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Geophysical mass flows, which could endanger our health, lives, and property safety, commonly occur 
in mountain regions. Although many efforts have been made, transport of granular flows consisting 
of polydisperse grains, which is influenced by multiple factors, is still not well understood. This work 
focused on the effect of small spherical grains on the movement of large stones in granular flows of 
different grain compositions (quartz gravel, glass bead and angular stone), through experimentally 
measuring mass frequency distributions of granular materials deposited on flat surface. Three 
characteristic deposition distances (X20, X50 and X80) and one extreme mobility probability (Ps) were 
extracted from cumulative frequency distributions. It reveals that, in most of cases, the inclusion of 
glass beads reduced X20, X50, and X80 but increased Ps for total mass. For angular stone mass, the 
inclusion of glass beads increased the occurrence frequency of that X20, X50 and X80 increase, apart 
from increasing Ps. These results indicated small spherical grains could effectively enhance the extreme 
mobility of large angular stones in mixtures. We hope these results could be helpful for improving our 
understanding of the transport of geophysical mass flow as well as the grain segregation in different 
natural environment.
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Granular materials are important components of Earth system. The transport of granular materials, the sizes of 
which range from 10–6 m (e.g., dust particles) to 102 m (e.g., large falling rock), widely occurs in both natural 
environment and engineering environment (include landslides, debris flows, flash floods, sand storm and so 
on), and commonly endanger our health, lives, and property safety. For instance, severe sand and dust storm (in 
which extremely high grain concentration sharply decreased air visibility and air quality) in Northwest China on 
1993/05/05 disrupted railways and caused the delay or cancellations of both trains and flights1. The landslides, 
rockfalls, and debris flows, which contained granular materials of different sizes and were induced by the 2008 
Wenchuan earthquake in Sichuan Province, China, killed about 20,000 lives2. Therefore, investigations on the 
transport of granular materials are not only attracting the attention of scientists but also important for engineers 
who are making their efforts to prevent or reduce the disaster risks in field.

Granular materials both in nature and in industry are typically polydisperse3,4, which would lead to grain 
segregation because of differences in grain motions5–8. To better understand geophysical mass flows, such as 
landslides, rockfalls, and debris flows, grain segregation has been investigated for a long time through different 
methods9–14. Laboratory investigations6,15–21 and field observations22–24 suggested that grain segregation 
mechanisms were diverse and affected by multiple factors.

For example, the grain size of granular mixtures played a very important role in grain segregation25 and the 
transport of grain flow26. Including large particles into small (original) particles or increasing grain size ratio 
between large particles and small particles, which would alter the grain composition (or grain size distribution), 
could enhance the transport distance of released granular materials in laboratory experiments15,27. Discrete 
Element Method (DEM) simulations have been used to show that the inclusion of fine particles has been shown 
to enhance flow speed in bidis perse mixtures28,29. Field observations on landslide deposits also revealed that 
large grains appeared to move further compared to small grains23. Besides, grain shape (particularly for grain 
sphericity) was another important factor contributing to grain segregation and grain transport4. Laboratory 
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experiments suggested that the degree of grain segregation could be enhanced with increasing grain sphericity30. 
Recent experimental investigation on the resultant deposition patterns of 16 repeats in each case revealed that 
the degree of grain segregation increases with the absolute values of relative size factor and relative shape factor, 
and relatively large and rounded particles would be transported further31.

Generally speaking, many efforts as mentioned above have been made to improve our understanding of 
geophysical mass flows; however, there are some aspects of disadvantages, which would limit our understanding 
of the transport of granular materials as well as large particles, particularly for some specific cases in nature. 
One of such cases is that granular materials are originated from the top region of a hill in mountain area and a 
height drop existed between the lowest point of hill slope and the foot of hill32. Buildings or roads are usually 
constructed not at the foot of the mountain slope but like we shown in the Fig. 1 below. The granular matters 
falling from the slope (debris flows, rolling stone and fall rack) may impact on the building on the ground or the 
vehicles on the road. In fact, such disaster frequently occurs in mountain area in China. The granular materials 
would thus experience three different stages under sufficiently external excitation. These stages include initial 
slide along hill slope, subsequent free fall from the end of slope to the foot of hill, and final horizontal movement 
along local terrain at the foot of hill. Most of previous experiments usually involved two of the three stages, 
which leads to incompletely interpret field observations in such case. Besides, extreme mobility (or long runout) 
of geophysical mass flows33,34 is an interesting but puzzling phenomenon, which is still not well-understood 
so far. Although field observations revealed that the circularity of small grains in rockslide-debris avalanches 
remarkably increased with the distance from source location33. However, less attention has been given to the 
influence of small rounded grains, particularly their proportion in granular mixtures, on the transport of large 
angular grains.

Therefore, this piece of work experimentally investigated how deposition characteristics (four characteristic 
quantities derived from cumulative frequency distributions of deposited mass) of both total granular materials 
and large angular stone change with the fraction of small round grains, when the granular materials initially slid 
along a slope, then experienced free fall, and finally moved on a flatbed surface. Three types of grain compositions 
were designed. The first type, serving as a reference for the other two, included only small angular grains and 
large angular stones, with variations in their mass fractions. The second type maintained a 1:1 mass ratio of 
angular stones to round small grains, while varying the mass fraction of small angular grains in the total granular 
mixture. The final type maintained the mass fraction of small angular grains at 60% of the total granular mixture, 
while varying the mass ratio of angular stones to round small grains. In the following, experimental design and 
data processes were described in details, both qualitative and quantitative results were then briefly shown, and 
finally concise discussion were presented.

Materials and methods
Experimental equipment
Experiments were conducted at Key Laboratory of Mountain Hazards and Earth Surface Processes, Chinese 
Academy of Sciences, Chengdu, China. Experimental equipment mainly consisted of two parts, a chute and a 
horizontally open channel, as shown in Fig. 1. The size of chute was 0.5 m (inner width) × 2 m (length) and the 
size of open channel was 0.6 m (inner width) × 2 m (length). Both beds and sidewalls of the chute and the open 
channel are made of toughened glass. So, the bed surface is very flat and less frictional in comparison to natural 
land surface.

The open channel was not laid on the floor but fixed at the location of 25 cm height above ground. In contrast, 
the chute was supported by the table which was fixed on the floor and is 0.97 m in height. The chute did not fully 
cover on the table but had an overhang of 0.7 m (right hand from the view of Fig. 2) to make experiments done 
smoothly. In indoor laboratory experiments and numerical simulations, a wide range of the inclination angle 
(10°–60°) was selected for the chute35–41 and the inclination angle of 35°–45° was frequently used. Thus, the 
slope (θ) of the chute was set as 40° during all experiment runs in this paper. So, there is a 0.27 m drop in height 
between the lowest point of the chute and the bed of open channel.

A wood block (the solid red line in Fig. 2b), which is 0.6 m in length (not the direction perpendicular to 
chute bed but the direction parallel to chute width) and 0.02 m in thickness, was semi-fixed at the location 0.5 m 
from the left endpoint of the chute (i.e., the opposite endpoint relative to the overhang). A hopper, which was 
used to store granular materials, was formed by chute bed, chute sidewall and wood block. During each run, 

Fig. 1.  Schematic diagram of the buildings or roads at the foot of the mountain slope.
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granular materials in the hopper were released through quickly pulling the wood block out along the direction 
perpendicular to chute bed.

Granular materials
In this study, three types of grains, quartz gravel (QG), glass bead (GB) and angular stone (AS), were employed, 
as shown in Fig. 3. Quartz gravel is typically angular. The size of quartz gravel ranges from 5 to 13 mm, with an 
average value of around 8 mm. Glass bead is highly spherical. The size of glass beads ranges from 6 to 7 mm, 
with an average value of around 6.5 mm. Angular stone is significantly larger than both quartz gravel and glass 
bead. The size of angular stones ranges from 19 to 39 mm, with an average value of around 26 mm. The densities 
of quartz gravel, glass bead and angular stone are about 2300 kg/m3, 2700 kg/m3 and 2900 kg/m3, respectively.

In each run, total weight of granular materials was around 5 kg (relative fluctuation was smaller than 2%). 
In most previous studies (both experiments and simulations), the total mass of dry granular materials is large 
enough to form a thick grain layer. Thus, the segregation mechanisms under ideal conditions could be well 
explained. Therefore, our results obtained bases on the total mass of 5 kg could only be partially explained by 
the findings from ideal conditions. Nevertheless, it reminds that, the disaster of dry granular particles under 
natural conditions in mountain area is diverse, and the source of dry granular materials on the slope of potential 
disaster may be thin like our experiments. The findings from ideal conditions cannot be always applied, while 
our experimental results may provide empirical/specific insights. Weight fluctuations during experiment 
preparation usually occurred when angular stones were used, due to the significant weight of each stone. Besides, 
total weight of granular materials collected after sliding and falling was typically smaller than the originally 
released weight. Due to their angular edges, quartz gravel particles easily broke into small, dusty grains upon 
colliding with the bed of the horizontal channel and other angular stones.

Based on the aim of this work, 15 cases of grain compositions for granular materials in terms of weight 
percentage were designed. These cases (ordered by the weight percentage of quartz gravel) were (1) QG 100%, 
AS 0%, GB 0%, (2) QG 80%, AS 20%, GB 0%, (3) QG 80%, AS 10%, GB 10%, (4) QG 70%, AS 30%, GB 0%, (5) 
QG 70%, AS 15%, GB 15%, (6) QG 60%, AS 40%, GB 0%, (7) QG 60%, AS 30%, GB 10%, (8) QG 60%, AS 20%, 
GB 20%, (9) QG 60%, AS 10%, GB 30%, (10) QG 60%, AS 0%, GB 40%, (11) QG 50%, AS 50%, GB 0%, (12) 
QG 50%, AS 25%, GB 25%, (13) QG 40%, AS 60%, GB 0%, (14) QG 40%, AS 30%, GB 30%, and (15) QG 0%, 
AS 100%, GB 0%.

Fig. 3.  Granular materials used in experiments. (a) Quartz gravel, (b) glass bead, and (c) angular stone.

 

Fig. 2.  Experimental equipment and schematic diagram of experiment. Grains (open) on open channel surface 
suggest a possible deposition pattern of grains (solid) released from storage hopper.
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Experimental procedures
During each run, granular materials were firstly stored in the fixed hopper mentioned above after weighting. 
In cases that granular materials were consisted of more than one kind of grain compositions, simple stirring 
and shaking of granular materials in a plastic bucket (0.6 m in height and 0.35 m in diameter) were employed 
to make a roughly homogeneous distribution of different grains. Then, the uneven surface of stored materials 
was manually flattened to horizontally parallel the ground surface as well as the open channel bed. Thirdly, 
the wood block was quickly pulled out along the direction perpendicular to the chute bed, and granular 
materials finally deposited on the open channel bed after sliding along the chute and freely falling. Fourthly, 
the deposited materials were gathered along fixed intervals in proper order. The width of each interval (i.e., Δ 
in Fig. 2b) is 0.1 m. The intervals were marked by marker pen at both bed and sidewalls of open channel before 
experimental runs. More than 16 intervals were involved from the left end of open channel to the right end; 
and the materials deposited farther than 1.5 m from the left end were all gathered in the 16th interval because 
the materials deposited in this region accounted for very small fraction. Finally, the granular materials gathered 
in each interval were weighed and recorded for further analyses. In this step, two sub-steps were applied when 
granular materials contained angular stone. The first sub-step was weighing the mass of all granular materials in 
an interval, and the second one was weighting the mass of angular stone (Angular stone is easily separated from 
the mixture, because it is significantly larger than other two types of grains). To reduce the uncertainties caused 
by unexpected or undetected reasons, five runs were repeated for each case.

Data processes
As mentioned above, there are total 16 data points (namely 16 weight data) in a run for a specific case. The 
central locations (Xci, i ∈ [1, 16]) of each interval from the 1st interval to the 16th interval are 5 cm, 15 cm, 
25 cm, 35 cm, 45 cm, 55 cm, 65 cm, 75 cm, 85 cm, 95 cm, 105 cm, 115 cm, 125 cm, 135 cm, 145 cm, and 155 cm, 
respectively. And, the node locations (Xni, i ∈ [1, 17]) of each interval from the 1st interval to the 16th interval 
are 0 cm, 10 cm, 20 cm, 30 cm, 40 cm, 50 cm, 60 cm, 70 cm, 80 cm, 90 cm, 100 cm, 110 cm, 120 cm, 130 cm, 
140 cm, 150 cm, and 160 cm, respectively. Let the weight of granular materials in an interval be denoted as wi, 
the total mass of all intervals is then determined as w =

∑16
i=1wi. The mass frequency fi of granular materials 

in an interval is determined as fi = wi/w, and the cumulative mass frequency fi of granular materials along with 
the increase of intervals is determined as Fi+1 = Fi + fi (Here, i ∈ [1, 16], F1 = 0 at Xn1 = 0  cm, and F17 = 1.0 at 
Xn17 = 160 cm).

To better understand the differences in mass distributions among different cases, four characteristic 
quantities, X20, X50, X80, and Ps, were employed. X20, X50, and X80 are the distances at which cumulative frequency 
reaches 20%, 50%, and 80%, respectively. X20, X50, and X80 were used to reflect the short distance transport, 
median distance transport, and long-distance transport of granular materials, respectively. Ps (called ‘extreme 
mobility probability’) was used to reflect the extreme long-distance transport of granular materials. The value 
of Ps here is set to equal the mass frequency of granular materials in the 16th interval (i.e., f16). In contrast, the 
values of X20, X50, and X80 were usually obtained through simple linear interpolation, because those specific 
cumulative frequencies most of time would not be just right reached at either node location of an interval. If a 
specific cumulative frequency F (i.e., 20%, 50% and 80%) falls within the ith interval, the linear interpolation for 
the corresponding characteristic distance X is shown as Eq. (1).

	 X = [F (Xni+1 − Xni) − (FiXni+1 − Fi+1Xni)] / (Fi+1 − Fi) .� (1)

Because there were five runs for each case, the mean value and standard deviation (S.D.) for every quantity 
were calculated. Suppose the value of a specific quantity in a run as Yk, the mean value of this quantity among 
five runs was calculated as Y =

∑5
k=1Yk/5, and the corresponding standard deviation was calculated as 

S.D. =
√∑5

K=1 (YK − Y )2/4. Origin software42 was employed to conduct quantitative analyses and curve 

fits for raw data if necessary.
Tables 1 and 2 shows the means and standard deviations (S.D.) of the four characteristic quantities, X20, 

X50, X80, and Ps of 15 cases of grain compositions for granular materials in terms of weight percentage in our 
experiment.

Results
The motion of granular particles along the chute (a camera was installed at the lowest end of the chute) of 2 
cases of grain compositions for granular materials in terms of weight percentage (case7-QG 60%, AS 30%, GB 
10% and case-10) QG 60%, AS 0%, GB 40%) were show in Fig. 4, the video is also available as supplementary 
material. We can find that the angular stone (which are large 19 to 39 mm) are not bouncing down the chute but 
are moving as a coherent avalanching body with quartz gravel and glass bead along the chute from the video. 
Consequently, the angular stones, most of time, lay on the smaller grains (glass beads and quartz gravels), with a 
low chance to contact the chute bed. Of course, one possible reason for the non-bounce of the angular stones is 
the flat and low friction chute bed. Besides, the stream-wise distribution of large angular stones in the coherent 
avalanching body in cases of with no glass beads is more homogeneous than that in cases of with glass beads, 
when they are moving along the chute bed.

In this section, the deposition characteristics of granular materials on the open channel bed after sliding 
along the chute and freely falling among different cases were compared in two ways. The first way was qualitative 
comparisons of the cumulative frequency distributions of granular mass among different cases, and the second 
one was quantitative comparisons of the four characteristic quantities among different cases.

Scientific Reports |        (2024) 14:29426 4| https://doi.org/10.1038/s41598-024-80361-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Cumulative frequency distributions among different cases
In general, experimentally obtained cumulative frequency distributions revealed that, as the fraction of angular 
stone increases, more materials (both total mass and angular stone mass) would be transported further (Figs. 
5, 6, 7). However, such increase in granular mobility between two cases does not always occur throughout all 
node locations (except for both start node and end node). Sometimes, it occurs at short-distance locations; 
while sometimes it occurs at long-distance locations. For example, the cumulative frequencies in the case 6 
(40%AS + 60%QG; the green line in Fig. 5a) at all locations are lower than those in the case 1 (0%AS + 100%QG; 
the red line in Fig. 5a), which suggests the increase of mobility at all locations; while the cumulative frequencies 
in the case 4 (30%AS + 70%QG; the dark green line in Fig. 5a) at the locations of larger than 80 cm are lower 
than those in the case 1 (0%AS + 100%QG; the red line in Fig. 5a), which suggests the increase of mobility only 
occurs at the locations of larger than 80 cm. It also could be easily found that the dispersion degree of original 
data points among five runs in each case for mass distributions of angular stone is higher than that for mass 
distributions of total mass (Comparing Figs. 5a, 6a, 7a with Fig. 5b, 6b, 7b). And, the high degree of dispersion 
typically occurs within the cumulative frequency range of 0.4–0.7 for both total mass and angular stone mass.

Grain compositions in cases

X20 (cm) X50 (cm) X80 (cm) Ps

Mean S.D. Mean S.D. Mean S.D. Mean S.D.

1 QG100% AS0% GB 0% NAN NAN NAN NAN NAN NAN NAN NAN

2 QG80% AS20% GB 0% 63.7 3.3 76.7 3.9 96.0 7.2 0.0335 0.0127

3 QG80% AS10% GB10% 62.3 5.1 72.2 5.4 91.7 8.9 0.0442 0.0345

4 QG70% AS30% GB 0% 61.1 4.3 75.2 4.9 97.6 7.3 0.0471 0.0112

5 QG70% AS15% GB15% 66.5 3.9 78.4 7.4 98.1 9.9 0.0297 0.0277

6 QG60% AS40% GB 0% 71.9 3.0 83.5 4.3 103.5 5.2 0.0474 0.00568

7 QG60% AS30% GB10% 67.0 2.1 77.1 2.6 97.8 5.6 0.0385 0.0160

8 QG60% AS20% GB20% 67.5 3.3 80.9 6.5 108.8 11.2 0.0682 0.0285

9 QG60% AS10% GB30% 66.2 2.3 80.3 6.1 100.5 12.3 0.0715 0.0318

10 QG60% AS0% GB40% NAN NAN NAN NAN NAN NAN NAN NAN

11 QG50% AS50% GB 0% 79.2 2.8 91.2 4.6 111.0 6.9 0.0587 0.0230

12 QG50% AS25% GB25% 69.9 3.0 82.6 4.9 113.0 11.4 0.0837 0.0324

13 QG40% AS60% GB 0% 78.2 2.7 89.5 2.4 107.1 3.7 0.0493 0.00713

14 QG40% AS30% GB30% 75.2 2.9 92.2 3.0 118.2 7.9 0.0965 0.0245

15 QG0% AS100% GB 0% 95.8 1.7 113.2 2.6 136.2 2.4 0.117 0.00427

Table 2.  Statistics on the means and standard deviations (S.D.) of the four characteristic quantities, X20, X50, 
X50, and Ps for angular stone mass, under different compositions of quartz gravel (QG), angular stone (AS) and 
glass bead (GB). ‘NAN’ suggests there is no data obtained.

 

Grain compositions in cases

X20 (cm) X50 (cm) X80 (cm) Ps

Mean S.D. Mean S.D. Mean S.D. Mean S.D.

1 QG100% AS0% GB 0% 59.6 1.4 70.5 2.0 82.5 2.5 0.0163 0.000743

2 QG80% AS20% GB 0% 57.2 2.1 68.9 2.0 82.8 2.6 0.0232 0.00372

3 QG80% AS10% GB10% 54.4 1.3 65.6 1.3 78.2 1.0 0.0271 0.00279

4 QG70% AS30% GB 0% 56.9 0.9 68.6 1.4 83.3 3.6 0.0306 0.00463

5 QG70% AS15% GB15% 59.9 1.3 71.5 1.5 86.7 3.9 0.0313 0.00628

6 QG60% AS40% GB 0% 65.5 1.4 76.6 2.7 95.2 4.3 0.0371 0.00339

7 QG60% AS30% GB10% 62.6 1.2 74.1 1.6 88.9 1.9 0.0339 0.00722

8 QG60% AS20% GB20% 59.8 1.3 71.9 1.1 90.4 4.0 0.0513 0.00917

9 QG60% AS10% GB30% 57.5 1.5 69.2 1.0 85.5 2.0 0.0478 0.00516

10 QG60% AS0% GB40% 52.1 0.6 63.2 1.0 77.5 0.8 0.0456 0.00297

11 QG50% AS50% GB 0% 73.9 1.9 87.3 2.4 104.5 3.7 0.0497 0.0108

12 QG50% AS25% GB25% 63.7 2.6 75.6 2.2 95.7 4.2 0.0615 0.00682

13 QG40% AS60% GB 0% 77.0 2.8 88.4 2.1 104.5 3.7 0.0464 0.00328

14 QG40% AS30% GB30% 66.7 1.0 80.9 1.6 106.2 3.2 0.0795 0.00778

15 QG0% AS100% GB 0% 95.8 1.7 113.2 2.6 136.2 2.4 0.117 0.00427

Table 1.  Statistics on the means and standard deviations (S.D.) of the four characteristic quantities, X20, X50, 
X50, and Ps for total granular mass, under different compositions of quartz gravel (QG), angular stone (AS) 
and glass bead (GB).
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Fig. 6.  Cumulative mass frequency of deposited granular materials versus horizontal distance responding to 
changes in the mass fraction of quartz gravel while angular stone mass: glass bead mass = 1:1. (a) Total mass, 
(b) angular stone mass.

 

Fig. 5.  Cumulative mass frequency of deposited granular materials versus horizontal distance responding to 
changes in the mass ratio of quartz gravel versus angular stone. (a) Total mass, (b) angular stone mass.

 

Fig. 4.  The motion of granular particles along the chute of 2 cases of grain compositions for granular materials 
in terms of weight percentage (case7-QG 60%, AS 30%, GB 10% and case-10) QG 60%, AS 0%, GB 40%).
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Characteristic quantities among different cases
By comparing with Tables 1 and 2, it could be found that the variations in both means and standard deviations 
(S.D.) of the four characteristic quantities, X20, X50, X80, and Ps, responding to the change of grain compositions 
for total granular mass are qualitatively consistent with but still quantitatively different from those for angular 
stone mass. And, these differences vary with types of grain compositions.

To understand the role of angular stone on the mobility of granular materials, we choose cases 1, 2, 4, 6, 
11, 13 and 15 for further analysis. We defined the fraction of quartz gravel as β (its value ranges from 0 to 1) 
in the following analysis. Figure 6 shows the X20, X50 X80 and Ps versus β. This type of grain compositions, X20, 
X50, X80, and Ps generally show an increase trend with the decrease of quartz gravel’s fraction (or the increase of 
angular stone’s fraction) (Table 1, Fig. 8). Further quantitative analyses reveal that they in fact increase differently 
with the decrease of quartz gravel’s fraction. From Fig. 8, X20, X50 and X80 are found to change with β in the 
parabolic form for total mass. The fitting curves for X20, X50 and X80 are X20 = 97.2 − 69.1β + 28.3β2 (R2 > 0.89), 
X50 = 114.3 − 83.3β + 36.6β2 (R2 > 0.92), and X80 = 137.0 − 95.0β + 37.9β2 (R2 > 0.94), respectively. Ps is found to 
change with β in the exponential a form for total mass (Table 1, Fig. 8), i.e., Ps = 0.00218 + 0.11443Exp(− 2.03585β) 
(R2 > 0.98). However, X20 and X50 are found to change with β in the linear form for angular stone mass (Table 
2, Fig.  8). The detailed expressions are X20 = 96.5 − 43.0β (R2 > 0.91) and X50 = 112.1 − 47.8β (R2 > 0.94). 
X80 and Ps are found to change with β in the parabolic form and in the exponential form for angular stone 
mass (Table 2, Fig.  8), respectively. The detailed expressions are X80 = 135.8 − 73.0β + 29.3β2 (R2 > 0.93) and 
Ps = 0.03308 + 0.08361Exp(− 3.1156β) (R2 > 0.92).

The role of grain shape on the mobility of granular materials also analyzed in this paper. We choose the 
type of grain compositions (cases 3, 5, 8, 12 and 14), to maintaining a 1:1 ratio of angular stone mass to glass 
bead mass. Figure 7 shows the X20, X50 X80 and Ps versus β. The increase trends of X20, X50, X80, and Ps with the 
decrease of quartz gravel’s fraction (or the increase of angular stone’s fraction) are still hold. However, X20, X50, 
X80, and Ps are found to change with β in the linear form for total mass (Table 1, Fig. 9). The corresponding 
fitting curves are X20 = 78.0 − 28.5β (R2 > 0.91), X50 = 93.9 − 34.6β (R2 > 0.92), X80 = 130.5 − 65.0β (R2 > 0.96), 

Fig. 8.  X20, X50 X80 and Ps versus β with cases 1, 2, 4, 6, 11, 13 and 15. (a) Total mass, (b) angular stone mass.

 

Fig. 7.  Cumulative mass frequency of deposited granular materials versus horizontal distance responding to 
changes in the mass ratio of angular stone versus glass bead while keeping the mass fraction of quartz gravel. 
(a) Total mass, (b) angular stone mass.
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and Ps = 0.13116 − 0.135β (R2 > 0.96). Bedsides, X20, X50, and Ps are found to change with β in the linear form 
for angular stone mass (Table 2, Fig. 9), but X80 is found to change with β in the parabolic form for angular 
stone mass. The corresponding fitting curves are X20 = 85.8 − 29.2β (R2 > 0.93), X50 = 107.8–44.2β (R2 > 0.89), 
X80 = 124.7 + 9.8β − 29.3β2 (R2 > 0.97), and Ps = 0.15964 − 0.1586β (R2 > 0.77).

As for the third type of grain compositions (cases 6, 7, 8, 9 and 10), the changes of X20, X50, X80, and Ps with 
the increase of angular stone’s fraction (or the decrease of glass bead’s fraction) for total mass are different from 
those for angular stone mass. Here, let the angular stone’s fraction in the mixture of angular stone and glass bead 
be denoted by φ, under the set of fixing quartz gravel’s fraction, X20, X50 and X80 are found to change with φ in the 
exponential form for total mass (Table 1, Fig. 10). The corresponding fitting curves are X20 = 73.7 − 21.3Exp(− 0.92φ) 
(R2 > 0.97), X50 = 79.8 − 16.4Exp(− 1.52φ) (R2 > 0.98), and X80 = 95.7 − 18.0Exp(− 2.08φ) (R2 > 0.84). But, X20, 
X50 and X80 are found to be weakly related to φ for angular stone mass (Table 2, Fig. 10). Moreover, Ps exhibits 
high values at small φ and low values at large φ for both total mass and angular stone mass.

In fact, the inclusion of glass bead (correspondingly decreasing the fraction of angular stone by keeping 
the fraction of quartz gravel) in most of cases would decrease characteristic deposition distances (X20, X50, and 
X80) for total mass (Table 1). However, the cases in which characteristic deposition distances increase with the 
inclusion of glass bead become frequent for angular stone mass (Table 2). For examples, X20, X50, and X80 for 
both total mass and angular stone mass in case 5 are higher than those in case 4; X80 for total mass in case 14 is 
higher than that in case 13, and X50 and X80 for stone mass in case 14 is higher than that in case 13. In contrast, 
including glass beads while maintaining a 1:1 ratio of angular stone mass to glass bead mass in most of cases 
leads to an increase in Ps. The decrease of Ps only occurs at the situation that the fraction of quartz gravel mass 
keeps at 70% (case 4 vs case 5).

Furthermore, two main points could be found from the variations in S.D.s. The first point is that the averaged 
value of S.D.s among different characteristic deposition distances is in proper order: X20, X50, and X80. And, the 

Fig. 10.  X20, X50 X80 and Ps versus φ with cases 6, 7, 8, 9 and 10. (a) Total mass, panel (b) angular stone mass.

 

Fig. 9.  X20, X50 X80 and Ps versus β with cases 3, 5, 8, 12 and 14. (a) Total mass, (b) angular stone mass.
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averaged S.D.s for angular stone mass (X20: 3.1 cm, X50: 4.5 cm, and X80: 7.7 cm) are higher than those for total 
mass (X20: 1.6 cm, X50: 1.8 cm, and X80: 3.1 cm). The second one is that the coefficients of variation for Ps (ranging 
from 0.036 to 0.445) are typically higher than those for X20, X50, and X80 (ranging from 0.010 to 0.122). Besides, 
it could be found that coefficients of variation for angular stone mass are larger than those for total mass.

Discussion and conclusions
This piece of work conducted laboratory experiments to measure the mass frequency distributions of granular 
materials in different grain compositions. Based on our experimental design, granular materials experienced 
three stages (slide along slope, free fall, and movement on flat bed surface) before final deposit. As mentioned 
above, roads were sometimes located at the foot of hills at mountain areas. To utilize the convenience brought by 
roads, human beings nearby would like to construct buildings for living purpose or flat ground for commercial 
purpose (e.g., parking) at the roads’ side opposite to hills. Besides, granular materials on the slope of open 
pit during blasting or other operations43,44 may experience similar three movement stages. Therefore, our 
investigations here could be helpful for assessing and reduce the disaster risk induced by granular flows from 
mountain top.

Four characteristic quantities (three distances and one probability) were extracted from cumulative frequency 
distributions of deposited mass. Results obtained here demonstrated again the importance of large grain on the 
mobility of the whole mixture15,27, which also may be influenced by grain size ratio (the ratio of large grain 
versus small grain), grain density, grain shape and grain composition. Previous study45 showed that the mobility 
(represented by horizontal distance) of mixture at grain size ratio = 4 would increase with the fraction of large 
grains and then decrease after reaching a maximum value, which is different with our results (grain size ratio in 
our experiments is about 4 as shown above). In our experiments, the change of grain densities is relatively small, 
which suggests the effects of grain densities could be neglected. Therefore, the main reason for the difference 
might be grain shape. In the previous study circular grains were used for both large and small grains, while in 
our study angular grains were used for both large and small grains.

However, as for total mass, characteristic deposition distances (X20, X50, and X80) decreased and extreme 
mobility probability (Ps) increased in most of cases when including glass bead; and, as for angular stone mass, 
the cases in which X20, X50, and X80 increase with the inclusion of glass bead become frequent apart from that 
Ps increased in most of cases. These results indicate two main aspects. The first aspect is that small round grains 
could effectively enhance the extreme mobility of large angular stones, even if the mass fraction of angular stone 
is reduced. The second one is that, in the mixture of three kinds of grains, the mobility of small angular grains 
(size similar to small round grains) could be partially limited. In view of the low lose rate of energy during 
collisions with similar size angular grains and the low friction coefficient, the effect of including glass bead 
may be explained as follows. For dry granular flows, small round grains are much easier to fall into the spaces 
(or voids) formed between large angular stones and small angular grains near bed6. Thus, small round grains 
could act as resistance for small angular grains and assistance for large angular stones. For example, round 
grains obtain energy through grain-grain collisions with small angular grains (this process typically reduces 
the motion of small angular grains) and then travel to upper layer of grain flows and collide with large angular 
stones (this process may increase the motion of large angular stones). In conclude, small round grains reduce 
the effective friction of bed surface for large angular stones through grain-grain and grain-bed interaction26. 
Nevertheless, this mechanism could not explain all results in this work. More well-designed experiments are 
required to interpret the uncommon results in the future.

Data availability
All data generated or analyzed during this study are included in this published article. Data is provided within 
the supplementary information files.
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