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Experimental investigation of mobility and deposition
characteristics of dry granular flow

Abstract This paper presents an experimental investigation of
mobility and deposition characteristics of dry granular flow, by a
number of flume tests on silica sand no. 3 and silica sand no. 7, to
interpret the effects of angle of slope, granular volume, cushion,
granular structure, and granular size on the mobility and deposi-
tion characteristics of granular flow. Along a given slope, an
increase of the amount of sand impaired its mobility. However,
for a given amount of sand along a slope, an increase of the angle
of slope resulted in a V-shaped change of the angle of mass center
movement, implying the existence of a characteristic combination
of the angle of slope and the amount of sand to yield the maxi-
mum mobility of granular flow. The angle of mass center move-
ment increased while increasing the thickness of cushion, showing
that the cushion impaired the mobility of granular flow. Granular
structure using the mixed structures of silica sand no. 3 and silica
sand no. 7 affected greatly the mobility of granular flow, by show-
ing an inverted structure in the near runout area with the deposi-
tion of the materials in the upper half of original grading structure
in the far runout area for the inverse grading structure and normal
grading structure. The mobility of granular flow increased with the
change in turn of the inverse grading structure, the uniform
structure, and the normal grading structure. The increase of the
grain sizes of granular material enhanced its mobility. In addition,
the angle of mass center movement showed a more reliable as-
sessment for the mobility of granular flow in comparison with the
angle of maximum mass movement.
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Introduction
Granular flow is a theme of global focus as a common phenome-
non in nature, e.g., landsides, debris flow, snow avalanche, rock
avalanche, sand movement, and pyroclastic flow, showing a sig-
nificant representation of natural hazards to life and property. In
the process of granular flow, the gravity-induced energy of gran-
ular material is transformed into the kinetic energy by accelerating
its movement along a slope before decelerating on a gentler slope
where the interaction of granular particles dissipating energy
overcomes the driving energy. In fact, it is always existence of
the complex combination of the friction and collision among
granular particles and slope in granular flow so as to yield the
complex mechanical mechanism and movement process of gran-
ular material with the compression and shearing (e.g., Langroudi
et al. 2010; Federico and Cesali 2019; Zuo et al. 2019; Buettner et al.
2020). As a result, a great number of studies have been conducted
to understand the fundamental dynamics and mechanism of gran-
ular flow by using physical model tests (e.g., Farin et al. 2014; Choi
et al. 2017; Gray 2018; Ng et al. 2018), numerical tests (e.g., Crosta
et al. 2009; Zhou and Ng 2010; Zhou and Sun 2013; Jiang et al. 2018;
Gray 2018), fundamental theories (e.g., Eisbacher 1979; Davies
1982; Cruden and Hungr 1986; Thornton 1997; Legros 2002;

Campbell 2006; Gray 2018), and case studies (e.g., Hewitt 1988;
Strom 2004; Boultbee et al. 2006).

The mobility and mechanism of granular flow are affected
greatly by the angles of slope and its following slopes, the shape
of channel, the grading and volume of granular material, the
physico-mechanical properties of granular material, and its sub-
strate including the cushion and entrainment with or without
fluidizing medium (e.g., water, air, volcanic gas, fine particles),
initial granular structure (e.g., inverse grading structure, normal
grading structure, uniform structure), and gravitational settings
that result from the complex geological settings and earth surface
process, causing the extremely complex dynamics and mobility of
granular flow (e.g., Cruden and Hungr 1986; Davies 1982; Davies
and McSaveney 1999; Legros 2002; Crosta et al. 2009; Zhou and Ng
2010; Zhou and Sun 2013; Farin et al. 2014; Jiang et al. 2018; Gray
2018; Ng et al. 2018, 2019).

The runout distance and coverage of the final disposition
depend greatly on the volume of granular rather than its drop
height (Hsu 1975). An increase in granular volume resulted in
an increase of the maximum runout distance of granular flow,
but the maximum drop height just caused the scatter of the
correlation of granular volume and its maximum runout dis-
tance (Davies 1982). In the submarine settings, the velocity of
granular flow was partly controlled by the turbulent drag
exerted by seawater on its surface, causing a rapid loss of
the initial high velocity (Norem et al. 1990). However, in the
subaerial settings, the granular flow with sufficient water con-
tent may transform into a debris flow (Iverson et al. 1997).
The angle of maximum mass movement showed a decrease
despite in a large scatter while increasing the granular volume
(Legros 2002). In reality, it is of great interest using the angle
of mass center movement to assess the mobility of granular
flow, rather than using the angle of maximum mass move-
ment that is also used frequently because of its much easier
availability. In fact, the fundamental understanding of the
mobility and deposition of granular flow still remains a great
challenge, which should be investigated by a great number of
further studies because of the realistic difficulties and com-
plexity of the direct investigation of granular flow in nature
(e.g., Berger et al. 2011; Schürch et al. 2011; McCoy et al. 2013).
As a consequence, a question arises as to how dry granular
flow behaves in small-scale physical model tests, which would
be worthy of clarifying the mobility and deposition character-
istics of dry granular flow by a comprehensively systematic
investigation as a significant and valuable complement for the
past studies.

The purpose of this study is to comprehensively investigate the
mobility and deposition characteristics of dry granular (sand)
flow, by a number of small-scale flume tests on silica sand no. 3
and silica sand no. 7, to interpret the effects of angle of slope,
granular volume, cushion, granular structure, and granular size on
the mobility and deposition characteristics of granular flow.
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Materials and methods
In this paper, silica sand no. 3 and silica sand no. 7, as poorly-
graded sands (ASTM D2487-11 2011), were employed in a number
of flume tests for investigating their mobility and deposition
characteristics. Figure 1 gives the grain size distributions of silica
sand no. 3 and silica sand no. 7, showing a similarity of the grading
shape by an approximate translation. The physical properties of
silica sand no. 3 and silica sand no. 7 are listed in Table 1.

As shown in Fig. 2, the experimental flume was made by using a
10-mm-thick transparent acrylic resin board with its internal
width of 0.12 m, height of 0.3 m, and length of 0.64 m. In Fig. 2,
the flume was fixed stably on a level ground covered by a large
graph paper, forming a slope of the designated angles, i.e., 15°, 30°,
and 45°, followed by a level ground. A granular container, as
displayed in Fig. 2, was formed in the top of the upper slope of
the flume in the dimension of length 0.12 m, width 0.12 m, and
height 0.3 m, by setting a gate that would be used for cease and
release of granular (sand) materials. Flume tests were conducted
by upwardly removing the gate of the granular container promptly
to release the granular material, yielding a granular flow along a
slope of the flume and the level ground with a final deposition.

In this paper, the flume tests were performed using granular
materials, i.e., silica sand no. 3 and silica sand no. 7, in the designated
weights of sands, i.e., 1500 g, 3000 g, and 4500 g, along the designed
slopes of flume, i.e., 15°, 30°, and 45°, with the given thickness of
cushion using silica sand no. 7 on the level ground, i.e., 0.000 m,
0.002 m, and 0.009 m, for comprehensively investigating the effects
of angle of slope, granular volume, cushion, granular structure, and
granular size on the mobility and deposition characteristics of gran-
ular flow. Table 2 shows a summary of the granular flow tests on
silica sand no. 3 and silica sand no. 7. In this paper, the half-sized
contour map of the deposition on the ground was adopted in view of
its axial symmetry along a central axis of the horizontal runout
direction, by showing the thickness of deposition on the runout
ground of Cartesian coordinate system by the horizontal coordinate
axis (horizontal distance Dh) and the vertical coordinate axis (verti-
cal distanceDv) with an origin 0 as defined in Fig. 2(b). In addition, it
is always existence of the scale effect in all physical model tests; i.e.,
the scale of the physical model tests plays inevitably its role in
affecting the behavior of granularmaterials, including the flume tests
of granular flow in this paper, implying the limitation that the results
of this work may be existence of difference from the real granular

flow. It should be expected that the physical model scale effect on the
mobility and deposition of dry granular flow would be investigated
by the further work.

Table 1 Physical properties of silica sand no. 3 and silica sand no. 7

Property Silica sands
No. 3 No. 7

Specific gravity, Gs
a 2.619 2.641

Minimum void ratio, emin
b 0.699 0.700

Maximum void ratio, emax
b 0.987 1.211

Fines content, Fc
c: % 0.000 0.680

Coefficient of uniformity, Cu
c 1.687 1.888

Coefficient of curvature, Cc
c 0.963 0.973

Classificationd SP SP

a JGS 0111 (2015)
b JGS 0161 (2015)
c JGS 0131 (2015)
d ASTM D2487-11 (2011)

Fig. 2 Illustration of dry granular flow in flume test. a Photo of the used flume. b
Dimension of the flume test with the definitions of the drop height of mass center
Hmc, the runout distance of mass center Lmc, the maximum drop height of mass
Hmax, the maximum runout distance of mass Lmax, the angle of mass center
movement αmc, the angle of maximum mass movement αmax, the horizontal
distance Dh, the vertical distance Dv, and the origin 0Fig. 1 Grain size distributions of silica sand no. 3 and silica sand no. 7
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Table 2 Summary of the granular flow tests on silica sand no. 3 and silica sand no. 7

Materials Angle of slope, αs Weight of sand, W Dimension of sand, D Thickness of cushion, T

Sand no. 7 15° 1500 g
3000 g
4500 g

0.12 m × 0.12 m × 0.09 m
0.12 m × 0.12 m × 0.18 m
0.12 m × 0.12 m × 0.27 m

0 m - no cushion

30° 1500 g
3000 g
4500 g

0.12 m × 0.12 m × 0.09 m
0.12 m × 0.12 m × 0.18 m
0.12 m × 0.12 m × 0.27 m

0 m - no cushion

45° 1500 g
3000 g
4500 g

0.12 m × 0.12 m × 0.09 m
0.12 m × 0.12 m × 0.18 m
0.12 m × 0.12 m × 0.27 m

0 m - no cushion

Sand no. 3 30° 1500 g
3000 g
4500 g

0.12 m × 0.12 m × 0.09 m
0.12 m × 0.12 m × 0.18 m
0.12 m × 0.12 m × 0.27 m

0 m - no cushion

45° 1500 g
3000 g
4500 g

0.12 m × 0.12 m × 0.09 m
0.12 m × 0.12 m × 0.18 m
0.12 m × 0.12 m × 0.27 m

0 m - no cushion

45° 1500 g
1500 g

0.12 m × 0.12 m × 0.09 m
0.12 m × 0.12 m × 0.09 m

0.02 m - sand no. 7
0.09 m - sand no. 7

Sand no. 7
Sand no. 3

45° 1500 g (case A)
1500 g (case B)
1500 g (case C)

0.12 m × 0.12 m × 0.18 m
0.12 m × 0.12 m × 0.18 m
0.12 m × 0.12 m × 0.18 m

0 m - no cushion

Case A: sand no. 3 750 g and sand no. 7 750 g mixed for uniformity

Case B: sand no. 3 750 g in the upper half and sand no. 7 750 g in the lower half

Case C: sand no. 3 750 g in the lower half and sand no. 7 750 g in the upper half

Fig. 3 Deposition of granular flow of silica sand no. 7 along a slope of 15°. a Deposition in height above ground against horizontal distance for sand 1500 g. b Deposition
in vertical and horizontal distances for sand 1500 g. c Deposition in height above ground against horizontal distance for sand 3000 g. d Deposition in vertical and
horizontal distances for sand 3000 g. e Deposition in height above ground against horizontal distance for sand 4500 g. f Deposition in vertical and horizontal distances for
sand 4500 g
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Results and discussion

Effect of angle of slope and granular volume on mobility and
deposition of granular flow
Angle of slope and granular volume affect greatly the mobility and
deposition of granular flow (e.g., Davies 1982; Legros 2002; Zhou
and Ng 2010; Gray 2018; Ng et al. 2018). By picturing the deposition
of granular flow of silica sand no. 7 1500 g, 3000 g, and 4500 g
along a slope of 15°, in Fig. 3, it showed a larger and thicker
deposition with a longer runout distance while increasing the
amount of sand.

In Fig. 4, along a slope of 30°, silica sand no. 7 1500 g, 3000
g, and 4500 g were released for investigating the mobility and
deposition characteristics, showing an approximately uniform
deposition on the slope but a larger and thicker deposition on
the level ground while increasing the amount of sand. In
addition, the deposition on the level ground showed a gradual
i n c r e a s e o f t h e r a t i o o f t h e h o r i z o n t a l r u nou t
distance—over—the vertical runout distance while increasing
the amount of sand; i.e., the horizontal runout distance was
influenced predominantly by the amount of sand in compari-
son with the vertical runout distance (e.g., Legros 2002; Farin
et al. 2014).

Along a slope that was elevated to 45°, it showed, in Fig. 5, a
different deposition line with a gradually increased coverage
and thickness of the deposition while increasing the amount
of sand. Angle of slope was revealed to play a great role in
affecting the mobility and deposition characteristics of sand
(e.g., Davies 1982; Legros 2002; Zhou and Sun 2013). For a given
amount of silica sand no. 7, it showed, in Figs. 3, 4, and 5, an
increase in the deposition coverage while increasing the angle of
slope.

As a comparison with silica sand no. 7, silica sand no. 3 was
also tested to investigate its mobility and deposition characteris-
tics. In Fig. 6, it showed a gradual increase of the deposition
coverage with increasing the amount of sand. However, the max-
imum thickness of the deposition showed an increase, i.e., from
0.045 to 0.060 m, followed by a constant at 0.060 m, while
increasing the amount of sand. However, in Fig. 7, for silica sand
no. 3 1500 g, 3000 g, and 4500 g along a slope of 45°, the deposition
showed larger coverage with a gradually increased thickness with
increasing the amount of sand.

By comparison of Fig. 6 and Fig. 7, along a given slope by a
designated amount of silica sand no. 3, the coverage of the depo-
sition on the ground increased monotonically with increasing the
angle of slope. However, while increasing the angle of slope, the

Fig. 4 Deposition of granular flow of silica sand no. 7 along a slope of 30°. a Deposition in height above ground against horizontal distance for sand 1500 g. b Deposition
in vertical and horizontal distances for sand 1500 g. c Deposition in height above ground against horizontal distance for sand 3000 g. d Deposition in vertical and
horizontal distances for sand 3000 g. e Deposition in height above ground against horizontal distance for sand 4500 g. f Deposition in vertical and horizontal distances for
sand 4500 g
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thickness of deposition on the ground showed an increase, expect
for the tests of silica sand no. 3 1500 g that displayed a decrease of
the thickness of the deposition on the ground.

Mobility of granular flow is always investigated by the drop
height of mass center Hmc, the runout distance of mass center
Lmc, the maximum drop height of mass Hmax, and the maximum
runout distance of mass Lmax (e.g., Hsu 1975; Davies 1982;
Legros 2002; Farin et al. 2014). In fact, the drop height of mass
center Hmc and the runout distance of mass center Lmc are
adopted most ideally to assess the mobility of granular flow in
comparison with the maximum drop height of mass Hmax and
the maximum runout distance of mass Lmax that are also usually
used for assessing the mobility of granular flow because of the
measurement difficulty of the drop height of mass center Hmc

and the runout distance of mass center Lmc of granular flow in
reality (e.g., Legros 2002; Berger et al. 2011; Schürch et al. 2011;
McCoy et al. 2013).

Figure 8 shows the evolution of the drop height of mass against
the runout distance of mass. In Fig. 8(a), the drop height of mass

center showed a complex evolution against the runout distance of
mass center for the tests of silica sand no. 7 and silica sand no. 3
subjected to the effects of angle of slope and amount of sand.
However, in Fig. 8(b), while increasing the amount of sand, it showed
a gradual increase of the maximum runout distance of mass at the
constant maximum drop height of mass that increased with the
increase of angle of slope, which follows the tendency of landslides
that controlled its runout distance by its spreading, hence by its
volume (Davies 1982). By comparison with silica sand no. 7, silica
sand no. 3 showed a larger maximum runout distance of mass.

The ratio of the drop height of mass and the runout distance of
mass is always employed to quantify the mobility of granular flow,
with measuring the angle of mass movement that was defined by the
angle of mass center movement αmc (i.e., αmc = arctan(Hmc/Lmc)) or
the angle of maximum mass movement αmax (i.e., αmax =
arctan(Hmax/Lmax)). Figure 9 shows the drop height—over—runout
distance against the weight of sand. In Fig. 9(a), the ratio of the drop
height of mass center and the runout distance of mass showed
monotonic increase with increasing the amount of sand, despite of

Fig. 5 Deposition of granular flow of silica sand no. 7 along a slope of 45°. a Deposition in height above ground against horizontal distance for sand 1500 g. b
Deposition in vertical and horizontal distances for sand 1500 g. c Deposition in height above ground against horizontal distance for sand 3000 g. d Deposition in
vertical and horizontal distances for sand 3000 g. e Deposition in height above ground against horizontal distance for sand 4500 g. f Deposition in vertical and
horizontal distances for sand 4500 g
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the types of sands and the angles of slopes. However, in Fig. 9(b), an
increase of the amount of sand resulted in decrease of the ratio of the
maximum drop height of mass and the maximum runout distance of
mass, which showed a consistent tendency with a great number of
landslides (Legros 2002).

In Fig. 10(a), along a given slope, the angles of mass movement
αmc showed an increase while increasing the amount of sand,
implying that the increased amount of sand impaired its mobility,
which is contrary to the evolution of the angles of mass movement
αmax against the weight of sand in Fig. 10(b); i.e., the angles of
mass movement αmax decreased as amount of sand increased,
showing an increase of the mobility of sand. In addition, it shows
larger angles of mass movement αmc in comparison with the
angles of mass movement αmax, revealing that the lower apparent
friction coefficients for many landslides are from the lower angles
of mass movement αmax (e.g., Davies 1982; Legros 2002). It should
be noted that, the angle of mass movement αmc is regarded as

being more reliable assessment for the mobility of granular flow in
comparison with the angle of mass movement αmax, indicating
that the angle of mass movement αmax as a relatively lower angle
of mass movement may not be acceptable for quantifying the
mobility of granular flow in reality.

Effect of angle of slope on mobility and deposition of granular flow
Mobility of granular flow was investigated by the drop
height—over—runout distance against angle of slope and its
corresponding angle of mass movement against the angle of
slope to investigate the effect of angle of slope, as shown in
Figs. 11 and 12. For a given amount of sand, in Figs. 11(a) and
12(a), the drop height of mass center—over—the runout dis-
tance of mass center and its corresponding angle of mass move-
ment αmc showed a V-shaped evolution against the increase of
angle of slope, i.e., in experiencing an initial decrease and then
an increase while increasing the angle of slope, implying the

Fig. 6 Deposition of granular flow of silica sand no. 3 along a slope of 30°. a Deposition in height above ground against horizontal distance for sand 1500 g. b Deposition
in vertical and horizontal distances for sand 1500 g. c Deposition in height above ground against horizontal distance for sand 3000 g. d Deposition in vertical and
horizontal distances for sand 3000 g. e Deposition in height above ground against horizontal distance for sand 4500 g. f Deposition in vertical and horizontal distances for
sand 4500 g
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Fig. 7 Deposition of granular flow of silica sand no. 3 along a slope of 45°. a Deposition in height above ground against horizontal distance for sand 1500 g. b Deposition in vertical and
horizontal distances for sand 1500 g. c Deposition in height above ground against horizontal distance for sand 3000 g. d Deposition in vertical and horizontal distances for sand 3000 g. e
Deposition in height above ground against horizontal distance for sand 4500 g. f Deposition in vertical and horizontal distances for sand 4500 g

Fig. 8 Drop height of mass against runout distance of mass. a Drop height of mass center
against runout distance of mass center. bMaximum drop height of mass against maximum
runout distance of mass

Fig. 9 Drop height—over—runout distance against weight of sand. a Drop
height of mass center—over—runout distance of mass center against weight of
sand. b Maximum drop height of mass—over—maximum runout distance of
mass against weight of sand
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existence of a characteristic combination of the angle of slope
and the amount of sand to yield the maximum mobility of
granular flow. However, in Figs. 11(b) and 12(b), the maximum
drop height of mass—over—the maximum runout distance of
mass and its corresponding angle of mass movement αmax

showed a gradual increase with increasing the angle of slope,
which is completely different from the evolution of the drop
height of mass center—over—the runout distance of mass cen-
ter and its corresponding angle of mass movement αmc against
the angle of slope in Figs. 11(a) and 12(a).

Effect of cushion on mobility and deposition of granular flow
In reality, granular soils may flow on a ground covered by
granular material as a cushion that greatly affects the mobility
of granular flow by changing its flow dynamics and deposition
characteristics, with strong implications for granular flow hazard
assessment (e.g., Legros 2002; Crosta et al. 2009; Farin et al.
2014). For clarifying the effect of cushion on mobility and depo-
sition of granular flow, three flume tests were conducted by
using silica sand no. 3 1500 g along a slope of 45° but with setting
different thickness of silica sand no. 7 as a cushion on the level
ground, i.e., 0.000 m, 0.002 m, and 0.009 m, as shown in Fig. 13.
In Fig. 13, it showed a decrease of the coverage of deposition by
shortening the runout distance to thicken the deposition while
increasing the thickness of cushion, implying that the cushion
impaired greatly the mobility of granular flow by dissipating the
dynamic energy of granular flow.

Fig. 11 Drop height—over—runout distance against angle of slope. a Drop height of
mass center—over—runout distance of mass center against angle of slope. b Maximum
drop height of mass—over—maximum runout distance of mass against angle of slope

Fig. 12 Angle ofmassmovement against angle of slope. a Angle of mass center movement
against angle of slope. b Angle of maximum mass movement against angle of slope

Fig. 10 Angle ofmassmovement against weight of sand.aAngle ofmass centermovement
against weight of sand. b Angle of maximum mass movement against weight of sand
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In Fig. 14(a), an increase in the thickness of cushion led to a
gradual increase of the drop height of mass center followed by a
decrease of the runout distance of mass center. However, in Fig.
14(b), it showed a decrease of the maximum runout distance of
mass at a constant maximum drop height of mass while increasing
the thickness of the cushion. An increase in the thickness of
cushion resulted in a gradual increase of the angle of mass center
movement αmc and the angle of maximum mass movement αmax

as shown in Fig. 14, with the evidence that the cushion resulted in
decrease of runout distance of mass center to thicken the deposi-
tion in Fig. 13, which demonstrates that the cushion impaired the
mobility of granular flow by consuming the kinetic energy of
granular flow. In fact, the substrate materials as a cushion on the
path of granular flow would be interacted commonly with granular
flow, which may impair its mobility by consuming the kinetic
energy of granular flow, or may enhance its mobility by strength-
ening the kinetic energy of granular flow with the entrainment of
the substrate materials (e.g., Legros 2002; Crosta et al. 2009; Farin
et al. 2014).

Effect of granular structure on mobility and deposition of granular
flow
In reality, granular material would be always in different granular
structures, i.e., the grain-void distributions that affect greatly its
mobility and deposition. Silica sand no. 3 and silica sand no. 7
were employed to prepare three mixed structures of silica sand no.
3 and silica sand no. 7, i.e., silica sand no. 3 750 g and silica sand
no. 7 750 mixed uniformly in simulating the uniform structure,
silica sand no. 3 750 in the upper half and silica sand no. 7 750 g in
the lower half in simulating the inverse grading structure, silica
sand no. 7 750 in the upper half and silica sand no. 3 750 g in the
lower half in simulating the normal grading structure, to investi-
gate the effect of granular structure on the mobility and deposition
of granular flow along a slope of 45°.

In Fig. 15, for the mixed structures of silica sand no. 3 and
silica sand no. 7, the tests in the uniform structure showed a
smaller deposition coverage than the tests in the inverse grading
structure and normal grading structure, but the maximum thick-
ness of disposition for the tests in the uniform structure is

Fig. 13 Effect of cushion on deposition of granular flow of silica sand no. 3 1500 g along a slope of 45°. a Deposition in height above ground against horizontal distance with a
0.000-m-thick cushion. b Deposition in vertical and horizontal distances with a 0.000-m-thick cushion. c Deposition in height above ground against horizontal distance with a 0.002-
m-thick cushion. d Deposition in vertical and horizontal distances with a 0.002-m-thick cushion. e Deposition in height above ground against horizontal distance with a 0.009-m-thick
cushion. f Deposition in vertical and horizontal distances with a 0.009-m-thick cushion
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smaller than that for the test in the inverse grading structure but
is larger than that for the test in the normal grading structure.
For the uniform structure, the visual observation showed a
uniform deposition that may include grain segregation in some
extent, as illustrated in Fig. 15(a) and (b). However, for the
inverse grading structure in Fig. 15(c) and (d) and the normal
grading structure in Fig. 15(e) and (f), it showed an inverted
structure of the original grading structures in the near runout
area but with the deposition of the materials in the upper half of
the original grading structures in the far runout area, i.e., the
deposition of silica sand no. 7 in the upper layer and silica sand
no. 3 in the lower layer in the near runout area and the deposi-
tion of silica sand no. 3 in the far runout area for the inverse
grading structure as shown in Fig. 15(c) and (d), the deposition
of silica sand no. 3 in the upper layer and silica sand no. 7 in the
lower layer in the near runout area, and the deposition of silica
sand no. 7 in the far runout area for the normal grading struc-
ture as shown in Fig. 15(e) and (f).

In Fig. 16(a), the angle of mass movement αmc showed a
gradual decrease with the change in turn of the inverse grading
structure, the uniform structure, and the normal grading struc-
ture, implying a gradual increase of the mobility of granular
flow. However, the angle of mass movement αmax is kept as a
constant of 25° with showing the constant maximum drop height
and maximum runout distance of mass despite of their different
characteristics of the deposition, as shown in Fig. 16(b). In view

of the great effect of granular structure on the mobility of
granular flow, the granular structure should be considered for
assessment of the mobility of granular flow in reality, especially
for the large granular accumulation in high position with specific
granular structure.

Effect of granular size on mobility and deposition of granular flow
In reality, during granular flow process down a given slope, gran-
ular materials in different granular sizes yield different energies,
affecting greatly the mobility and deposition characteristics of
granular flow. For a designated amount of sand along a given
slope, it showed larger angle of mass movement αmc for silica
sand no. 7 than that for silica sand no. 3, as illustrated in Figs.
10(a) and 12(a), implying a stronger mobility of granular flow with
larger-sized sands because of the larger kinetic energy in the
larger-sized sands.

In addition, Fig. 17 shows the evolution of the drop height of
mass against runout distance of mass for silica sand no. 7 1500 g
in the uniform structure, silica sand no. 3 750 g and silica sand
no. 7 750 g mixed in uniformity, and silica sand no. 3 1500 g in
the uniform structure along a slope of 45°, to investigate the
effect of granular size on the mobility of granular flow. In Fig.
17(a), the angle of mass movement αmc showed a gradual de-
crease with the change in turn of silica sand no. 7 in uniformity,
silica sand no. 3 and silica sand no. 7 in the mixed uniformity,
and silica sand no. 3 in uniformity that resulted in a gradual
increase of grain sizes of sand, exhibiting an inverse V-shaped
change of the relation of the drop height of mass center and the
runout distance of mass center. It is concluded that, for a given
uniform structure of sand, the mobility of granular flow in-
creases while increasing the grain sizes of sand. However, the
angle of mass movement αmax is revealed to decrease gradually
while changing in turn silica sand no. 7 in uniformity, silica
sand no. 3 and silica sand no. 7 in the mixed uniformity, and
silica sand no. 3 in uniformity, showing an increased maximum
runout distance at a constant maximum drop height, as shown
in Fig. 17(b). Evidently, the granular sizes have showed a great
effect on the mobility of granular flow. As a result, the granular
sizes of granular materials should be also investigated in detail
for assessment of the mobility of granular flow in reality.

Conclusions
A number of flume tests were conducted by promptly removing
the gate of the granular container to release the granular materials,
i.e., silica sand no. 3 and silica sand no. 7, in simulating granular
flow along a designated slope of the flume followed by a level
ground, to comprehensively investigate the effects of angle of
slope, granular volume, cushion, granular structure, and granular
size on the mobility and deposition characteristics of granular
flow. In this paper, the major conclusions can be drawn as follows:

1. Along a given slope, the angle of mass movement αmc increased
while increasing the amount of sand, implying that an increase of
the amount of sand impaired its mobility. However, the angle of
mass movement αmax decreased while increasing the amount of
sand to show an increase of the mobility of sand. By comparison,
the angle of mass movement αmc was regarded as being more
reliable assessment for themobility of granular flow in comparison
with the angle of mass movement αmax.

Fig. 14 Drop height of mass against runout distance of mass for silica sand no. 3
1500 g along a slope of 45° with cushion on the ground. a Drop height of mass
center against runout distance of mass center. b Maximum drop height of mass
against maximum runout distance of mass
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2. For a given amount of sand along a slope, it showed a V-
shaped evolution of the angle of mass movement αmc while
increasing the angle of slope, implying the existence of a
characteristic combination of the angle of slope and the
amount of sand to yield the maximum mobility of granular
flow.

3. For a given amount of silica sand no. 3 along a slope of 45° with
a cushion on the ground, the angles of mass movement αmc

and αmax increased while increasing the thickness of cushion,
implying that the cushion impaired greatly the mobility of
granular flow with the evidence that the cushion resulted in
decrease of runout distance of mass center to thicken the
deposition.

4. Mobility of granular flow was affected greatly by its granular
structure that was prepared by the mixed structures of silica
sand no. 3 and silica sand no. 7, i.e., uniform structure,
inverse grading structure, and normal grading structure.
The maximum thickness of deposition decreased monoton-
ically along the change in turn of the inverse grading struc-
ture, the uniform structure, and the normal grading
structure. It showed a uniform deposition for the uniform
structure of silica sand no. 3 and silica sand no. 7. However,
for the inverse grading structure and the normal grading
structure of silica sand no. 3 and silica sand no. 7, it showed
a deposition in an inverted structure of the original grading
structure in the near runout area, but with the deposition of
the materials in the upper half of the original grading struc-
ture in the far runout area. The angle of mass movement

Fig. 15 Effect of granular structure on deposition of granular flow of sand 1500 g along a slope of 45°. a Deposition in height above ground against horizontal
distance for silica sand no. 3 750 g and silica sand no. 7 750 g mixed in uniformity. b Deposition in vertical and horizontal distances for silica sand no. 3 750 g and silica
sand no. 7 750 g mixed in uniformity. c Deposition in height above ground against horizontal distance for silica sand no. 3 750 g in the upper half and silica sand no. 7
750 g in the lower half. d Deposition in vertical and horizontal distances for silica sand no. 3 750 g in the upper half and silica sand no. 7 750 g in the lower half. e
Deposition in height above ground against horizontal distance for silica sand no. 7 750 g in the upper half and silica sand no. 3 750 g in the lower half. f Deposition in
vertical and horizontal distances for silica sand no. 7 750 g in the upper half and silica sand no. 3 750 g in the lower half
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αmc decreased with the change in turn of the inverse grading
structure, the uniform structure, and the normal grading
structure, implying a gradual increase of the mobility of
granular flow.

5. Granular size affected greatly the mobility and deposition of
granular flow. For a designated amount of sand along a given
slope, the deposition showed larger angle of mass movement
αmc for silica sand no. 7 than that for silica sand no. 3, implying
the larger-sized materials enhanced the mobility of granular
flow. The results of the uniformed structure of silica sand no. 7
and/or silica sand no. 3, for a given amount of sand along a
slope of 45°, showed a decrease of the angle of mass movement
αmc with the change in turn of silica sand no. 7 in uniformity,
silica sand no. 3 and silica sand no. 7 in the mixed uniformity,
and silica sand no. 3 in uniformity; i.e., the mobility of granular
flow increased while increasing the granular sizes of granular
materials.>
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