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Abstract. To understand the effect of size segregation in the depositional pro-
cess of debris flows, both flume experiments at the laboratory scale and numer-
ical simulations using the discrete element method (DEM) are performed. A va-
riety of particle size distributions with coarse and fine particles are adopted. It is 
found that larger particles tend to reach the front of the final deposits, while 
small particles are accumulated at the tail of the flows. Quantitative agreement 
is achieved in the DEM simulations, where rolling resistance and geometric 
roughness at boundaries are adopted to account for the effect of particle shape. 
With the DEM results, the effect of segregation on the runout distance is stud-
ied from the perspective of energy dissipation. The progress of segregation is 
analyzed in detail, which revealed that segregation occur slowly while the flow 
is propagating rapidly over the slopes; it becomes significant during the deposi-
tion stage, where more large particles are found near the surface. The effect of 
segregation in debris flow deposition can help better predict the runout distance 
and impact pressure, which is crucial in the assessment and mitigation of debris 
flow-related natural hazards. 

Keywords: Segregation, Debris flow, Flume experiment, DEM. 

1 Introduction 

Particle size segregation can be found in debris flows where coarse and fine grains 
tend to separate themselves according to their different sizes [1]. In general, small 
particles settle towards the bottom while large particles drift towards the surface [2–
4]. The occurrence of such segregation may enhance the runout distance and modify 
the deposit morphology, which are crucial in the assessment and mitigation of debris 
flow-related natural hazards [5–8]. 

To understand the effect of size segregation in the depositional process of debris 
flows, both flume experiments at the laboratory scale and numerical simulations using 
the discrete element method (DEM) are performed. Our focus is the effect of flow 
composition (i.e., particles size distributions) on flow dynamics, thus runout distance 
and deposit morphology. In the current preliminary work, we report a set of experi-
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ments with different concentrations of large and small particles, and propose a DEM 
model which captures the main flow behaviors by using spherical particles, rolling 
friction, and a dissipative base with geometric roughness. By calibrating input param-
eters independently for each species (i.e., large and small grains), the segregating 
behavior of the mixture of large and small grains can be reproduced without further 
calibration. The effects of segregation on the flow dynamics and deposit morphology 
are discussed. 

2 Experiments and Simulations 

2.1 Experimental Setup 

The experimental flume consists of a channel with two inclined segments and a hori-
zontal part, as shown in Fig. 1. The upper and lower slopes have the length of 2 m and 
1.5 m, and the angles of inclination of 38.3° and 17.5°, respectively. A tank (0.5 m 
long) is located at the top of the flume. The width of the whole channel is consistently 
0.35 m. In this paper, we define the start of the horizontal channel as 𝑥 = 0, x-axis 
points along the runout direction, and the z-axis points upward.  

The materials we use are rock fragments taken from a site of natural debris ava-
lanche in the Bayi Gully, Southwest China [9]. The size of “large” gains varies be-
tween 40 mm and 60 mm, while “small” grains are 10–20 mm in diameter. In this 
paper we report the results of four experiments, each has a different mass concentra-
tion of large grains, i.e., Φ୐ ൌ 0, 33.3%, 66.7% and 100%. In each experiment, dry 
rock fragments with a total mass of 60 kg is well mixed and poured into the tank. The 
gate of the tank is removed quickly to initiate the flow, which accelerates on the upper 
slope and deposit on the lower regions. After the cease of each flow, we measure the 
weight of large and small grains every 0.2 m along the channel, producing accumula-
tive percentage of mass for large, small, and all grains. 

 

Fig. 1. Flume and coordinate system. 
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2.2 Numerical Model 

Discrete element modeling of the experimental debris flows is performed using an 
opensource program, LIGGGHTS, which implements the Hertz model for the calcula-
tion of contact forces [10]. In this model, four material properties are used, namely, 
Young’s modulus E, Poisson’s ratio 𝜈, the coefficient of friction 𝜇, and the coefficient 
of restitution e.  

We use spherical particles with uniform size distribution to model the large (40–60 
mm) and small (10–20 mm) grains. The initial mass of each test is reproduced, as 
shown in Fig. 2. Note that due to the effect of gravity, a slight initial separation of the 
two species can be observed for the 33.3% and 66.7% cases. However, such an initial 
segregation is negligible compared to the major segregation stages, as we shall see in 
the later analysis. 

A layer of spherical beads is fixed as a rough bed on the surface of the entire chan-
nel [11]. Although in the experiments the bottom is made of flat plane, the roughened 
base is necessary in the DEM simulations due to the use of spherical particles. This 
treatment introduces several parameters, such as the size/distribution of base particles, 
and the contact parameters between the fixed and flowing particles. In this work, we 
arrange the base particles with a triangular close packing, and the particles size is set 
as 10 mm (see Fig. 2(e)). The choice makes sure that large grains can slide over the 
base layer, while small grains can accumulate at a lower slope, consistent with the 
experimental observations. The contact parameters between the flow and the bounda-
ry particles will be adjusted to match the experimental results, as presented later. 

Another necessary treatment resulting from the use of spherical particles is to em-
ploy a rolling friction model in the flowing particles. A rolling friction parameter, 𝜇௥, 
is used to account for the shape effect, which will be calibrated in the next section. 

 

 

Fig. 2. Numerical models. (a–d) The initial mass of 60 kg with an overall mass concentration of 
large particles 0, 33.3%, 66.7% and 100%, respectively. (e) The triangular arrangement of base 
particles with a size of 0.01m over the whole channel bottom. 
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2.3 Calibration and Validation 

Our uniaxial compression tests on single grains suggest a stiffness of 50 kN/mm. In 
the DEM model we use E = 109 Pa and ν = 0.25 for all particles, and we have verified 
that the results are not sensitive to these parameters. The tested angles of repose for 
large and small grains vary in a range of 31–36°, based on which we choose 𝜇 =0.5 
and 𝜇௥ = 0.2, which produce reasonable results in terms of the overall kinetics gained 
during each test. Since the collective behavior of a dense granular flow is not signifi-
cantly affected by the coefficient of restitution, we choose a low value of e = 0.2 to 
avoid unphysical collisions for the highly-energetic frontal grains. 

As the major parameters are chosen, we fine-tune the coefficient of friction be-
tween flowing particles and base particles, 𝜇௕, to match the final deposit in the two 
cases with only small and large grains, respectively. Good agreement is achieved for 
both species with 𝜇௕ = 0.18. The experimental and numerical deposits of the Φ୐ = 0 
case (i.e., only small grains) are presented in Fig. 3, which show a similar depositional 
behavior at the toe of the lower slope. In Fig. 4(a) we plot the comparison of cumula-
tive percentage of each species (i.e., large and small grains) when 𝜇௕ = 0.18 is used. 
In general, the deposit morphology is captured. However, note that a large discrepan-
cy appears at the front of the coarse-grain case. This is attributed to the fact that when 
large grains at the front leave the bulk, they can continue running for a longer distance 
than that in the experiment (where grains come to a halt easily due to shape effect). 
We mark these regimes of runny grains with the dashed lines in Fig. 4, which repre-
sent where only isolated grains present. The dash lines show that the discrepancy 
between numerical and experimental results mainly occur at these regimes. 

 

Fig. 3. Calibration of the Φ୐ = 0 case (purely small grains). (a) The final deposit in numerical 
simulation. (b) Side-view numerical deposit. (c) Side-view experiment deposit.   

The value (i.e., 𝜇௕ = 0.18) obtained through independent calibrations of the two spe-
cies is then applied in the mixture cases where both large and small grains exist (i.e., 
Φ୐ = 33.3% and 66.7%). As expected, the overall depositional behaviors can be cap-
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tured without further adjustment of parameters (Fig. 4(a)), and more importantly, the 
segregation behaviors are also well reproduced (Fig. 4(b)). By comparing the two 
panels in Fig. 4, it is clear that larger particles tend to reach the front of the final de-
posits, while small particles are accumulated at the tail of the flows. 

 

Fig. 4. Validation of numerical simulations by comparing the cumulative mass percentage of all 
(left panel) and large (right panel) grains along the channel. Symbols and lines are experimental 
and numerical results, respectively; colors and symbol types are explained in the legend. The 
dash lines represent frontal regions where grains remain loosely contacted (see text).  

3 Results 

3.1 Flow Dynamics 

As seen in Fig.4, despite the same initial mass (60 kg), thus the same potential energy, 
the runout distance is largely affected by the composition of debris flows. The case 
with purely large grains reaches a much longer distance after running out of the in-
clined channel. As the mass of small particles increases, the runout decreases. 

Figure 5 shows the temporal evolution of the average kinetic energy, ⟨𝐸௞⟩, for each 
case. Note that the vertical axis is in log scale. In the early stage (t < 2 s), the grains in 
the Φ୐ = 100% case gain an average kinetic energy which is greater than the other 
cases by a factor of 50–100. In other words, the energy dissipation increases signifi-
cantly with the increasing number of small particles. We attribute this particle size 
dependency of energy dissipation to the number of particle–particle contacts [12]. 
Indeed, more contacts occur in a flow of more small particles, given the same total 
mass, thus a higher dissipation of energy through sliding and collisions. As we can 
observe from both the experiments and simulations, the Φ୐ = 100% case presents a 
loose state where grains remain poorly connected until they start to deposit, while the 
flow in other cases is generally dense due to the presence of a large number of small 
grains. To demonstrate this, in Fig. 6 we plot the coordination number, Z, for each 
flow, which measures the average number of contacts. In the initial state, all cases 
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have Z > 4. It drops dramatically towards zero since the materials start to flow. When 
the flow reaches a slower slope or the horizontal region, deposition occurs and the 
number of contacts start to increase. However, Z only increases to a value below 2 in 
the Φ୐ = 100%, showing that the large grains therein are not flowing in a dense state.  

 

Fig. 5. Evolution of the average kinetic energy (⟨𝐸௞⟩) with time (t).  

 

Fig. 6. Evolution of the average number of contacts (Z) with time (t). 

3.2 Process of Segregation 

Next, we analyze the process of segregation in the two mixture cases, i.e., Φ୐  = 
33.3% and 66.7%. To monitor the occurrence of segregation, we divide the flow at 
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any moment as vertical bins with a width of 0.5 m. In each bin (No. i), we calculate 
the normalized (by local flow thickness) centers of mass for large and small particles, 
which are denoted as 𝐶௅

௜  and 𝐶௦௜, respectively. The local degree of segregation is then 
defined as 𝛼௜ ൌ ሺ𝐶௅

௜ െ 𝐶௦௜ሻ + 0.5. The addition of 0.5 is to define 𝛼௜ = 0.5 as the initial 
state when 𝐶௅

௜ ൌ 𝐶௦௜. The overall degree of segregation, 𝛼, is calculated by averaging 
over all bins where both large and small particles exist. Standard deviation is also 
recorded as the averaging step is performed, which represents the deviation of the 
state of segregation at different locations. 

Figure 8 shows the progress of segregation in the two mixture cases. As we noted 
in Fig. 2, a small amount of segregation already occurs in the initial state during the 
sample generation, which is however negligible compared to the later stage where 𝛼 
is close to 1. The standard deviation indicated by the length of error bars is the great-
est before deposition occurs (around 2 s). When most of the flow is on the slopes, 
segregation takes place slowly. Segregation becomes more significant in the deposi-
tion stage, where nearly all large particles emerge on the surface. 

 

 

Fig. 7. Progress of segregation. Left: Φ୐=33.3%. Right: Φ୐=66.7%. 

4 Concluding Remarks 

In this paper, flume experiments and DEM simulations are performed to understand 
the effect of segregation in the deposition process of debris flow. The flow dynamics 
and the progress of segregation are analyzed. The work is a preliminary study towards 
a better understanding of segregation in debris flow-like natural hazards. Future work 
will focus on creating experimental debris flows that are more relevant to natural 
debris flows, and exploring the energy dissipations in relation to particle size distribu-
tion and the mechanical aspects of segregation with the aid of DEM modeling. 
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