
1 INTRODUCTION  

Subaqueous grain flows are a common phenomena 
in rivers and deltas. Grain flows occur at the down-
stream side of river bars and dunes in the channel 
and in deltas formed in lakes or shores (Allen, 
1965). The slope is near the angle of repose and the 
flow is cohesionless. The sediments transported on 
the river bed may consist of various sizes of sand 
(D<2 mm) and gravel (D>2 mm). In such cases, 
sorting occurs in the grain flows, for example a 
downward coarsening. This leads to commonly ob-
served downward coarsening deposits with stratifi-
cation at about the dynamic angle of repose (Klein-
hans, 2004). Since the capacity of the river flow to 
entrain and transport the sediment anew is inversely 
related to the grain size, the sorting patterns affect 
the sediment transport and hence morphological 
change of river channels (Parker et al., 2000). 

Many experiments have been done with dry 
granular media of only two or three sizes (Makse, 
1997, Koeppe et al., 1998). Their experiments re-
sulted in mutually exclusive vertical grain-size seg-
regation or stratification. Which condition happened 
was ascribed to the static angles of repose (ϕ) of one 
grain size and of either one on top of the other. 
Large grains on top of small grains have a smaller ϕ 
(ϕls) than either pure small (with ϕs) or large grains 
(with ϕl), and small grains on top of large grains 

have a larger ϕ (ϕsl) (Makse, 1997). However, natu-
ral sediments consist of a continuous range of grain 
sizes and commonly show a combination of segrega-
tion and stratification. The larger the range of grain 
sizes in a grain flow, the more there is to sort out, 
but the relation between the standard deviation of 
grain sizes and the sorting is unknown. We present 
experimental observations of subaqueous grain 
flows with various grain size ranges to demonstrate 
the effect of grain size standard deviation on sorting 
and on the slope failure process. 

2 METHODS AND MATERIALS 

Grain flows were initiated on the self-formed down-
stream slope of a backward step (Fig. 1), mimicking 
the conditions of a delta (see Kleinhans, in press, for 
details on the experiments). As a consequence, the 
grains were introduced horizontally to the top of the 
slope by  flowing water rather than vertically as in 
many dry granular media experiments. The slope 
failure mechanism in the experiments is therefore 
the same as that in natural subaqueous grain flows: 
at the top of the slope a wedge of grains is built up 
(at the static angle of repose) due to the sudden flow 
expansion from the top of the delta to the water ba-
sin. At some point the wedge fails and a grain flow 
is initiated. The grain flow ends when it reaches the 
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slope break at the bottom of the basin (at the dy-
namic angle of repose which is smaller than the 
static angle of repose due to the momentum of the 
flow) (Allen, 1965). 
 

Figure 1. Experimental setup (top) and the result of the narrow 
mixture experiment (bottom). The smaller half of the mixture 
was light-coloured; the larger half dark-coloured. 
 

Figure 2. Grain size distributions of the feed mixtures. Note 
that the ψ scale is in powers of 2 and the mechanical sieves had 
diameters in between the fraction diameters on this scale. 

 
The basin had glass walls and was 0.07 m wide, 

0.2 m deep and much longer than the delta deposits. 
Three grain mixtures were used: with a wide (sand 
and gravel, N mixture of Kleinhans, in press), a me-
dium mixture (C1 experiment of Kleinhans, in press) 
and a narrow (gravel) distribution of sizes (M1 ex-
periment of Kleinhans, in press) (Fig. 2). For the 
wide mixture two feed rates were used to test repeat-
ability of the slope failure mechanism (large feed 
rate is experiment N3 and small feed rate is N11 of 
Kleinhans, in press). The mean grain size (Dm) is 
computed using:  
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where Dm=2ψ, ψi=grain size of fraction i and 
pi=probability of fraction. The standard deviation 
(σm) is computed using:  
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where σm=2σ. The experiments were videotaped for 
visual re-analysis. The frequency and duration of 
grain flows was determined by repeated visual tim-
ing of initiation and ending of grain flows on the 
video. During the experiments, the static and dy-
namic angles of repose were repetitively measured 
with an inclinometer. The delta deposits were sam-
pled in horizontal layers at heights z. The grain size 
distribution of the samples and feed mixtures were 
determined by mechanical sieving and reduced as 
mean grain size (Dz) and standard deviation (σz). 
The submerged density of the feed mixtures were 
determined with a balance and graduated cylinder. 

3 RESULTS 

3.1 Grain-size sorting 
Table 1. Basic experimental parameters. The water discharge is 
of the same order of magnitude as the feed rate. Density and 
feed rate (per m width) include the pore space; the pure grain 
density is 2650 kg m-3. Median grain flow frequency is given. ______________________________________________ 
Mixture* Dm  σm   Density   Feed rate 
    10-3 m 10-3 m 103 kg m-3 10-4 m2 s-1 ______________________________________________ 
narrow   3.71  1.66  1.72   5.7 
medium  2.71  2.36  1.83   7.1 
wide 1  1.18  2.85  1.78   1.8 
wide 2  1.18  2.85  1.78   5.4 
*: narrow=M1, medium=C1, wide1=N11, wide2=N3 in Fig. 3. ______________________________________________ 

Figure 3. Sorting in the deltas. Relative height is between basin 
floor (0) and water level (1). Relative grain size is ψz-ψm, 
where zero means the same grain size as the feed sediment. 
Relative std is σz/σm, where unity means the same standard de-
viation as the feed sediment. 

 
The basic parameters are given in Table 1. The 
down-slope local mean grain size and standard de-
viation are plotted relative to the values of the feed 
sediment as ψz-ψm and σz/σm (Fig. 3). All experi-
ments show gradual size-segregation as a down-
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slope increase of  mean grain size. The down-slope 
sorting rate of the narrow mixture is much smaller 
than of the wide mixture. The difference in sorting 
between the two feed rates with the wide mixture is 
much smaller. Only the experiments in the wide 
mixture showed some stratification.  

The standard deviation of the wide mixture is the 
smallest at the top and near the bottom of the slope, 
whereas for the narrower mixtures it is the smallest 
near the bottom. The wide mixture shows the largest 
standard deviation near the middle of the slope. The 
downstream end of the grain flows in wide mixtures 
show a sudden increase of standard deviation due to 
the addition of small grains. These settled from sus-
pension initiated at the delta top, and were not part 
of the grain flow. 

3.2 Slope failure and grain flow kinematics 

The slope failure mechanism clearly was the wedge 
building and failing as described by Allen (1965). 
The frequency for each experiment (Table 2) was 
fairly constant (with 80% of the grain flows within a 
factor of two). The experiment with larger feed rates 
had an accordingly larger frequency. The angles of 
repose varied between the mixtures but the differ-
ence between the static and dynamic angles of re-
pose was 5° for all experiments. The angle of the 
immobilised grain flow was largest near the top and 
bottom but a degree or so smaller in the middle of 
the slope. 

 
Table 2. Grain flow frequency and angles of repose. ______________________________________________ 
Mixture  Frequency  ϕstatic  ϕdynamic difference 
    10-1 s-1a   °   °   ° ______________________________________________ 
narrow  1.0    43±1  38±1  5 
medium  1.2    38±1  33±1  5 
wide 1  0.7    37±1  32±1  5 
wide 2  1.3    37±1  32±1  5 ______________________________________________ 
 

Figure 4. Sketch of the slope failure and sorting mechanisms. 
In the narrower mixtures, the grain flow drags and erodes 
grains that are overrun. In the wide mixture, the grain flow ini-
tiates down-slope failure of the much more stratified deposit of 
the previous grain flow, where the plane of failure is between 
the large and small grains. 

 
In all mixtures, but particularly so in the wide 

mixture, the slope of the grain flow on top of the de-
posit was covered with large grains. These large 
grains were then partly moved down-slope by the 
next grain flow. In the narrower mixtures, underly-

ing grains were dragged along by the grain flow at a 
velocity decreasing with depth in the grain flow 
(Fig. 4). In the wide mixture, on the other hand, the 
grain flow arriving at about half-way the slope initi-
ated a new slope failure of the large grains that had 
deposited in the previous grain flow. The first 
‘touch’ by the grain flow front initiated the new 
slope failure. The large grains that failed were lying 
on smaller grains as part of the stratification pattern. 
The grain flows quickly caught up with the failed 
slope material to end as one large grain flow when 
the bottom of the basin was reached. 

4 DISCUSSION 

The mixture with the largest standard deviation 
clearly has the largest down-slope sorting. Repeated 
experiments with different sediment feed rate af-
fected the down-slope sorting only to limited extent 
(Kleinhans, in press). 

The effect of wedge volume on slope instability 
was studied. The submerged weight of the wedge at 
the moment of wedge failure was computed from the 
sediment feed rate and the grain flow frequency. The 
weight of the wedges in all experiments is within a 
factor of two with no relation between mixture stan-
dard deviation and wedge volume. In other words, 
the wedge volume of the wide mixture was not sig-
nificantly different from the narrow mixture in re-
petitive experiments. Also the difference between 
static and dynamic angles of repose was about equal 
for the mixtures. The weight of the wedge can there-
fore not explain the type of slope failure observed in 
the wide mixture. 

Stratification due to kinematic sorting on slope 
stability affects slope stability. Stratification oc-
curred in the grain flows even though the dominant 
sorting pattern is the gradual down-slope segrega-
tion. This stratification was the best developed on 
the middle of the slope of the wide mixture, which is 
also indicated by the standard deviation which is 
largest in middle. It is also at this point that the slope 
in the wide mixture fails initiated by the grain flow. 

We explain the contrasting dynamics of the nar-
row and wide mixture by the stronger stratification 
due to kinematic sorting in the wide mixture. The 
stronger stratification causes the (static) ϕls at the 
middle of the slope to be smaller, and therefore the 
grains are less stable at this point. The friction angle 
is only slightly smaller than the topographical angle 
of the deposit and therefore a small disturbance of a 
new grain flow is enough to initiate slope failure.  

5 CONCLUSIONS 

Grain flows with a range of grain sizes demonstrate 
gradual down-slope size-segregation and stratifica-

narrow widenarrow wide



tion. The mixture standard deviation determines the 
sorting rate in a simple way: the more there is to 
sort, the more is sorted. In narrow mixtures the grain 
flows drag and erode sediment at their base, which 
increases the down-slope sorting rate. In wide mix-
tures stratification due to kinematic sieving is more 
pronounced. This is ascribed to a similar phenome-
non as in dry granular media: larger grains on 
smaller grains have a smaller angle of repose, the 
slope fails more easily, triggered by the grain flow. 
The down-slope sorting will therefore be even more 
effective than due to the drag and erosion mecha-
nism. This is an added effect of mixture standard 
deviation on down-slope sorting in grain flows. It is 
not clear yet how representative angles of repose 
grains of various sizes on smaller sizes must be 
computed to model the sorting. 
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