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ABSTRACT   

Gravel-bed rivers are composed of particles of various shapes and sizes. The shapes and sizes of particles in the gravel-
bed river have great influences on sediment transport and river bed variation. Numerical methods of sediment transport 
and river bed variation in gravel-bed rivers must consider effects of particles shapes properly. This paper mainly 
demonstrates the effects of particle shapes on vertical sorting by comparing motions of spheres and gravels in numerical 
slope failure experiments in the water. The numerical experimental results demonstrated that the angle of repose of gravel 
particles was larger than that of spheres due to engagement effects of gravel particles. Moreover, slope failures of both 
upper part and lower part of sphere-particles stratum progressed gradually. On the other hand, the slope failure of lower 
part of gravel particles progressed more slowly compared to sphere particles due to large engagement effects among 
particles. Then upper particles of gravel fell down in a relatively long time. In both cases of spheres and gravels, large 
particles tended to move parallel to the channel bed, but small particles tended to drop in the lower part of the channel. 
Consequently, the vertical sorting made particles on the slope surface larger. Particles on the surface of the sphere slope 
became larger than those of gravels. Moreover, the porosity of gravels in the moving layer was larger than that of spheres. 

Keywords: particle shape, vertical sorting, gravel-bed rivers, volume concentration, numerical slope failure experiment

1. INTRODUCTION   

Gravel-bed rivers are composed of widely distributed particles in size. The sediment-transport process in gravel-bed rivers 
during floods is explained as follows: First, small particles on the river-bed move. Then, large particles are exposed, resist 
against hydrodynamic forces primary and reduce entrainment of small particles. Those process bring stable river bed 
(Fukuoka et al., 2007). Osada et al. (2012) developed a numerical method of bed variation analysis in gravel-bed rivers 
considering resistance by exposed large particles. Parker (1986) showed that large particles tend to move in high level on 
riverbeds when all size particle can move, and riverbeds became stable structures against streams due to sorting of 
particles on riverbed surfaces. In this manner, sorting of particles has a large influence on sediment transport rate and bed 
variation in gravel-bed rivers.  

Vertical sorting of riverbed are strongly affected by not only sizes but also shapes of particles. Matsushima et al. (2009) 
developed a numerical model capable of simulating motion of non-spherical particles which superposed small spheres as 
particle models and computed contact forces by the distinct element method. They showed that shear strength of non-
spherical particles were larger in comparison with spheres. In general, we have assumed that spheres are representative 
of particles in derivation of sediment transport formulas, for the simplification of the phenomenon. 

Effects of particle shapes on sediment transport and bed variation have not been clarified, because it is difficult to observe 
particle motion and sediment transport rates in gravel-bed river during floods. Fukuda et al. (2012) developed a numerical 
movable-bed channel which can simulate three-dimensional motions of flows and gravel particles in different shapes and 
sizes to investigate movement of gravel particles and sorting of the riverbed particles in streams. Fukuoka et al. (2014) 
evaluated effects of particle shapes on sediment transport and sorting structures by comparing particle motions between 
spheres and gravels in a numerical movable-bed channel. In this study, we conducted numerical slope failure experiments 
of spheres and gravels in the water using the model of Fukuda et al. (2012). It is necessary to understand the Lagrangian 
particle movement of different particles in size and shape to predict Eulerian motion of particle group and structure of 
riverbed. Therefore we discuss Lagrangian particle motions from the particles slope failure experiments in the water. The 
effects of particle shapes and sizes on vertical sorting were investigated from slope failure experiments using spheres and 
gravels. The slope failure experiment provides the comparison of average trajectories, changes of particle size distribution 
on the slope surface, failure process of the slope and the porosity of particles. 
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2. NUMERICAL METHOD  

Particle motions were simulated in the Lagrangian method as the rigid-body and fluid motions were simulated in the 
Eulerian method. To take into account the effect of solid phase on liquid phase, fluid motions were simulated by the 
governing equations of multiphase flows. Particle contacts were computed by distinct element method. Fluid dynamic 
forces on particles were computed directly by integrating the forces on a particle region in the multiphase flow. Particle 
motions were simulated by the momentum equation and the angular momentum equations of rigid bodies.  

2.1 Governing equations of fluid motion 

We use one-fluid model for the solid-liquid multiphase flow to simulate fluid motions in the Eulerian method, using the 
Smagorinsky model as the subgrid turbulence model: 
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where iu : i-th component of averaged velocity given by the weight of the mass within a fluid cell, P : sum of the pressure 

and isotropic component of SGS stress,  : density,  : dynamic viscosity, ig : gravitational acceleration, t : SGS 

turbulent viscosity, sC : Smagorinsky constant,  : computational grid size. 

Physical property   (density  , dynamic viscosity  ) and averaged velocity iu  were calculated as volume-averaged 

values and mass-averaged values, respectively, as follows: 

 
  fs   1

,   
  glf ff   1

 [6] 
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 [7] 

 
where f : fluid volume fraction in fluid computation cell,  : solid volume fraction in fluid computation cell, suffixes l , s  

and g  denotes liquid phase, solid phase, and gas phase, respectively. fu  is fluid velocity, and su  is solid velocity. 

Continuity equation and momentum equation were solved by the SMAC scheme with staggered grids. 
 
The water-surface variation was evaluated with continuity equation of fluid volume fraction f in fluid computation cells. 
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2.2 Governing equations of particle motion in streams 

We use the momentum equations and the angular momentum equations of rigid bodies to simulate particle motions in the 
Lagrangian method :  

 cfG MM FFgr 
 [9] 

 

 
  rrrcfrr ωIωNNRIω   11

 [10] 
 

where Gr  :translational acceleration vector of particles, suffix f , c : fluid force, contact force between particles, 
respectively, suffix r :components in the local coordinate systems of each particles, R :translational matrix from the global 
coordinate system to the local coordinate system and I :tensor of momentum inertia. After the computation of rotational 
velocity in local coordinate system r in Eq. [10], rotational velocity  in the global coordinate system is solved by 
coordinate transformation. In computation of coordinate transformation from the local coordinate system of the particles to 
the global coordinate system, the quaternion is used instead of translational matrix R (Usijima et al., 2008). 

2.3 Computation of fluid force 

Fluid forces on a particle were computed by integrating forces on a particle region in the multiphase flow. 
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where ifF , : i-th component of fluid force, ifN , : i-th component of torque exerted by fluid force, ifr , : position vector from 

the gravity center of particle to the fluid computation cells, s : an area occupied by  particles and ijk : Levi-Civita symbol. 

2.4 Computation of Contact Force 

Contact forces acting on particles were computed by the contact detection of each small sphere composing a gravel 
particle. Contact forces and torques on centers of gravity of particles were calculated by the summation of the contact 
forces computed concerning each small sphere:  
 

 
 ncpc ,FF

,  
  ncpncpc ,, FrN

 [13] 
 
 
where cF , cN : contact force and torque acting on the center of gravity of a particle, ncp,F :contact force acting on each 

sphere, ncp,r : position vector from the gravity center of particle to the contact point. 

 
Contact forces between particles were computed by the distinct elements method (P.A. Cundall et al., 1979). The spring 
constants k and coefficients of dashpot c  were calculated by Eq. [14] through [18] (Tsuji Y., 1992). 
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where e  : spring force, E  : elastic modulus, pos  : Poisson’s ratio, 21, rr : radii of two contacting spheres, 1m , and 2m  : 

masses of contacting spheres suffixes n  and s  : a component of direction from center of spheres to the contact point and 
two orthogonal directions on the tangential plane, respectively, and b  : coefficient of restitution. The spring constants k  
was derived from the relationship between the normal force and displacement of Hertzian contact theory (Tsuji.Y , 1992). 
Dashpot coefficient h  was derived from damping oscillation of two objects ( 1m , 2m ). h  is related to the coefficient of 

restitution b  and takes the value 0.11 corresponding to the value of the coefficient of restitution, 0.7, in this calculation.  
The parameters used in the simulation are shown in table 1. 

 
 

3. NUMERICAL SLOPE FAILURE EXPERIMENTS IN THE WATER  

3.1 Experimental conditions  

We carried out two numerical slope failure experiments by using spheres and gravels. Those numerical experiments used 
five particle sizes in both spheres and gravels, and four particle shapes in gravels. Gravel particles were made to imitate 
shapes of real gravel particles by superposing several small spheres without gap space between small ones shown in 
Figure 1. Particle size distributions (40mm:blue, 50mm:red, 70mm:light blue, 90mm:green and 120mm:yellow) of spheres 
and gravels are shown in Figure 2. Diameters of gravels were defined as diameters of spheres having the same volume. 
Three orthogonal axial lengths a, b and c (lengths of the longest, the intermediate, and the shortest axes of each particles) 
are shown in table 2. The numbers of four different shapes of gravels in each size were the same. We packed particles 
into the numerical channels (length: 8 m, width: 1 m and depth: 3 m) so that the length and the height of the particle group 
were 2m respectively, and width of particle group was 1m. A wall prevents the particle group from failure. Particles are 
packed as follows: At first, 1 set of particles was packed into the numerical channels, the particle size distribution of which 
agreed with that shown in Figure 2. After packing 1set of particles, next set of particles was packed. We continued the 
operation until the last set. In packing, particles were dropped at random into the channel. To check structures of packed 
particles of spheres and gravels, vertical distributions of volume concentrations (porosity) were measured, as shown in 
Figure 3. Those concentrations were calculated in a section (0.6m square in the x-y plane) within every 0.01m in the 
vertical direction. Values of vertical distribution of volume concentrations of both spheres and gravels were the same and 
nearly 0.7 (porosity 0.3). Slope failures experiments were carried out under the condition of the depth of the water 3m by 
removing the wall instantly. 

Table 1. Parameters used in simulation. 

ΔｘΔｙΔｚ ：　Fluid calculation cell size 0.01 m

Δt : Time step for fluid calculation 5.0×10-4 s

ρ w: Density of water 1,000 kg/m3

ρ s: Density of gravel 2,650 kg/m3

μ w: Dynamic viscosity of water 8.9×10-4 Pa・s

μ s: Dynamic viscosity of gravel 8.9×10-4 Pa・s

Δt' : Time step for DEM calculation 5.0×10-6 s

E: Elastic moduls 5.0×1010 Pa

pos : Poissom's ratio 0.33 -

h : Coefficient of dashpots 0.11 -
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Figure 1. Shape of gravels particles. 

Table 2. Length of a, b and c axes of gravel particles. 
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Figure 2. Particle size distribution. 

Grain Size (mm) 

C
um

ul
at

iv
e 

pe
rc

en
ta

ge
  (

%
) 

0.00

0.40

0.80

1.20

1.60

2.00

0.0 0.2 0.4 0.6 0.8 1.0

合計 D=40mm D=90mm D=120mm

0.00

0.40

0.80

1.20

1.60

2.00

0.0 0.2 0.4 0.6 0.8 1.0

Volume concentrations Volume concentrations 

D
is

ta
nc

e 
fr

om
  

th
e 

ch
an

ne
l b

ot
to

m
 (

m
) 

D
is

ta
nc

e 
fr

om
  

th
e 

ch
an

ne
l b

ot
to

m
 (

m
) 

Figure 3. Vertical distributions of volume concentrations. 

Total 

Gravel Sphere 

shape No. sphere 1 2 3 4
a: longest 1 1.26 1.29 1.49 1.36
b: intermidate 1 0.98 1.06 0.89 0.99
c: shortest 1 0.88 0.81 0.76 0.78
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3.2 Experimental results  

3.2.1    Angle of repose of submerged particle group 

The angles of repose (φ) of submerged sphere particles and gravel particles in the center of the channel after slope failure 
are shown in Figure 4. The angle of repose of sphere particles was φ =22˚ (tanφ= 0.4), and that of gravel particles was φ = 
31˚ (tanφ = 0.6). The experimental result demonstrated that tanφ of the submerged gravel particles was 1.5 times (0.6/0.4) 
larger than that of sphere particles due to the effect of shapes of gravel particles. A difference of particle shapes result in a 
noticeable difference in angle of repose. We discuss mechanism making the difference between these angles of repose 
from Figure 4. This figure shows that gravel particles shared a flat surface with others, however sphere particles contacted 
with others at a point. Gravels have a large surface area by its shape deviating from a sphere. Their contact surfaces were 
nearly flat. For this reason, when gravels move, gravels have a tendency to rotate with surrounding gravels by sharing 
contact surfaces. Then neighbouring gravels resist movements of gravel particles. We call this the engagement effect of 
gravels.  

The effect of the height of packed particles on the angle of repose was checked by slope failure experiments under the 
condition that height, length and width of packed particles were 1m respectively. The tip of travel distances of spheres 
(2.5m) and gravels (2.1m) became small in comparison with the previous experiments, but the tanφ (sphere: 0.4, gravels: 
0.6) were almost unchanged.  

3.2.2    Stopping process in slope failure 

Failure processes of particles are demonstrated with coordinate axes in Figure 5. When a wall was removed instantly, the 
slope failure of sphere particles progressed smoothly with time from the upper part to the lower part, and formed a stable 
slope. On the other hand, the slope failure of gravel particles is different from spheres. The lower part of gravel particles 
progressed more slowly due to large engagement effects among particles compared to spheres. Then, upper particles of 
gravel particles fell down. It took 9 seconds in gravel case and took 7 seconds in sphere case until stable condition of 
failure process. The tip of particles stopped at first, then following particles on slope surface gradually stopped in both 
spheres and gravels. The travel distance of tip of spheres (5.0m) was larger than that of gravels (4.3m). The difference of 
particle shapes cause difference in failure process and travel distance of tip particles. 

Conditions of channel bottom may have an influence on angle of repose φ. Therefore, we changed bed condition from 
fixed to movable bed. Particles were set with a height of 0.2m over the whole channel. Then, the tip travel distances 
became small for spheres (4.8m) and gravels (4.0m), because failure particles contact with the movable bed particles, and 
let them move. However, angles of repose of spheres (tanφ= 0.4) and gravels (tanφ= 0.6) hardly changed. Thus, tanφ is 
invariant under different conditions between fixed channel and movable bed channel.  

Figure 4b. Angle of repose of gravels in the water. Figure 4a. Angle of repose of spheres in the water. 

Sphere 
φ＝22° 
tanφ＝0.4 

Gravel 
φ＝31° 
tanφ＝0.6 
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3.2.3    Vertical sorting in slope failures 

Many large yellow and green particles in both spheres and gravels were seen on the surface after slope failures, as shown 
in Figure 6. Many small ones were located in lower part, as shown in Figure 5. Large particles tended to more parallel to 
the channel bed, but small particles tended to drop in the lower part of the channel. Consequently, the vertical sorting 
made particles of the surface larger. The longer travel distances of particles are, the more small particles fall into the gaps 
made by moving particles. Sphere and gravel size distributions at the surface after the failure are shown in Figure 7. 
Particle size distributions were measured at x=1-3m where particles moved actively. In the downstream section (x > 3m), 
the motion of tip particle groups were greatly influenced by the channel bottom. Most of the particles at the x < 1m did not 
move. Therefore, the measurement was carried out at 1m < x < 3m. The average sphere particle size (dm=81mm) on 
surface after the failure was larger than initially packed one (dm=70mm). Similarly, gravel particle size (dm=75mm) after the 
failure is larger than initial one (dm=70mm). 
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Figure 8 shows time changes in the ratios of average vertical travel distances ∆z of particle group to average horizontal 
travel distances ∆x of particle group in the slope failure. We chased particles of D=40mm (blue) and D=120mm (yellow) 
within x=0.8-1.2m, y=-0.3-0.3m and z=1.6-2.0m during the process of the slope failure. Both spheres and gravels formed a 
slope generally from start of failure to approximately 4 seconds. There were the difference in ∆z/∆x between small 
particles and large particles. This reason is that large particles move parallel to the channel bed, but small particles fall into 
gaps made by moving particles. Time of the large difference of spheres ∆z/∆x between small particles and large particles 
is longer than that of gravels. 

Particle volume concentrations in the center of the channel after slope failure were investigated in section shown in Figure 
9. The vertical distributions of the volume concentration are shown in Figure 10. Volume concentrations of large sphere 
particles on the surface are greater compared to gravels, as shown in Figures 6, 7 and Figure 10. It is one reason that 
engagement effect of gravels is strong and do not move actively. The other reason is that the longer travel distance of 
particles are easy to receive particles sort. We defined 0.3m from surface as particle moving layer in the slope failure. The 
porosity in the moving layer was larger than that before the failure, as shown in Figure 3 and Figure 10. There are two 
reasons. One reason is that vertical sorting occurred on surface, large particles were seen there mainly, and surface 
porosity became large. The other reason is that moving of particles made gap between them and small particles fall into 
there. Additionally increase in porosity on spheres (x=2.0m) surface within z=0.8-1.2m is gentler than that of gravels 
(x=2.0m), as shown in figure 10. Due to the engagement effect, gravel particles can stop in the high porosity state. 
However, about tip particles, vertical porosity distributions of sphere (x=4.0m) and gravel (x=3.5m) are similar, because 
particle height at the tip is nearly equivalent to particle size. Moreover, we confirm that tip particles consist of many large 
particles, porosity become large, as shown in Figure 10. It is easy for large particles to gather on the tip. The reason is that 
due to vertical sorting, volume concentrations of surface become small in comparison with lower part, and so large particle 
in surface is easy to move in comparison with small particle in lower part.  

 

Sphere Gravel

Figure 6a. Slope surface of sphere. 
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Figure 7b. Gravel size distribution after failure. 
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Figure 8. Time changes in the ratio of vertical travel distance ∆z and horizontal travel distance ∆x of spheres and gravels. 

Figure 9. Vertical distribution of volume concentrations. 
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Figure 10. Vertical distributions of volume concentrations after the failure. 
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4. CONCLUSIONS  

We discussed the effects of particle shapes and sizes on vertical sorting, angle of repose, changes of particle size 
distribution on the slope surface, shapes of slope failure and the porosity of particles in slope failure. Because gravels have 
different shapes compared to spheres, differences arise between them in resistance among particles, restraint of vertical 
sorting and vertical distribution of porosity in surface. Main conclusions drawn from the investigation are described as 
follows: 

1.    The angle of repose of the submerged sphere particles was φ =22˚ (tanφ= 0.4), and that of the gravel particles was φ 
= 31˚ (tanφ = 0.6). The experimental result demonstrated that tanφ of the submerged gravel particles was 1.5 times 
(0.6/0.4) larger than that of the sphere particles due to the effect of shapes of gravel particles. 
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2.    The slope failure of sphere particles progressed smoothly with time from the upper part to the lower part, and formed a 
stable slope. On the other hand, the slope failure of gravel particles is different from spheres. The lower part of gravel 
particles progressed more slowly due to large engagement effects among particles compared to spheres. Then, upper 
particles of gravel particles fell down. 

3.    The average sphere particle size (dm=81mm) on surface after the failure was larger than initially packed one 
(dm=70mm). Similarly, gravel particle size (dm=75mm) after the failure is larger than initial one (dm=70mm). We 
investigated time changes in the ratios of average vertical travel distances ∆z of particle group to average horizontal 
travel distances ∆x of particle group in the slope failure. The ratio ∆z/∆x of large particles is larger compared to small 
particles in both sphere and gravel slope failures. Time of the large difference of spheres ∆z/∆x between small 
particles and large particles is longer than that of gravels. 
 

4.    Porosities in the moving layer around 0.3m from the surface after failure was larger than that before the failure. Due to 
the engagement effect, gravel particles can stop in the high porosity condition in comparison with sphere particles. 
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