable differentiation between the migration distances of the two component materials, 
resulting in a stronger sorting (segregation) phenomenon.

Figure 12.  Best-fit curves of kinetic energy dissipation rates for the tracer particles in the cases of (a) II-SS-FS(a) and (b) the 
case of II-SS-TS(a).
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5.  Discussion
5.1.  Mechanism Accounting for the Effect of Particle Size and Shape on the Kinetic Energy Dissipation 
Rate

The effect of the relative particle shape and size factor on the relative kinetic energy dissipation rate is assumed 
to depend on the energy dissipation mode of particles during migration. Given two particles with the same size 
but different shapes, the more rounded particle tends to experience more rolling behavior than the more irregular 
particle. The particle rolling resistance is typically less than the particle sliding resistance, and thus, the kinetic 
dissipation rate of the relatively rounded particle is considered to be lower.

For two particles with the same shape but different sizes, it is easier for the relatively large particle to overcome 
resistance during migration and move over the accumulated mass. It is more difficult for the relatively small 
particle to overcome the resistance induced by the asperity of the top surface of the  accumulated mass due to the 
disparity of particle size and surface relief (see Figure 15); thus, a relatively small particle experiences a larger 
resistance compared to its kinetic energy and tends to be trapped in voids or gaps. In this connection, the kinetic 
energy dissipation rate for a relatively small particle is comparatively high.

Given that two particles share the same initial kinematic state, the relatively small or irregular particle experi-
ences a relatively high energy dissipation rate and takes a shorter period of time to complete the migration. Thus, 
the migration distance for a small/irregular particle is less than that for a large/rounded particle. The sorting 
mechanism revealed in this study is supported by a number of field observations from scree slopes in North 

Figure 13.  Relations of the relative kinetic energy dissipation rate |Dk_r| and graphic segregation index (GPSI) with particle 
size and shape for (a) the simulation series of II-SS-EG(a), II-SS-EG(b), and II-SS-EG(c) and (b) the simulation series of 
II-SS-EG(a), II-SS-FS(a), and II-SS-TS(a).
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Figure 14.  Relations of the relative kinetic energy dissipation rate with absolute values of relative particle size and shape 
factors for numerical cases: (a) |Dk_r| versus |SFr|; (b) |Dk_r| versus |ORr|.

Figure 15.  Schematic description of the effect of particle size on the kinetic energy dissipation rate.
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America, Europe and northwestern China (e.g., Gardner, 1970; Sass, 2006; 
Zhang et  al.,  2010). The scree slopes in high-frigid mountainous regions 
without the influence of vegetation, snow avalanches and glacier movement 
may tend to show the particle sorting feature which could be explained by the 
mechanism revealed in this study.

However, there still exist some exceptional cases in which limited sorting, no sort-
ing, or even reverse sorting is observed (e.g., Bones, 1973; Caine, 1967, 1969; 
De Blasio & Sæter,  2010; De Scally & Owens,  2005; Gardner,  1968; 
Haas et  al.,  2012; Jomelli & Francou,  2000; Luckman,  1971; Pérez,  1985; 
Thornes, 1971). This is because the formation and evolution processes of scree 
slopes are complex in reality, and in addition to the size and shape of rock frag-
ments, they are also governed by a number of other factors (e.g., slope angle, 
bedrock type, vegetation, surface roughness) (Caine, 1969; Haas et al., 2012; 
Pérez, 1998). Also, geomorphic and geological processes (e.g., glacier advance, 
snow avalanche, debris flow, streamflow) play critical roles in scree slope forma-
tion and evolution (Curry & Morris, 2004; De Scally & Owens, 2005; Jomelli 
& Francou, 2000; Luckman, 1971) and thus exert an influence on the charac-

teristics of slope deposits. For example, vegetation may serve as an obstacle to prevent rock fragments from moving 
downwards from the slope (Pérez, 1998), and snow avalanches or glacier advances may help erase the original fabric 
of slope deposits (Curry & Morris, 2004; De Scally & Owens, 2005; Jomelli & Francou, 2000). It is important to 
consider that the combined effect of such factors can contribute to the complex sorting feature in real scree slopes.

5.2.  Implication for the Configuration of Protective Structures

It is important to properly configure protective structures for hazard prevention. Protective structures can help 
attenuate the impact of coarse particles and reduce the final run-out of granular flows (Iverson et  al.,  2016; 
Mancarella & Hungr,  2010; Ng et  al.,  2021; Yang et  al.,  2021). The design of protective structures should 
consider a number of factors (Lei et al., 2020; Li et al., 2010; Liu et al., 2021; Salciarini et al., 2010), including 
slope length, slope angle, granular flow mass, and particle size distribution. Lei et al. (2020) show that an increase 
in the number of baffle rows leads to an increase in coarse particles retained by the baffles, referring to the grain 
size variation at different locations of debris deposits; that is, particle sorting plays an important role in protective 
structure design. This section thus provides a preliminary discussion of the role of particle sorting in the config-
uration of protective structures. As shown in Figure 16, larger and more rounded particles tend to move further 
to the distal part of the slope at a comparatively lower kinetic energy dissipation rate, meaning that protective 
structures are primarily subjected to the impact from large particles.

We assume that a particle moves downwards with the initial velocity v0 and its migration distance is S0 without 
the presence of protective structures. If a protective structure is present, the impact force depends on the kinetic 
energy of the moving particle at the moment when it arrives at the protective structure:

𝐹𝐹 ∝ 𝐸𝐸𝑘𝑘_𝑓𝑓 = 𝛽𝛽𝑓𝑓𝑚𝑚𝑚𝑚
2

𝑓𝑓� (6)

where vf is the particle velocity when the particle impacts the protective structure, and βf is a kinetic energy 
coefficient considering both the translation and rotation behavior. If the time required for the particle to reach the 
structure is t, the kinetic energy can be described by

𝐸𝐸𝑘𝑘_𝑓𝑓 = 𝛽𝛽𝑓𝑓𝑚𝑚𝑚𝑚
2

𝑓𝑓
= 𝐸𝐸𝑘𝑘_𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑚𝑚∫

𝑡𝑡

0

𝐷𝐷𝑘𝑘d𝑡𝑡 = 𝛽𝛽0𝑚𝑚𝑚𝑚
2

0
− 𝑚𝑚∫

𝑡𝑡

0

𝜆𝜆 ln 𝑡𝑡d𝑡𝑡� (7)

where Dk is the kinetic energy dissipation rate; β0, similar to βf, is a kinetic energy coefficient for the initial state; 
λ, as indicated in Figure 12, is a coefficient related to the particle properties and is relatively low for large and 
rounded particles.

Given that the distance between the falling point and the protective structure is S, small particles typically have a 
high kinetic energy dissipation rate and are expected to have relatively low kinetic energies when they reach the 

Figure 16.  Schematic illustration of the effect of particle motion on the 
protective structure.
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protective structure, or they may not be able to move the distance S and thus do not impact the protective structure. 
Large particles have relatively high kinetic energies when they arrive at the protective structure. In general, the 
distance S should not be much larger than the S0 of large particles. A large S (e.g., Sc in Figure 16) may not be able to 
fully mobilize the targeted function of structures or even make the structures lose their value, while a small S (e.g., 
Sa in Figure 16) may overburden the structures. It is therefore critical to use an appropriate S (e.g., Sb in Figure 16) in 
practice to maximize the protection effect of defending structures and ensure their security and stability.

For a quantitative evaluation of the effect of particle sorting, we assume that a protective structure is placed at three 
proper positions (i.e., P1, P2, and P3), as indicated by the inset in Figure 17, along the slope of the apparatus in this 
study, and the particles behind the protective structure should be blocked. Following this assumption, we estimate 
the mass proportion of blocked large particles in the entire blocked mass by focusing on the test series of I-B-D(a), 
I-B-D(b), and I-B-D(c). The design of a protective structure requires the consideration of the earth pressure induced 
by the blocked mass, as well as the impact forces of particles when they collide with the protective structure. A 
higher proportion of large particles in the blocked mass means that the protective structure will be subjected to 
higher impact forces and is more prone to fail. It is thus reasonable to infer that a correlation between the impact 
effect of moving particles on the protective structure and the degree  of particle sorting in scree slopes exists.

By concentrating on three experiments in a particular series, Figure 17 shows the mass fractions of blocked large 
particles at different positions, where P1 is nearest to the particle release source and P3 is the farthest. We find 
that the mass fraction of blocked large particles at P1 is the lowest, but the earth pressure is supposed to be the 
largest because P1 is the nearest to the release source and the blocked mass should be the largest. At a given posi-
tion, the mass fraction of obstructed large particles increases with an increasing GPSI value, which means that a 
more pronounced sorting phenomenon is responsible for a higher impact effect of large particles on the protective 
structure, which must be considered in the design of protective structures.

6.  Concluding Remarks
We have performed a series of physical model experiments and DEM simulations to systematically examine the 
particle sorting feature in scree slopes and to provide a quantitative explanation of the involved fundamentals by 
scrutinizing the particle migration and energy dissipation from a micromechanical perspective.

Particle characteristics such as particle shape and size play an essential role in the occurrence of the sorting 
phenomenon in scree slope deposits: relatively round and large particles tend to travel farther to accumulate at 
the distal part of the slope, and relatively small and irregular particles are prone to settle in the upper part of the 

Figure 17.  Relations of the mass fraction of large particles blocked by protective structures with particle size, considering 
different protective structure positions, for the test series of I-B-D(a), I-B-D(b), and I-B-D(c).
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slope. The sorting (segregation) degree increases with increasing size and shape difference between the constit-
uent materials. With the introduction of the relative size and shape factors, SFr and ORr, we identified a positive 
correlation between the segregation index GPSI and the absolute values of the relative size and shape factors |SFr| 
and |ORr|.

The migration of particles is shown to occur in a periodical motion mode of "collision/friction ⇌ regaining ⇌ 
collision/friction" until the rest state is finally reached. Energy analyses indicate that the kinetic energy dissipa-
tion rate of particles generally decreases as particles move downwards and that the relatively large and rounded 
particles travel downwards with a lower kinetic energy dissipation rate and take a longer period of time to accom-
plish a larger migration distance.

The relative kinetic energy dissipation rate |Dk_r| is found to have a positive correlation with the relative particle 
size and shape factors, |SFr| and |ORr|. An increasing discrepancy in particle size and shape between the compo-
nent materials of the deposited mixture leads to an increase in the difference in their kinetic energy dissipation 
rates and thus induces a more marked distinction in the travel distances of the two component materials and a 
more notable sorting feature.

Appendix A:  Shape Factors
The indices of convexity (C), roundness (R), and aspect ratio (AR) are used to characterize the particle shape. As 
shown in Figure A1a, the convexity is given by the ratio of the diameter of the largest inscribed circle (sphere) 
centered in the center-of-mass of the particle to the diameter of the smallest circumscribed circle (sphere):

𝐶𝐶 =
𝐷𝐷inscrib_max

𝐷𝐷circum_min

� (A1)

The roundness, which is also referred to as circularity, is the ratio of the perimeter squared to the projected area 
times 𝐴𝐴 4𝜋𝜋 for a given particle:

𝑅𝑅 =
𝑃𝑃

2

4𝜋𝜋𝜋𝜋𝑃𝑃

� (A2)

where P is the perimeter of a particle and AP is the projected area. According to Equation A2, the roundness 
is also interpreted as the square of the perimeter ratio between a given particle and a circular particle with an 
equivalent area (Dai et al., 2017). Similarly, the sphericity for a 3D case is defined as the squared ratio of the 
volume-equivalent and surface-equivalent diameters:

𝑆𝑆 =

(
𝐷𝐷𝑉𝑉

𝐷𝐷𝑆𝑆

)2

� (A3)

Figure A1.  Description of shape factors.
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where DV and DS are the diameters of volume-equivalent and surface-equivalent particles, respectively.

The aspect ratio of a particle is defined as the ratio between the minimum and maximum Feret diameters, as 
shown in Figure A1b (Cavarretta et al., 2010; Pabst & Gregorova, 2007; Yang & Luo, 2015; Yang & Wei, 2012):

�� = �����

�����
� (A4)

For image processing, first, we randomly choose 10 grains as representative sample grains for a specific mate-
rial and take a photo for each sample grain. Then, we load the picture file into MATLAB, read the raw image 
data and convert the original image to a greyscale image (see Figures A2a and A2b). Third, we binarize the 
converted image and identify the particle boundary (see Figures A2c and A2d). Finally, we determine based on 
the processed image, the shape factors of aspect ratio (AR), convexity (C) and roundness (R), as well as the overall 
regularity (OR) in Equation 1.

Appendix B:  Graphic Segregation Index
Figure  B1 shows the segregation profiles of three typical segregation states for a granular bed composed of 
both large and small particles during the segregating process: the initial fully-mixed state, the interim segre-
gating state and the eventual completely-segregated state. The segregation profile for the fully-mixed state is a 
horizontal line (i.e., the line AB), meaning that the mass fraction of the small particles is a constant P0. At the 
completely-segregated state, the small particles are supposed to be at the bottom part, and the large ones are at the 
upper part, with the segregation profile being the three line segments (i.e., lines CD, DE, and EF). The vertical 
line DE signifies the interface between the small and large particles. The curve CF is the segregation profile for 
an interim segregating state. During the segregation process, the segregation profiles are assumed to evolve from 
the initial horizontal line AB to the final pattern of three line segments CD, DE and EF in the form of curve CF. 
The evolution of segregation profiles is in fact accompanied by the variation of the area Smg enclosed between 
the curve CF and line AB, with the lines AC and BF being the lateral boundaries. The segregation degree can be 
characterized by the ratio of the area Smg to the enclosed area Sfg between the three line segments (i.e., lines CD, 
DE, and EF) and line AB. Thus, this ratio is defined as a segregation index GPSI:

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 =
𝑆𝑆𝑚𝑚𝑚𝑚

𝑆𝑆𝑓𝑓𝑓𝑓

� (B1)

Figure A2.  Description of image processing.
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where Smg is the enclosed area between the interim segregation profile curve CF and the line AB representing 
a fully-mixed state, and Sfg is the enclosed area between the line AB and the three line segments referring to a 
completely-segregated state. The segregation index GPSI equals 0 at the fully-mixed state and equals 1.0 at the 
fully-segregated state.

The interim segregation profile is assumed to be an idealized curve that passes through the intersection point of 
lines AB and DE. In reality, the interim segregation profile could be more complex than this assumed pattern 
because the segregation of particles may not proceed in an even and progressive manner. To capture the real 
complex segregation features, GPSI has also been modified by considering the occurrence of reverse segregation. 
One may consult Dai et al. (2020) for the details, and we do not introduce them in this study due to the length 
limits of this article.

Data Availability Statement
We here declare that we comply with AGU's data policy. The data generated or analyzed in this study have been 
included in this article, and uploaded to Mendeley Data (https://data.mendeley.com/datasets/4bxmd5cfnb/1). 
There are no data from the literature or other sources, the access of which requires a license or is restricted.
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