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Abstract
An in-depth understanding of debris flow erosion is crucial for estimating debris flow magnitude and evaluating its risk. 
Although the mechanisms of debris flow erosion have been widely explored by previous studies, channel downcutting and 
lateral erosion of debris flows over irregular erodible beds are still poorly understood. Here, we investigate the debris flow 
erosion characteristics in non-uniform erodible beds with variable cross-sections based on a series of small-scale flume 
experiments. We quantify the effects of debris flow density, bed slope, bed fine particle content, and channel narrowness on 
downcutting and lateral erosion. Downcutting Erosion Depths (DED) first increased linearly with the debris-flow density 
and bed slope; however, it exhibited a decrease afterward and an increasing trend with the narrower channel. The maximum 
DED was observed when the channel narrowness was 0.7. Similarly, a total erosion efficiency was introduced to measure 
the intensity of debris flow erosion. The efficiency increased linearly with the flume slope and decreased with the fine 
particle content of the bed and debris flow density. On the other hand, the efficiency grew exponentially with the channel 
narrowness. A dimensionless parameter, defined as the ratio of downward erosion to lateral erosion, was utilized to assess 
the relative importance of the downward and lateral erosion of the debris flow. Experimental results show that the ratio is 
positively correlated with debris flow density and flume slope. Notably, the effect of bed fine particle content was relatively 
weak, and downward erosion overwhelmed lateral erosion for significant channel narrowing. Furthermore, the ratio increased 
logarithmically with the channel narrowness, whereas the lateral erosion exceeded the downward erosion for smaller nar-
rowness and vice versa. Our experimental results demonstrate that the amount and mechanism of debris flow erosion may 
differ significantly in irregular erodible beds.
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Introduction

Large-scale landslides triggered by earthquakes or rain-
storms in alpine valleys deposit huge volumes of soils and 
rocks in their channels that significantly alter the channel 
morphology and are the potential sediment source for sub-
sequent debris flows (Whipple and Dunne 1992; Zhang 
and Zhang 2017; Zhang et al. 2019). Previous research has 
shown that a narrow channel obstructed by a landslide dam 

can significantly enhance the sediment transport capacity 
(Croissant et al. 2017) For instance, several narrow sections 
in the channel significantly intensified the debris flow ero-
sion during the 2010 Zhouqu and 2022 Meilong debris flow 
(Ning et al. 2022; Hu et al. 2011).

Several studies have discussed the lateral erosion phe-
nomena due to debris flow (Al-Riffai 2014; Lyu et  al. 
2017). Lateral erosion increases both the density and fric-
tional resistance of the debris flow (Berti et al. 1999; Breien 
et al. 2008; Godt and Coe 2007). The continuous change 
in debris flow density frictional resistance (Hungr et al. 
2005) increases or decreases debris flow velocity (Man-
geney et al. 2010). Numerous studies have also discussed 
the process of downward erosion (Breien et al. 2008; Godt 
and Coe 2007; Li et al. 2018). Several variables, including 
debris flow depth(Berger et al. 2011; Schürch et al. 2011), 
bed slope (Theule et al. 2015), shear stress (Berger et al. 
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2011; Han et al. 2015a, b; Schürch et al. 2011), particle 
collision stress(Han et al. 2015a, b), and the water content 
(Iverson et al. 2011) are positively correlated with the rate 
of downward erosion. Meanwhile, debris flow erosion also 
plays a critical role in increasing the volume of debris flow 
and changing the properties of debris flow, such as density, 
rheology, and flow velocity (Berti and Simoni 2005; Hungr 
et al. 2005, 1984; Iverson 1997; McDougall and Hungr 
2005), which significantly increases the instability and 
destructiveness of debris flow (Lyu et al. 2018).

Field observations of debris flows can be highly challeng-
ing due to their instability and destructive nature. Therefore, 
flume tests have become essential for studying debris flow 
erosion (De Haas et al. 2015; De Haas and Van Woerkom 
2016; Egashira and Ashida 1987; Hsu et al. 2008). However, 
current flume tests often simulate debris flows for constant 
bed width. This approach, while informative, may overlook 
a key factor in the natural dynamics of debris flows— the 
effect of narrowing erodible beds. As channels experience 
changes in width, it can impact flow velocity, shear stress, 
and the overall erosive potential of debris flows (Hu et al. 
2013). Ignoring these dynamic bed width variations may 
limit the realism of flume experiments and hinder a compre-
hensive understanding of debris flow erosion.

Our study aims to investigate erosional mechanisms when 
debris flows pass through narrowing erodible beds. Specifi-
cally, we aim to identify and quantify the influences of chan-
nel narrowness, bed fine particle content, bed slope, and 
debris flow density on debris flow erosion. During the exper-
iment, we recorded vital parameters, such as flow velocity, 
depth, and DED, as the debris flow passed over the narrow-
ing erodible beds. This enabled us to quantify the impact of 
bed narrowing on DED and erosion efficiency. Additionally, 
we have introduced a crucial dimensionless parameter (ξ) to 
assess the relative importance of the downward and lateral 
erosion of the debris flow. This parameter will provide a 
clear understanding of the dynamic process of debris flow 
under varying channel narrowness, particularly focusing on 
erosion behavior in different directions.

Materials and methods

Experimental setup

Experiments were conducted in a 7.0 m long, 0.6 m wide, 
and 1.0 m high flume with an erodible, unsaturated, and 
loosely packed unconsolidated bed (Fig. 1). The downstream 
part functioned as a reservoir with a volume of 1.2 m3 for 
gathering tail debris flow. Likewise, the experimental flume 
in the middle comprised a fixed bed of 2 m and an erod-
ible bed of 5 m. The fixed bed aimed to stabilize the flow 
and reduce turbulent inflow. The sediment thickness in the 

erodible bed segment was 0.3 m and maintained a uniform 
slope. The thickness of the erodible bed had been designed 
to be greater than the maximum depth to be entrained in 
all cases. A gently sloping section with varying widths was 
integrated into the erodible bed, which was 0.3 m high. The 
ratio of the cross-sectional area of the loose accumulations 
in the bed to the total area of the bed was defined as chan-
nel narrowness (k, which is defined as shown in Fig. 1d). 
The corresponding k values were 0, 0.25, 0.4, 0.55, and 0.7, 
indicating different lateral constrictions (Fig. 1d).

The shape of the bed also impacts the flow characteristics 
of the debris flow in the experiments (Lyu et al. 2017). The 
geometry of the bed included one sloping bank while the 
other coincided with the vertical glass flume wall. For sim-
plicity, the frictional resistance near both banks of a chan-
nel was assumed to be the same. The glass sidewalls, often 
with smooth surfaces, did not play a significant role in the 
flow dynamics (Lyu et al. 2017; Han et al. 2015a, b). Since 
flow resistance near the glass sidewalls is usually lower than 
that of natural banks, the longitudinal velocity distribution 
near the glass sidewalls represented the velocity along the 
longitudinal centerline in our case. Even though several limi-
tations related to this geometry might have influenced the 
debris flow features, this approach was believed to apply to 
the erosion analysis when debris flows pass through a narrow 
section in the bed (Lyu et al. 2017).

Material composition

The debris flow material and the bedding soil on the flume 
were obtained from undisturbed soil samples from Jiangjia 
gully that had undergone screening. The debris flow material 
was sieved through a 2 cm mesh. Subsequently, the soil was 
mixed with water to a volume of 0.3 m3, according to the 
established density. The well-mixed debris flow was then 
placed in the hopper. The particle size distribution curve 
for the undisturbed soil of Jiangjia gully was obtained from 
the particle analysis experiment (Fig. 2). Considering the 
limitations of the Jiangjia gully undisturbed soil and actual 
site conditions for the bed soil, we maintained a fixed (20%) 
percentage of coarse particles (10–20 mm) in the bed soil, 
while changed the content of particles with a diameter less 
than 2 mm (d < 2 mm), subsequently altering the ratio of clay 
particles (d < 0.005 mm). The straight shear test resulted in 
a soil friction angle of 30°.

Experimental instrument

A digital camera (Panasonic, named camera 1) with a resolu-
tion of 1440 × 1080 pixels and a frame rate of 25 frames per 
second (fps) was installed at the top of section AB to record 
the debris flow front kinetics (Fig. 2). A second digital cam-
era with the same resolution and fps (denoted as camera 2) 
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was fixed on one side of the setup to record the downward 
erosion process. During the experiment, two laser sensors 
(Leuze ODSL, named MLM 1 and 2) were used to measure 
the debris flow depth in sections AB and BC. The sensors 
had an error margin of 1 mm and a sampling frequency of 

12 Hz. Two GoPros, each with a resolution of 2560*1440 
pixels and a high frame rate of 240 frames, were installed at 
the top of sections AB and BC. The velocity for both cross-
sections was obtained using PIV plugins (Particle Image 
Velocimetry, a MATLAB plug-in), which have several 

Fig. 1   (a) Experimental flume. (b) The profile view of the flume. (c) The top view of the flume. (d) O–O’ profile (The diagram shows a bed with 
a channel narrowness of 0.4, and all numbers are in mm)
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advantages, including a wider measurement range and real-
time capabilities—compared to traditional methods.

Experimental procedure and data analysis

Flume experiments were conducted for 45 different cases 
with varying parameters, including debris flow density (ρ), 
bed slope (S), bed fine particle content (w), and channel 
narrowness (k). We selected three bulk density values (1.5, 
1.7, and 1.9) to represent dilute, sub-viscous, and viscous 
debris flows observed in nature (Jakob et al. 2005). Slopes 
of 8°, 11°, and 14° were chosen, where 8° represents the 
accumulation fan slope, 14° the circulation zone slope, 
and 11° an intermediate slope. Additionally, we analyzed 
accumulation deposit geometries in debris flow catchment 
and selected channel narrowness values of 0, 0.25, 0.4, 
0.55, and 0.7. Bed fine particle content was varied from 
0 to 45% at equal intervals of 15% to assess its impact 
on debris flow erosion under typical study conditions. A 
summary of the variables from all experiments is shown 
in Table 1. For each case, two tests were conducted to 
account for the effects of natural variability. In each test, 
the debris flow was continuously agitated with a stirrer 
before releasing from the flume outlet to prevent consoli-
dation and phase separation. During each test, the hopper 
outlet was raised for 1 s, triggering the data acquisition 
system that consisted of each pair of digital cameras, 
GoPros, and laser sensors. The PIV plug-in calculated 
the debris flow velocity (Patalano 2017). The computed 
velocity's reliability depended on the image's quality, so 
we adjusted the image by comparing it to reduce the errors 
(Gao 2006). DED was measured by placing colored sand 
markers. The markers were placed at 20 cm intervals ver-
tically and 10 cm intervals horizontally. After the debris 
flow, we measured DED by determining the remaining 

height of the colored sand, excluding the debris flow 
accumulation. Finally, the remaining width of the narrow 
section was determined and used to calculate the lateral 
spread rate. All the erosion rate data for downcutting depth 
or lateral erosion rate mentioned below are OO’ sections 
(Fig. 1b).

Bed erosion by debris f low may occur when sedi-
ment is mobilized by basal shear forces (Hungr et al. 
2005; Takahashi 1981). It may also be related to grain 
collisional stresses arising from the shear of granular 
material (Hsu et al. 2008; Stock and Dietrich 2006). 
The basal shear force exerted on the bed by the flow-
ing mixture of debris was estimated through its shear 
stress ( �∕Pa):

where ρ is debris flow density ( kg∕m3 ), g is the gravitational 
acceleration ( m∕s2 ), H is the debris flow depth (m), and S 
is the slope of the bed (°). We approximated the debris flow 
density for a thoroughly mixed flow, using the maximum 
flow depth as an input. Nonetheless, this introduces minor 
errors, as the flow depth and density are not constant over 
time. This is because the flow front typically develops a rela-
tively high solids fraction.

(1)� = �gH sin(S)

Fig. 2   Particle-size distribution of undisturbed soil in Jiangjia gully

Table 1   Experimental parameters for each group

Test ID ‘ND1,2,3’ represents ‘debris flow density ρ = 1.5, 1.7,1.9  g/
cm3’;
‘NP1, 2, 3, 4’ represents ‘fine particle content of the bed w = 0, 15, 30, 
45%’;
‘NS1, 2, 3’represents ‘channel slope S = 8, 11, 14°’;
In all test IDs, ‘a, b, c, d, and e’ represent ‘channel narrowness 
k = 0,0.25,0.4,0.55,0.7’

Test ID Debris flow 
density ρ (g/
cm3)

Channel 
narrowness 
k (-)

Fine particle 
content of the 
bed w (%)

Slope S (°)

ND1, 2, 3-a 1.5, 1.7, 1.9 0 0 11
ND1, 2, 3-b 1.5, 1.7, 1.9 0.25 0 11
ND1, 2, 3-c 1.5, 1.7, 1.9 0.4 0 11
ND1, 2, 3-d 1.5, 1.7, 1.9 0.55 0 11
ND1, 2, 3-e 1.5, 1.7, 1.9 0.7 0 11
NP1, 2, 3, 4-a 1.5 0 0, 15, 30, 45 11
NP1, 2, 3, 4-b 1.5 0.25 0, 15, 30, 45 11
NP1, 2, 3, 4-c 1.5 0.4 0, 15, 30, 45 11
NP1, 2, 3, 4-d 1.5 0.55 0, 15, 30, 45 11
NP1, 2, 3, 4-e 1.5 0.7 0, 15, 30, 45 11
NS1, 2, 3-a 1.5 0 0 8, 11, 14
NS1, 2, 3-b 1.5 0.25 0 8, 11, 14
NS1, 2, 3-c 1.5 0.4 0 8, 11, 14
NS1, 2, 3-d 1.5 0.55 0 8, 11, 14
NS1, 2, 3-e 1.5 0.7 0 8, 11, 14
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The collisional stress (бgc/Pa) in the experimental 
debris flow can be calculated as follows (Hsu et al. 2008; 
Stock and Dietrich 2006)

where vs is the volume solids fraction, �s is the density of 
solid particles ( kg∕m3 ), and D is the characteristic particle 
diameter (m), approximated as the median particle size of 
the debris flow. The shear rate y(s-1) is defined as (Iverson 
1997; Iverson et al. 1997; Savage and Hutter 1989):

where u is the debris flow velocity (m/s). Our study's approx-
imation of the shear rate assumes a linear vertical veloc-
ity distribution. In reality, debris flows often deviate from 
linearity in their vertical velocity distribution (Kaitna et al. 
2014). However, due to a lack of available data on the verti-
cal velocity distribution of the experimental debris flows 
presented here, we estimate the shear rate using Eq. 3.

(2)�gc = vs�sD
2
�
2

(3)� =
u

H

Results

Erosion process of channel narrowing

Following the passage through the narrow section, the 
debris flow characteristics, including flow velocity, depth, 
and Froude Number (Fr), underwent alterations, impacting 
the erosion dynamics.

Emerging from the hopper, the debris flow traversed the 
upstream fixed bed segment, transitioning into a stable flow 
state. The debris flow movement, which induced significant 
erosion on the bed material, was influenced largely by the 
incoming flow velocity and the channel's narrowness. Our 
experimental findings highlighted that in the initial phases of 
a debris flow, the incoming flow exhibited notable strength, 
characterized by the high velocity at the debris flow head, 
resulting in turbulent and chaotic disturbed flow patterns 
with intense turbulence (Fig. 3). Notably, the erosion at 
the narrow section's front end predominantly manifested 
as impact erosion due to the debris flow's high-speed flow 

Fig. 3   Erosion process at the front end of the narrow channel (a, b, c, and d are k = 0.15, 0.4, 0.55, and 0.7, respectively)
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and vigorous impact, causing sharp impacts and abrasion 
on the accumulation body at the front end (t = 1.5–2.05 s of 
Fig. 3a, b c and d). As the debris flow progressed, approach-
ing a more stabilized flow state, the initial kinetic energy 
and impact force diminished, leading to a gradual decline 
in impact erosion on the accumulation body at the front 
end (t = 2.75–3.55 s of Fig. 3a, b c and d). This transitional 
phase reveals two erosion patterns—impact and shear ero-
sion. Impact erosion is prominent in wider channels due to 
the fluid's rapid flow, while shear erosion dominates in nar-
rower channels, differing from impact erosion yet similarly 
converging toward stability.

Upon the debris flow entry into the middle section of the 
narrow channel, a distinct erosion process emerged—com-
pared to those at the front. Illustrated in Fig. 4, the lateral 
erosion process in this section is exemplified using NP1-d. 
Initially, the debris flow swiftly advanced downstream on 
the lower side, causing substantial erosion of the channel 
material. Ongoing experimentation in which the bottom bed 
did not contain fine particles revealed continuous scouring 
and deepening of the channel, alongside recurring collapses 
along the higher channel side, as depicted at 1.2 s in Fig. 4. 
This evolution was marked by the gradual widening of the 
channel, characterized by the interplay between down-cut 
and lateral erosion. In the initial erosion phase, shear stress 
between debris flows governed the erosion process, with 
widening channel beds leading to increased height of steep 
thresholds and reduced bank stability. Subsequently, in the 
channel bank collapse stage, steep slopes formed at the bank 
edges due to the sole interaction of debris flow with the soil 
at the steep slope bottom. This interaction triggered the grav-
itational failure of the upper soil, predominantly observed as 
overturning failure at t = 3.25 s (Fig. 4g). Significantly, the 

presence of fine particles in the soil influenced the channel 
material's erosion mechanism. Figure 5 illustrates the pro-
cess of lateral erosion occurring in the middle of the narrow 
section under high fine particle content in the bed. Upon the 
start of the experiment, the debris flow rapidly flooded into 
the lateral accumulations, quickly saturating the surface soil. 
As a result of the impact and infiltration of the debris flow, 
the surface soil of the accumulations gradually became loose 
and started to peel off. With the ongoing inflow and impact 
of the debris flow, the peeling of the surface soil intensifies. 
The flow depth of the debris flow controlled this process.

Erosion depth and influencing factors

We systematically assessed the factors influencing the maxi-
mum DED of OO' profile, including the effects of channel 
narrowness, bed composition and slope, and debris flow 
density. Linear regression analyses were used to statistically 
assess the relationships between the maximum DED and 
flow velocity, debris flow depth, flume slope, debris flow 
density, bed fine particle content, grain collisional stress, and 
shear stress (Fig. 6). The results indicate a linear relationship 
between variables and erosion depth, but other relationships, 
such as exponential or logarithmic, cannot be excluded. It 
is important to note that the variability of debris flow, the 
highly variable and stochastic bed erosion processes, and 
the limited sample contributed to relatively weak statistical 
significance and relatively high p-values.

The maximum DED increased as the debris flow veloc-
ity, depth, bed slope, and shear stress gradually increased 
(Fig. 6a, b, and d). However, the relationship between 
grain collisional stress and maximum DED calculated 
from Eq. 3 shows poor correlation (Fig. 6c). Therefore, 

Fig. 4   Temporal variations in lateral erosion within a narrow channel section lacking fine particles (NP1-d) (a, b, c, d, e, f:  Diagrams of the bed 
lateral erosion process without fine particles; g: Photos of the bed lateral erosion process without fine particles)
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we carried out a detailed analysis of the relationship 
between erosion depth and these variables. At different 
channel narrowness, the DED increased significantly with 
the increase of debris flow velocity (Fig. 6a). The linear 
determination coefficient (R2) ranged from 0.04 to 0.66, 
with the slope of the curve ranging from 0.1 to 2.13. We 
observed that R2 was highest at a channel narrowness of 
0.4 and lowest at a channel narrowness of 0.7, showing lit-
tle correlation. The debris flow depth exhibited an increase 
with the channel narrowness. The maximum debris flow 
depth was 0.23 m and occurred at the channel narrowness 
of 0.55. As the debris flow depth increased, the erosion 
depth also increased significantly. However, the relation-
ship between debris flow shear stress and DED exhibited 
significant scatter, with R2 ranging from 0.11 to 0.43. 
As the degree of narrowing increased from 0 to 0.55, R2 
showed a gradual decrease. When the narrowing reached 
0.7, R2 attained a maximum value of 0.43 (Fig. 6d).

Previous studies have shown that slope is the main factor 
influencing debris flow erosion: as the slope increases, so 
does the depth of erosion (Borrelli et al. 2020; Breien et al. 
2008; Stock and Dietrich 2006). Our experiments observed 
the relationship between DED and slope at different degrees 
of bed narrowing (Fig. 6e). The results indicate a high deter-
mination coefficient for each degree of narrowing, ranging 
from 0.54 to 0.98. Fitted curves can effectively explain the 
observed change in DED with slope. Several studies, for 
instance (Prochaska et al. 2008), have also mentioned that 
the debris flow velocity increases with the increasing slope. 
As mentioned above, there is a positive correlation between 
debris flow velocity and erosion depth (Fig. 6a).

The experiments demonstrate the critical effect of bed fine 
particle content on debris flow erosion (Fig. 6g). When no fine 
particles are present in the bed, the data points are relatively 
discrete. We speculate that when the fine particle content 
is 0, the lateral soils are more prone to collapse, preventing 
downward erosion. As the bed fine particle content increased 
from 15 to 30%, erosion decreased; nevertheless, the erosion 
depth increased upon further augmentation to 45%. This trend 
was consistent across all channel narrowness except 0.7. We 
infer that the anomaly is due to the convergence of the center 
streamlines at a more considerable channel narrowness.

Our experimental results show that with the increase of 
the degree of bed narrowing, DED tends to decrease first and 
then increase and reaches its lowest value when k = 0.25 and 
a maximum value at k = 0.7 (Fig. 6h). It can be explained by 
the shrinkage in cross-section area when the debris flows 
pass over narrowing erodible beds, and the corresponding in 
debris flow velocity and depth. At higher flow velocities and 
depths (Fig. 6a and b), debris flows are more likely to erode 
the bed. Therefore, we can establish a relationship between 
the channel narrowness, bed cross-sectional area, and the 
debris flow depth. This implies that the narrower the bed 
and its cross-sectional area, the higher the flow depth and 
the more intense the erosion.

Erosion efficiency

We defined erosion efficiency (Es) as the sum of the down-
cutting erosion rate and the lateral expansion rate, which 
assesses the intensity of debris flow erosion, as illustrated 
by the formula below:

Fig. 5   Temporal variations in lateral erosion within the narrow section containing 45% fine particles (NP1-d) (a, b, c, d, e, f: Diagrams of the 
bed lateral erosion process with fine particles; g: Photos of the bed lateral erosion process without fine particles) 
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where Ed is the downcutting erosion rate (cm/s); El is the 
lateral erosion rate (cm/s). The change in erosion efficiency 
is closely related to many factors, including bed slope, 

(4)Es = Ed + El
bed fine particle content, debris flow density, and channel 
narrowness.

An increase in bed slope leads to an increase in erosion 
efficiency (Fig. 7a), which can be attributed to the increases 
in debris flow velocity that result in deeper incisions (Fig. 6a). 

Fig. 6   Relation between the 
maximum erosion depth in the 
middle of the narrow bed and 
bed slope, flow velocity, flow 
depth, discharge, shear stress 
and grain collisional stress, 
debris flow density, bed fine 
particle content, and channel 
narrowness. (No regression 
lines are plotted for grain col-
lisional stress and bed fine par-
ticle content due to the absence 
of a correlation)
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A higher slope provides more kinetic energy for the debris 
flow, leading to more effective erosion. The linear regression 
results show that as the channel narrowness increased from 0 
to 0.7, the bed slope’s effect on erosion decreased. The slope 
had the most substantial impact on erosion at k = 0.55. This 
suggests that the enhancing effect of increasing slope on ero-
sion is closely related to the channel narrowness.

An increase in the bed's fine particle content leads to 
decreased erosion efficiency. This is because the poros-
ity gradually decreases as the bed's fine particle content 
increases. The smaller bed particles fill the existing pores, 
making them dense and slowing down erosion. Decreased 
porosity affects water distribution in the bed, changing the 
hydraulic conditions and influencing the erosion intensity. 
Linear regression results show that the slope of the curve 
decreases from -0.01 to -0.03 as the degree of narrow-
ing increases from 0 to 0.7. With the degree of narrowing 
increasing from 0.25 to 0.7, the absolute slope of the fitted 
line decreased, ranging from -0.124 to -0.035. This suggests 
that the effect of bed fine particle content on debris flow 
gradually increases as the channel narrows. The effect is 
more pronounced in narrower channels, increasing the resist-
ance to debris flow mobility and erosion.

As debris flow density increases, the suspension and 
movement are impeded, thus slowing the velocity and low-
ering the energy and erosion efficiency (Fig. 7c). The fitting 
results indicate that an increase in the degree of narrowing 
leads to higher erosion efficiency. The erosion efficiency 
increases exponentially with the rise in the channel narrow-
ness (Fig. 7d). This is attributed to debris flow becoming 
more concentrated and rapid in the bed. The concentrated 
and rapid flow may enhance erosion, especially when it 
passes through narrow channels.

Relationship between the ratio of erosion rates 
and various parameters

We define a dimensionless parameter ξ that represents the 
ratio of the downward erosion rate to the later expansion 
rate as follows:

The purpose of this parameter is to indicate the relative 
importance of lateral and vertical erosion of debris flows. If 
ξ > 1, it indicates a relatively high downward erosion rate, 

(5)� = Ed∕El

Fig. 7   The relationship between erosion efficiency and various parameters
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implying more incision. If ξ < 1, it indicates a relatively high 
rate of later expansion, signifying more lateral extension. 
When ξ = 1, it indicates a relative balance between the inci-
sion rate and lateral extension rate. In this case, debris flow 
erosion may have similar characteristics laterally and verti-
cally. By looking at the value of ξ, we can infer the main 
direction of erosion under different conditions.

In general, ξ and debris flow density have an inverse rela-
tion (Fig. 8a), suggesting that the debris flow is concentrated 
on a downward incision rather than expanding laterally. In our 
experiments, ξ is less than 1 in all cases except for k = 0.25, 
which means that debris flow is more easily to incise the bed 
when the channel narrowness is larger, where lateral expansion 
plays a leading role in less narrowing. The results of the linear 
fit show that as channel narrowness increases, the absolute 
value of the fitted curve slope decreases in larger narrowing. 
This suggests that the effect of debris flow density on erosion 
gradually decreases as the bed narrows.

As the slope increases, ξ also increases (Fig. 8b), implying 
a relative rise in the downward erosion as the slope becomes 
steeper. Debris flows in steep slopes tend to incise more strongly, 
possibly because the increased slope imparts more kinetic energy, 
leading to a more efficient downward incision along the main 
flow line. In addition, the linear fit shows that as the channel 

narrows, so does the slope of the fitted curve. It suggests that the 
effect of slope on ξ further enhances as the bed narrows.

The effect of bed fine particle content on ξ is compara-
ble with debris flow density but not obvious (Fig. 8c). For 
minor channel narrowness (k = 0.25 and 0.4), the slopes of 
the fitted curves are negative, meaning the increasing the 
bed fine particle content appears to cause more lateral ero-
sion. However, the slopes of the fitted curves are positive 
when the channel narrowness is greater (k = 0.55 and 0.7). 
That means the effect of fine particles on erosion gradually 
increases with the channel narrowness. Meanwhile, when 
k = 0.25, ξ < 1, signifies that lateral erosion dominates.

We also summarize the effect of the channel narrow-
ness on ξ. It was observed that as the channel narrowness 
increases, ξ increases logarithmically (Fig. 8d). Consistent 
with the previous cases (Fig. 5a, b, and c), ξ is still less 
than 1 when k = 0.25. It suggests lateral erosion is still 
dominant at a small channel narrowness. However, with 
a further increase in the channel narrowness, ξ gradually 
exceeds 1, indicating that incise erosion becomes more 
significant at a larger channel narrowness. This empha-
sizes the vital effects of bed narrowing on debris flow ero-
sion. Our experiments showed that the lateral collapse area 
was smaller for a large channel narrowness (k = 0.55/0.7) 

Fig. 8   The relationship between the ratio of erosion rates and various parameters (downcutting erosion rate divided by lateral spreading rate)
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(Fig. 9a and b). Conversely, the lateral collapse was more 
pronounced, and the collapse area was larger for a small 
channel narrowness (k = 0.25/0.4) (Fig. 9c and d). Addi-
tionally, the relative collapse area (the value of the actual 
collapse area divided by the area of the initial narrow bed 
part) increased with the channel narrowness (Fig. 9).

Discussion

Effects of debris flow characteristic on erosion

Our experiment demonstrates that factors such as basal shear 
stress, flow velocity, flow depth, bed fine particle content, 

Fig. 9   Lateral erosion characteristics in the middle section of the narrowing part with time, (a), (b), (c), and (d) is the lateral erosion process 
when the channel narrowness is 0.7, 0.55, 0.4, and 0.25, respectively
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channel narrowness, and channel slope significantly impact 
debris flow erosion (Fig. 6). This is consistent with the previ-
ous natural debris flows (Chen et al. 2006; Rickenmann et al. 
2003; Theule et al. 2015). Increased basal shear stress can 
lead to more erosion, while higher flow velocities and flow 
depths also have a significant effect on erosion. In addition, 
changes in bed fine particle content may alter the stability of 
the bed, which affects the debris flow erosion. Conversely, a 
stepper bed may expose debris flows to larger shear forces, 

further exacerbating erosion. The Froude number (Fr) is an 
important parameter to describe debris flow characteristics. 
In general, the Froude number increases as the flow velocity 
increases, which leads to a more chaotic flow pattern. This 
implies an increase in the erosive capacity of the debris flow 
(de Haas et al. 2022; Lyu et al. 2017).

However, we observed an unexpected trend in our experi-
ments: as the channel narrowness increased, the Froude 
number (Fr) of the debris flow gradually decreased (Fig. 10). 

Fig. 9   (continued)
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Despite that, the erosion depth increased (Fig. 6h). This con-
tradictory result may be due to an increase in the channel 
narrowness, the narrow bed restricting the lateral expansion 
of the debris flow, leading to an increase in the debris flow 
depth. Although the Fr decreases, the higher depth of the 
debris flow may have led to increased erosion.

The relatively minor role of grain collisional stress in 
controlling debris flow erosion in our experiment contrasts 
with observations of debris flow erosion in the field (Hsu 
et al. 2008, 2014; Stock and Dietrich 2006). In most studies, 
grain particle collision stress contributes less than 5% of the 
total stress (the sum of basal shear stress and particle colli-
sional stress) (De Haas and Van Woerkom 2016), which may 
explain the observed relationship between downward erosion 
and basal shear stress, as well as the lack of a clear associa-
tion between erosion and grain collision stress (Fig. 6c and 
d).

In summary, our results show that the debris flow 
regime strongly influences erosion. The debris flow regime 
determines the relative effects of grain collision stress and 
shear stress on the bed and fluid behavior (collision, fric-
tion, or viscosity). Variations in the flow regime of debris 
flows may explain, to some extent, the conflicting field 
observations of debris flow erosion (Hungr et al. 2005; 
Schürch et al. 2011). Changes in the flow regime of debris 
flows may help to explain the discrepancies between lab-
oratory experiments and field observations (Hungr et al. 
2005; Schürch et al. 2011).

Bed composition and debris flow erosion

Previous studies have clearly shown that fine particles can 
significantly influence debris flow erosion. It will affect the 
mobility of the debris flow (De Haas and Van Woerkom 

2016; Iverson et al. 2011; Roelofs et al. 2022). Changes in 
debris flow mobility can also lead to differences in local-
ized velocities within the debris flow. Higher localized 
velocities can lead to localized shearing, especially at the 
bed surface. Fine particles can also control the drainage 
conditions of the bed. Roelofs et al.'s (2022) discussion 
suggests that different amounts of fine particles may result 
in different erosion characteristics under different drain-
age conditions. Indeed, the effect of fine particles on bed 
porosity, which controls bed shearing, can significantly 
impact the interaction between debris flow and the bed. 
Localized pressure transfer defects or bed soil liquefac-
tion in the debris flow can be induced by the reduction 
in bed porosity caused by fine particles. Liquefaction, in 
particular, can significantly influence the flow dynamics 
and erosion patterns. The increased pore pressure during 
liquefaction reduces the effective stress in the sediment, 
leading to a loss of strength and increased fluid-like behav-
ior. This altered state can change erosion patterns, poten-
tially making certain areas more susceptible to erosion.

Our studies show that bed fine particle content sig-
nificantly affects debris flow erosive capacity (Fig. 6j). 
Adjusting the bed's fine particle content, even with minor 
changes, can dramatically alter the maximum DED. It may 
be due to (i) a decrease in grain collisional stress and (ii) 
an increase in viscous behavior of the debris flow with 
increasing bed fine particle content (De Haas et al. 2015). 
This suggests that when studying debris flow erosion, we 
should consider the complexity of the bed composition 
and pay attention to the bed's fine particle content. Fine 
particles add complexity to the bed, increase the bed cohe-
sion, and change the bed's response to shear. Therefore, the 
debris flow has more complex mechanical processes when 
it interacts with the bed, which may reduce pore pressure 
(Roelofs et al. 2022). Despite that, we do not consider the 
changes in pore pressure since it’s beyond the scope of 
this study.

Bed morphology and debris flow erosion

Changes in bed morphology, especially variations in bed 
width, significantly affect debris flow erosion. Bed width 
directly affects the flow velocity and distribution of flow 
discharge. Previous studies showed that narrowing beds 
can increase flow velocity and concentrated flow discharge, 
thereby intensifying erosion (Chen et al. 2023). Specifi-
cally, higher flow velocities lead to more pronounced bed 
shear, while concentrated flow discharge can induce local-
ized erosion (Knapen and Pesen 2004). On the other hand, 
a wider bed may lead to relatively lower flow velocities and 
a more extensive distribution of flow discharge, influencing 
debris flow erosion (Hu et al. 2013). In this case, slower flow 
velocities might have exerted less stress on the bed particle Fig. 10   The degree of bed narrowing and the Froude number
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(Bisschop 2018), and the dispersed flow had a more uniform 
erosive effect on the bed. The increase in shear stress can 
accelerate the abrasion of bed particles, thereby exacerbat-
ing erosion.

Lateral bed stability can also be affected by changes in 
the channel narrowness. Wider channels may be more effec-
tive in holding the stability of the lateral bed, reducing the 
potential for local collapse. In contrast, a narrower bed may 
increase the instability of the lateral bed, raising the risk of 
erosion. Localized collapses in narrower channels may lead 
to more concentrated erosion, exacerbating the impact on 
the bed. The effects of changes in the channel narrowness 
on debris flow erosion are multifaceted, involving interac-
tions in fluid dynamics, bed shear stress, and local pressures.

Limitations and future work

Scale effects are crucial in debris flow model experiments 
(Iverson and Ouyang 2015; Iverson 2012), as small-scale 
setups struggle to replicate real-world conditions due to 
challenges in mimicking topographical variations and veg-
etation cover (Iverson 2012; Lyu et al. 2017). In our study, 
we derived parameters from field surveys to approximate 
transport and dynamic stress characteristics using the Froude 
number (Fr) and proportional length (λ) (Iverson 1997). 
However, replicating natural settings' complexities, like 
terrain variations, remains challenging (Zhou et al. 2013). 
Consequently, while experiments provide insights, they may 
not fully capture debris flow erosion attributes, requiring 
adjustments for practical applications. Flume tests, limited 
by brief durations, often fail to simulate prolonged erosion 
dynamics, with experimental results offering only a partial 
understanding of erosion mechanisms (Iverson et al. 2011). 
The erosion of debris flows involves a complex and extended 
process, where experimental outcomes typically provide 
only a partial understanding of the erosion mechanisms, thus 
falling short of capturing the holistic erosion characteristics 
of debris flows.

Debris flow typically shows high dynamics and com-
plexity (Baggio et al. 2021; Berti and Simoni 2005; Breien 
et al. 2008). During its movement, it exhibits highly irregu-
lar flow characteristics, with the flow velocity, depth, and 
concentration potentially changing rapidly (de Haas et al. 
2022, De Haas and Van Woerkom 2016, Egashira 1993). 
In narrow channels, debris flow may become more intense 
due to channel narrowness leading to increased flow veloc-
ity, more turbulent flow, and causing more deposition and 
erosion (Cantelli et al. 2004, 2007). In our study, we used 
the Froude number (Fr) to quantify the flow characteristics 
of debris flow. The Fr is an important parameter for assess-
ing the hydrodynamic properties of fluids, but for complex 
fluids like debris flow, relying solely on the Fr may not fully 
describe their flow characteristics (Hu et al. 2012; Zhou 

et al. 2019). Due to the high concentration, velocity, and 
non-Newtonian fluid characteristics typically found in debris 
flow, their behavior differs significantly from open channel 
flow (Zhou et al. 2013). Therefore, exclusively using the 
Fr to quantify the flow characteristics of debris flow may 
have limitations and needs to be supplemented with other 
parameters such as concentration distribution, particle size 
distribution, and dynamic pressure to describe the complex 
flow characteristics of debris flow more accurately. In the 
future, novel materials like glass beads and glycerin can be 
utilized for testing purposes(Chen et al. 2023), enabling easy 
observation of changes in the internal flow field.

Conclusions

In this paper, a series of flume experiments were conducted 
to investigate the entrainment characteristics of debris flow 
with varying parameters, including bed slope, fine particle 
content, channel narrowness, and debris flow density. We 
observed different erosion patterns, which provide insights 
into the complex relationship between flow dynamics and 
channel morphology. The following conclusions are outlined:

(1)	 In the front of the narrow section, debris flows exhibit 
high flow velocity and impact force, resulting in intense 
erosion at the front part of the narrow section, which 
intensifies with the increasing narrowing. Subsequently, 
lateral impact erosion diminishes, giving way to lateral 
shear erosion as the dominant mechanism. As the debris 
flow advances to the middle of the narrow section, the 
erosion dynamics change from the front of the narrow 
section. Here, bed fine particles significantly influence 
the erosion mechanism, giving rise to distinct processes 
such as shear, cutting, and scouring. Less fine particles 
can cause overturning collapse, while more fine particles 
make flow depth the main factor controlling erosion.

(2)	 Factors affecting the DED (Downcutting erosion depth) 
of debris flows comprise flow velocity, depth, bed 
slope, and shear stress. While these variables exhibit 
a linear association with erosion depth, the intricate 
nature of debris flow and riverbed erosion processes 
suggests potential exponential or logarithmic relation-
ships. The experiments that were conducted underline 
the significant impact of bed slope on debris flow ero-
sion, demonstrating an increase in erosion depth with 
slope incline. Furthermore, the studies emphasize the 
significance of fine particle content in the bed, reveal-
ing a decrease in erosion depth with increased fine par-
ticle content, followed by a subsequent increase past a 
certain threshold. As channel narrowness expands, the 
DED initially inclines, then declines, reaching a mini-
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mum at channel narrowness of 0.25, indicating fluctua-
tions related to cross-sectional area and flow dynamics.

(3)	 We introduce the parameter of erosion efficiency, which 
is calculated as the sum of the vertical incision rate and 
lateral erosion rate, to assess the erosion capacity of 
debris flow. The effects of significant factors like bed 
slope, bed fine particle content, debris flow density, 
and channel narrowness on Es were thoroughly inves-
tigated. A rise in bed slope escalates erosion efficiency, 
whereas an increase in fine particle content diminishes 
it. As channel narrowness decreases, erosion efficiency 
exhibits an exponential growth trend due to the turbu-
lent flow regime within narrow channels.

(4)	 A dimensionless parameter, ξ, is introduced to signify 
the relative significance of lateral and vertical erosion in 
debris flow. As debris flow density and bed slope rise, ξ 
decreases, indicating an increased downward erosion ten-
dency. The influence of bed fine particle content on ξ is 
found to be minimal. Overall, ξ demonstrates logarithmic 
escalation as channel narrowness increases, underlining its 
pivotal role in debris flow erosion. At narrower channels, 
lateral erosion prevails, while at wider channels, vertical 
erosion becomes dominant. These observations offer valu-
able insights into the erosion dynamics of debris flows.
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