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A B S T R A C T

Debris flows are rapidly moving mixtures of water, rock, and soil that often occur in mountainous regions. When 
entering and depositing in river channels, they can obstruct the incoming water flow and generate secondary 
hazards such as outburst floods. Understanding the formation and failure of debris-flow dams is therefore critical 
for developing effective mitigation strategies and engineering countermeasures. This study investigates river 
blockage mechanisms through controlled flume experiments of debris flows with varying water contents. Further 
insights on the dam formation mechanisms are obtained from comparisons with recent findings on dry ava
lanches. The experiments show that the viscous pore fluid in debris flows reduces deflection upon entering the 
river, enabling them to form dams more readily than dry avalanches. Debris flow dams are generally thinner but 
extend across a wider section of the channel. These morphological differences also lead to contrasting outburst 
behaviors: dry-avalanche dams typically collapse abruptly under the impounded water load, whereas debris-flow 
dams are simply gradually eroded. The degree of blockage is governed by the relative dynamics of the debris flow 
and river flow. Based on this, we propose a predictive criterion using relative Froude numbers of the river and the 
debris flows that reliably distinguishes between blockage and no blockage in both experimental and real-world 
cases. These findings advance the understanding of river blockage processes and support more accurate hazard 
assessments in mountainous terrain.

1. Introduction

Debris flows are rapid geophysical mass movements consisting of a 
mixture of unsorted soil, rock fragments, organic matter, and water. 
Driven by gravity, they travel swiftly down steep hillslopes in moun
tainous terrain, posing serious threats to inhabitants and infrastructure 
downstream (Hutter et al., 1994; Iverson, 1997; Casagli et al., 2003; 
Takahashi, 2007; Chmiel et al., 2021; Kostynick et al., 2022; Cabral 
et al., 2023). When a tributary debris flow enters a river, the sudden 
influx of material may overwhelm the river’s transport capacity. This 
imbalance leads to rapid deposition and damming of the incoming water 
flow. The increase of the impounded water may eventually lead to the 
collapse of the temporary dam resulting in catastrophic outburst floods 

(Swanson et al., 1985; Dang et al., 2009; Dong, 2011; Zou et al., 2020; 
Yu et al., 2022). Therefore, the convergence of debris flows into main 
rivers poses substantially greater risks than individual events (Chen 
et al., 2024c). One such event is the debris flow in the Hongchun Gully 
which dammed the Minjiang river on August 14, 2010. The dam failure 
resulted in the flooding of the town of Yingxiu, resulting in 13 deaths, 59 
missing persons and 8000 evacuees (Dai et al., 2017; Shen et al., 2020). 
Given the severity of such events, it is therefore important to better 
understand the catastrophic consequences of debris flow-induced river 
blockage.

Insights into debris flow dam formation can first be gained from 
studies of dams created by dry avalanches, where pore fluid effects are 
negligible and flow dynamics are dominated by frictional and collisional 
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particle interactions. Our recent work on dry avalanches shows that the 
extent and geometry of river blockage by dry avalanches largely depend 
on the momentum of the incoming mass and the river’s flow conditions 
(Luo et al., 2025). As the dry avalanche enters the river, the current can 
entrain and redistribute the material, altering the deposit pattern and 
the degree of blockage. Consider two avalanches of equal volume 
entering the same river: the one with lower velocity—and therefore 
lower momentum—is more easily dampened by the fluid drag as it en
ters the river and is readily diverted by the flow, often resulting in only 
partial blockage and continued water passage (Costa and Schuster, 
1988; Liao et al., 2019; Nian et al., 2020). In contrast, a higher- 
momentum avalanche is more likely to overcome the retarding effect 
of fluid drag and is able traverse the full width of the channel. With its 
crest rising above the river’s water surface, the dam forms a complete 
blockage that impounds significant volumes of water and increases the 
risk of catastrophic outburst flooding (Li et al., 2011; Tacconi Stefanelli 
et al., 2016; Luo et al., 2025). Similarly, a stronger river flow can 
overcome the momentum of a rapid avalanche, resulting in its 
deflection.

Debris-flow dams occur with a frequency comparable to landslide 
dams (Ruan et al., 2023). Similar to dry avalanches, the ability of debris 
flows to block rivers also depends on its interaction with the flowing 
river, particularly on their relative mobility (Chen et al., 2019a). How
ever, unlike dry flows, debris flows are heavily influenced by their water 
content and degree of saturation (Hürlimann et al., 2015; Jakob et al., 
2024; Kim et al., 2019). High pore pressures within saturated debris 
flows reduce frictional resistance and maintain fluidization, enhancing 
mobility and extending run-out distances (Takahashi, 2007; Chen et al., 
2024a). These fluid effects not only increase the likelihood of river 
blockage but also affect the morphology and stability of the resulting 
dams (Chen et al., 2022; Cheng et al., 2024). Fluidized debris flows may 
form more extensive deposits that interact differently with the river 
flow, relative to that of dry avalanches, complicating predictions of dam 
persistence and failure. Yet, the complex interplay between saturation 
and downstream river response remains poorly understood. Advancing 
our understanding of these interactions is crucial for improving hazard 
assessments and managing debris flow risks in vulnerable mountain 
catchments.

Given the significant hazards posed by debris flow dams in moun
tainous regions (Stancanelli et al., 2014), research has increasingly 
focused on predictive strategies that can anticipate dam formation based 
on a limited set of known parameters (Chen et al., 2024). Experimental 
studies have attempted to identify threshold conditions for river 
blockage using dimensionless ratios such as the critical momentum ratio 
or discharge ratio, or through composite indices (Dang et al., 2009; Yu 
et al., 2022). However, these approaches rely on static thresholds and 
empirical parameters, overlooking the dynamic interplay between 
debris and river flows. Some researchers have proposed blockage 
criteria based on theoretically derived runout distances, deposition 
widths, and thicknesses (Du et al., 2014; Chen et al., 2019b) and but 
these methods also require extensive fitting parameters and do not 
capture the instantaneous dynamics of the process. Dynamics in the 
confluence zone tend to be more complicated (Chen et al., 2024). These 
modeling limitations can be overcome by considering the dynamic in
teractions between debris flow and river flow. In our recent work, we 
proposed a criterion for predicting complete and partial river blockages 
by dry avalanches based on the Froude numbers of both the avalanche 
and the river—dimensionless parameters that capture their flow dy
namics. However, whether this approach extends to debris flow dams 
remains uncertain.

This study aims to investigate the formation processes and 
morphological characteristics of debris flow dams through flume ex
periments. Specifically, we study how interstitial fluid influences dam 
geometry and outburst hydrographs by comparing our results with those 
from dry avalanches (Luo et al., 2025). The following sections begin 
with a description of the experimental setup and materials. We then 

compare the experimental debris flows with real-world events using 
dimensionless analysis. The study proceeds to explore how debris flows 
interact with river currents, focusing on flow deflection, blockage 
morphology, and outburst behavior. From these findings, we identify 
distinct blockage states and propose an empirical criterion to predict 
complete versus partial damming based solely on the relative flow dy
namics. Finally, we highlight key differences between debris flow and 
dry avalanche dams, emphasizing that early warning strategies devel
oped for one may not be directly applicable to the other. This study 
reveals the mechanisms in which debris flows block rivers through 
direct observation of flow behaviors and by contrasting against the 
damming behaviors of dry avalanches. This work reveals that the dams 
formed by debris flows are less affected by the flow of the receiving 
rivers that they enter, resulting in thinner wider spanning dams. 
Through this knowledge, a Froude-number-based criterion for predict
ing debris flow blockages is proposed, which advances our under
standing of how different types of mass movements obstruct rivers and 
provides a basis for forecasting river damming events.

2. Experimental method

2.1. Experimental apparatus and materials

The experiments were conducted at the Dongchuan Debris Flow 
Observation and Research Station (DDFORS), located in Dongchuan 
District, Kunming City, Yunnan Province, China (N26◦14′, E103◦08′). A 
schematic diagram of the experimental apparatus is presented in Fig. 1. 
A hopper with a maximum capacity of 0.08 m3 releases debris flow 
material onto a⋅3 m flume whose bottom end intersects with another 
channel that serves as a modelled river. The flume is 0.4 m deep and 
0.2 m wide and is inclined at a fixed angle of 20◦, while the main channel 
is 5.1 m long, 0.4 m wide, and 0.4 m deep. Water flows through the main 
channel from an inlet that is 2.1 m away from the intersection of the two 
channels. An energy dissipation net is installed at the location shown in 
Fig. 1 to minimize turbulence of river flow. The base of the two channels 
is made of steel while the sidewalls are made of transparent glass which 
allows for the observation of the propagation and blockage processes. 
Four video cameras (SONY FDR AX40; 1440 × 1080-pixels, 25 fps) are 
used to investigate the propagation and deposition of debris flow and the 
movement of river flow. Additional details on the experimental set-up 
can be found in Luo et al. (2025).

All the test materials were collected from the debris flow fan of the 
Jiangjia Gully to simulate the wide grain-size distribution of the field 
materials (Fig. 2). The particles with diameters larger than 20 mm were 
removed using a 20 mm × 20 mm steel mesh in all tests (Zhou et al., 
2019a, 2019b). Based on the debris flow grain-size distribution of ma
terials in the Jiangjia Gully, grains with diameters less than 20 mm 
comprised 85 % of the total grain weight (Li et al., 2015). As this fraction 
dominates the rheological behavior of debris flows, the soil materials 
can be used to represent real debris flow materials (Wang et al., 2018). 
Fig. 2 shows that the Grain size distribution (GSD) of the debris flow 
materials used here are comparable to the range of distributions used in 
other debris flow experiments (Dang et al., 2009; Iverson et al., 2010; 
Zhou et al., 2019a, 2019b; Yu et al., 2022; Chen et al., 2024).

2.2. Testing procedures

In the experiments, rivers are simulated as continuous water flows in 
the main channel whose discharge is varied between 0.2 L/s ~ 4.1 L/s. 
The debris flows are simulated as mixtures of sun-dried soil and rock 
material collected from the Jiangjia Gully, with a constant mass of 50 kg, 
and variable amounts of water. The solid mass is held constant to ensure 
that there are equal amounts of material that can block the river in all 
cases. In doing so, increasing the volume fraction of water results in a 
slight increase of the total mixture volume, which may also affect the 
runout. To minimize these volume-related effects, water volume 
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fractions were only varied within a narrow range—20 %, 21 %, and 22 
%—keeping the total mixture volume near 0.03 m3. The water content 
of the experimental debris flow was determined to be within the range of 
the water content of the Jiangjia Gully debris flow (Jakob and Hungr, 
2005). Despite this minimal change in the levels of saturation, its im
pacts on the mobility are clearly observable, as discussed in the Results 
section. Debris flow materials were precisely weighed, homogenized by 
electric mixing for 10 min, and re-weighed before loading to ensure 
consistent mass and composition. The experiments consist of 18 tests 
designated into six groups (labelled A-F) where each group is charac
terized by the river flow discharge. In each group, the debris flow water 

content is varied. Details of all tests are summarized in Table 1. Group A 
serves as the control set-up where the debris flow enters onto a dry bed.

Once the river flow was stabilized, the debris flow material was 
released to move freely along the tributary channel by opening the gate 
in the front of the hopper. The layout of the cameras is shown in Fig. 1. 
Camera 1 (C1), positioned above the intersection of the two channels, 
recorded the interaction of the debris flow and river flow, and the 
deposition process. Camera 2 (C2), installed perpendicular to the main 
channel to view through a grid (5 cm× 5 cm), was used to record the 
intrusion of the debris flow and observe the river flow movement. 
Camera 3 (C3) located on the left side downstream of the tributary 
channel was used to record the process of debris flow movement. 
Camera 4 (C4) was placed at the downstream end of the main channel to 
record the movement of debris flows in the river. Foam balls, 5 cm ×

5 cm grids and rulers on the side wall were used to obtain the velocities 
and flow depths of the debris flows and the river flows (before and after 
the formation of debris flow dams) by extracting and analyzing video 
data frame by frame.

The dynamics of both the debris flows and river flows are charac
terized by the Froude number (Fr) which is the ratio of the inertial to 
gravitational forces: 

Fr =
v

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ghcosθ

√ (1) 

where v and h are the velocities and depths, θ is the slope angle, g is 
gravitational acceleration (9.8 m/s2). For clarity, quantities for debris 
flows are assigned a subscript df while w is used for quantities of water. 
The Froude number of dry avalanches, obtained from Luo et al. (2025), 
which are used to contrast with our results are represented by a 
subscript. Since the river channel is horizontal, the cosθ term is unity: 
Fr = v̅ ̅̅̅

gh
√ , reflecting the wave-making resistance in free-surface flow 

(Choi et al., 2015b; Yan et al., 2023). The Froude number is used since it 
relies on easily measurable parameters and it is already widely applied 
to characterize both debris flows and rivers in the literature (Liu et al., 
2024). The Frw and Frdf values of each test set up, including the relevant 
parameters used to calculate them are summarized in Table 1.

To better appreciate the effect of fluid content on the mobility of the 
simulated debris flows, their motion is further characterized by 
dimensionless quantities that quantify the relative importance of iner

Fig. 1. Experimental apparatus used in the flume tests. (a) Snapshot of the experimental apparatus and locations of the measuring devices; (b) left side view and (c) 
top view of the apparatus.

Fig. 2. Grain size distribution (GSD) curve of the debris flow material adopted 
in the experiments (the dark line). GSDs from other works are added 
for comparison.
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tial, frictional, and viscous forces on the material transport (Iverson, 
1997; Stancanelli et al., 2015; de Haas et al., 2015; Zhou et al., 2019a, 
2019b). The ratio of grain-inertial-to-contact frictional forces is defined 
as the Savage number: 

Nsav =
ρsδ

2γ̇2
(
ρs − ρf

)
ghdf tanφ

(2) 

Bagnold number NBag is quantified as the ratio of inertial to viscous 
forces: 

NBag =
Vsρsδ

2γ̇
(1 − Vs)μ

(3) 

where the interstitial fluid viscosity μ is calculated considering the 
volume fraction of the suspended fine particles (Iverson, 1997): 

μ
/

μw = 1 + 2.5Vfines + 10.05V2
fines + 0.00273e16.6Vfines (4) 

where μw is the dynamic viscosity of pure water (0.001002 Pa • s), and 
Vfines is the volume fraction of fine particles less than 2 mm (Cui et al., 
2015; Chen et al., 2023),. Friction number NFric is defined as the ratio of 
grain-contact to fluid viscous forces: 

NFric =
Vs
(
ρs − ρf

)
ghdf tanφ

(1 − Vs)γ̇μ
(5) 

where δ is the mean grain size of the solid particle, Vs is the volumetric 
solids fraction of particles with more than 2mm, γ̇ = v

hdf 
is the flow shear 

rate (s− 1), v is flow velocity (m/s), hdf is flow depth (m), g is gravitational 
acceleration (9.8 m/s2), φ is the internal frictional angle which is 30◦ for 
the debris flow materials in the Jianjia Gully (Zhou and Ng, 2010; Zhou 
et al., 2019a, 2019b), ρs the solid particle density (2650 kg/m3, Chen 
et al. (2023)), ρf is the fluid density and ρf = ρsVfines + ρw

(
1 − Vfines

)
, 

where ρw = 1000 kg/m3 is the density of water.

3. Results

3.1. Dimensionless characterization of the experimental debris flows

Fig. 3 shows the range of Froude numbers of the experimental debris 
flows plotted against their NBag, NSav, and NFric values. To better high
light the effects of the interstitial fluids on the mobility, the debris flow 
data is compared with data from dry avalanches obtained from Luo et al. 
(2025). To improve the relevance of this work, the dimensionless 

quantities of the experimental debris flows are compared with those of 
de Haas et al. (2015) and real debris flow data in the literature (see 
Table 2 in Appendix), specifically those that resulted in river blockage 
(see analysis in Section 3.4). The debris flow experiments of de Haas 
et al. (2015) provide a good comparison for our tests since they are 
conducted in a similar scale, although they used a wider range of water 
content and a broader GSD. According to Choi et al. (2015a), the Froude 
number of debris flows in the field ranges from 0.5 to 7.6. while the 
documented range for the NBag, NSav, and NFric of real and experimental 
debris flows are 1 ∼ 108, 10− 7 ∼ 1, 1 ∼ 105 (Iverson, 1997; Iverson and 
Denlinger, 2001; Zhou and Ng, 2010), respectively. These ranges are 
indicated by gray bands in Fig. 3. Critical dimensionless thresholds of 
NBag, NSav, and NFric serve as benchmarks that characterize the dominant 
driving mechanisms behind debris flow behavior (Iverson, 1997). 
Thresholds established in previous studies suggest that collisional forces 
dominate over viscous forces when NBag > 200, frictional forces domi
nate over viscous forces when NFric > 2000, and collisional forces 
dominate over frictional forces when NSav > 0.1 (Iverson, 1997; de Haas 
et al., 2015; Zhou et al., 2019a, 2019b).

The Froude numbers of the experimental debris flows (Frdf ) range 
from 0.05 to 4. The cases having 20 % water content are much lower 
than those with 21 % and 22 % water content and even fall below 
Frdf < 0.5. The slight increase in water content result in flows that fall 
within the limits corresponding to real debris flows. This shows that the 
small changes in the water content used in this work result in dramatic 
changes in the debris flow mobility. Except for low water content groups 
(20 % water content) that show low NBag values, very high NFric values 
and low Nsav values, most experimental debris flows are mainly 
controlled by collisional interactions (Fig. 3a and Fig. 3b). Despite the 
presence of muddy interstitial fluids, frictional forces still dominate over 
viscous ones, as shown in Fig. 3c.

Data for dry avalanches are very distinct from those of the debris 
flows. The Froude numbers (Frs) of the dry avalanches on the other hand 
range from 5 to 7. The NBag, NSav and NFric of all dry avalanches are high, 
and far exceed that of the debris flows showing that with the negligible 
influence of the interstitial fluid, their transport is primarily governed by 
grain collisional forces (Zhou et al., 2020). The difference in the mobility 
of the two flow types results in distinct interactions with the river, 
leading to different deposit morphologies and outburst mechanisms, as 
will be detailed in subsequent sections.

The NBag and NSav values of the natural debris flow closely corre
spond to those of the experiments and span over the same range of Frdf . 
The NFric for the natural cases are slightly larger possibly due to the 

Table 1 
Summary of debris flow and river flow related parameters characterizing each test.

Group ID Tests Qw 

(L/s)
W (%) hw 

(× 10− 3 m)
vw 

(m/s)
hdf 

(× 10− 2 m)
vdf 

(m/s)
Frw Frdf River blockage mode

A
A-1

0
20 – – 2.2 0.030 0 0.067 –

A-2 21 – – 3.8 1.745 0 2.950 –
A-3 22 – – 3.4 1.983 0 3.544 –

B
B-1

0. 20
20 3.2 0.143 2.8 0.040 0.808 0.079 NB

B-2 21 3.0 0.136 4.0 1.735 0.793 2.859 B
B-3 22 3.2 0.136 2.8 2.200 0.768 4.332 B

C
C-1

0. 90
20 7.5 0.345 3.0 0.037 1.273 0.070 NB

C-2 21 6.8 0.323 3.8 1.855 1.251 3.136 B
C-3 22 7.5 0.333 3.4 1.925 1.228 3.440 B

D
D-1

2. 10
20 12.0 0.457 2.8 0.030 1.333 0.059 NB

D-2 21 12.0 0.444 3.3 1.798 1.295 3.262 B
D-3 22 12.0 0.444 2.8 1.925 1.295 3.790 B

E
E-1

3. 60
20 14.3 0.625 2.8 0.032 1.670 0.063 NB

E-2 21 14.1 0.588 3.6 1.684 1.582 2.925 NB
E-3 22 15.0 0.625 3.0 1.937 1.630 3.685 NB

F
F-1

4. 10
20 16.6 0.589 2.8 0.031 1.460 0.061 NB

F-2 21 15.7 0.564 3.4 1.680 1.438 3.002 NB
F-3 22 16.5 0.585 3.0 1.820 1.455 3.463 NB

Note: B represents ‘blockage’ while NB indicates “no blockage″.
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reduced influence of slurry viscosity in more massive flows, although 
they still scale closer to the experimental debris flow compared to the 
dry avalanche data. We further compare our experimental debris flows 
with those of (de Haas et al., 2015), who mainly investigated effects of 
debris flow composition on runout, depositional mechanisms, and 

deposit morphology. It is observed that their experiments have slightly 
lower NBag and NSav, while their NFric scales well with our data. Which is 
probably to the lower thicknesses of their flows (0.005m ∼ 0.018m 
while they are 0.022m ∼ 0.04m in our study) resulting in higher shear 
rates. Despite the discrepancy, our experimental data exhibits the same 
scaling behaviors with the data of de Haas et al. (2015) and with the 
natural cases in the parameter space considered. These observations 
show that the experimental debris flows presented here are dynamically 
comparable to natural events and other debris flow experiments and 
may reasonably replicate the mechanisms through which debris flows 
block rivers.

3.2. Debris flow intrusion process

When a debris flow is released from the flume and enters the 
downstream river channel, it interacts dynamically with the flowing 
water. Fig. 4 illustrates a representative example of a debris flow 
entering the river channel, based on test F-2. The debris flow first rea
ches the end of its flow channel and makes contact with the downstream 
river (Fig. 4a). Except for the cases with 20 % water content which 
barely reach the base of the inclined flume, the debris flows normally 
plough through the river to reach the opposite bank (Fig. 4b). As it 
moves through the water, it is deflected along the direction of the river, 
spanning over a portion of the river channel in the upstream and 
downstream directions. At the intersection of the river and inclined 
flume the deposit is thickest and significantly obstruct the river flow 
(Fig. 4c). In the example case F-2 the dam is mostly submerged, but in 
some cases the dam height is greater than that of the river. Continuous 
river flow either destroys the dam or erodes it (see Section 3.3 for de
tails), transporting the finer particles downstream, leaving the coarser 
grains to form the dam. Some of the fine particles also become imme
diately suspended upon entry into the river (Fig. 4c) and get immedi
ately washed away. At the end of the experiment, which is when the 
dammed river flow is clear of suspended sediment and a terminal dam 
structure is evident, the inflowing water is turned off revealing the final 
dam profile (Fig. 4d). As indicated in Fig. 4, L1 and L2 represent the 
lengths from the dam upstream and downstream to the central line of the 
tributary channel, respectively. The widths of the tributary and main 
channels are 20 cm and 40 cm.

The extent in which the debris flow is deflected by the river depends 
on the relative momentum of the two flows (Nian et al., 2020; Luo et al., 
2025). Both the debris flow and the river are characterized by the 
Froude number and their interaction can be quantified by the ratio be
tween them: 

Fr* = Frdf
/
Frw (6) 

If the Froude number ratio Fr* is greater than 1, the debris flow is 
more mobile than the river flow; if Fr*<1, the river flow moves faster. 
When the Fr* ∼ 1, the debris flow has comparable mobility to the river.

The extent in which the river influences the debris flow trajectory 
can be measured from the degree of its deflection. We measure deflec
tion in two directions as the longest distance the debris flow has trav
elled, from centerline of the tributary channel, upstream L1 (against the 
river flow) and downstream L2 (along the river flow) (see Fig. 4). In
formation on the preferred direction of deflection can be gained from the 
ratio of the two distances: 

L* = L2/L1 (7) 

where L* > 1 indicates that the debris flow primarily spreads in the 
direction of river flow, L* < 1 implies spreading against the flow, while 
L* = 1 means the solid material is spreading equally in both directions. 
These distances are measured from the photographic data when the 
debris flow first reaches the opposite flume wall (Fig. 4b), and at the end 
of the experiment, after the water pump has been turned off (Fig. 4d). 

Fig. 3. Dimensionless characterization of the experimental debris flows using 
the (a) Bagnold number NBag , (b) Savage number NSav, and (c) Friction number 
NFric plotted against their Froude number Frdf . Debris flow data is compared 
with those of dry avalanches obtained from Luo et al. (2025) whose flow is 
characterized by Frs. Gray bands represent the documented range of these 
dimensionless constants. Dashed lines are boundaries that represent the tran
sition between dominant transport mechanisms (Iverson, 1997). The Field cases 
and data from de Haas et al. (2015) are also used for comparison.
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For convenience, we refer to the two different measurement times in the 
deflection process as Stage 1 and Stage 2 respectively. Measuring at 
these two stages enables the evaluation of the effects of immediate and 
prolonged interaction between the debris flow dam and flowing water. 
Tests with 20 %, water content are exempted from this analysis since in 
these cases the debris flow does not reach the opposite bank. The L1 and 
L2 measurements for dry avalanches (Luo et al., 2025) are also shown 
here for comparison.

Fig. 5a and b show the change of L1́ and L2́, for both debris flows and 
dry avalanches, with the Fr* respectively. Here, L1́ = L1/b and L2́ = L2/b 
are dimensionless distances (b is the width of the tributary channel and 
b = 0.2m for both debris flow and dry avalanche). Measurements at 
Stage 1 are represented by the filled symbols while those at Stage 2 are 
unfilled. At Stage 1, the deflection in both upstream and downstream 
directions are minimal. In this initial and transient stage, the solid ma
terial of both the debris flows and the dry avalanches spread over the 
same distance (~1) regardless of Fr*. This shows that the solid mass, 
either fluid-laden or dry, is not significantly re-directed upon entering 
the river. On the other hand, the data in Stage 2 are much greater than in 
Stage 1 since the solid mass of both debris flows and dry avalanches have 
been exposed to the continuous water flow and, in some cases, have been 
spread by the outburst flood (see Section 3.3). Comparing the data in 
Stage 1 and Stage 2, the change in the spread of material is much more 
evident for the debris flows than it is for the dry avalanche. Interestingly, 
the L1́ for the debris flows are comparable to their L2́ (both ~4.5), while 
the distinction is clear for the dry avalanches wherein, on average, L1́ is 
an order of b less than L2́. The extensive spread of the debris flow ma
terial suggests that their deflection is unaffected by the river flow. To 
investigate this, we plot in Fig. 5a and b the mean L1́ and L2́ of debris 
flow experiments without river flow, where the spread of the material is 
only because of the debris flow’s impact against the opposite wall. The 
L1́ of debris flows with Fr*≲3 is slightly shorter, while the L2́ is slightly 
greater than in the absence of a river, indicating that the river flow still 
exerts a minor influence on deposit geometry. For faster-moving debris 
flows, however, the spreading pattern remains largely unaffected by the 
river, as evidenced by the similarity to cases without river flow. Fig. 5c 
shows that for both flow types the L* exponentially decreases with Fr* 

showing that when the mass flow has significantly greater momentum 
than the river, it tends to spread out evenly. The L* for dry avalanches, 
are much greater than that of the debris flows revealing that dry 

avalanches undergo greater deflection under equivalent hydrodynamic 
conditions. The weak dependence of the debris flow deflection on the 
river flow is further evidenced by their L* values which are all close to 1 
specially when the flow has relatively higher mobility.

Although the limited deflection of the debris flows is somewhat 
surprising—given that more fluid flows are typically more susceptible to 
redirection-it can be explained through the cohesive nature of the fine- 
grained slurry. The slurry binds solid particles together, enabling the 
mass to move as a more coherent, viscoplastic block that can traverse the 
channel with minimal lateral spreading. Furthermore, the low perme
ability of this saturated matrix prevents the internal pore fluid from 
escaping and simultaneously inhibits the ingress of river water into the 
flow body. This dual action enhances internal fluidization and mobi
lity—while also drastically reduces the transmission of hydrodynamic 
drag forces from the river that would otherwise promote deflection and 
entrainment of individual particles. Both the Savage number NSav and 
Friction number NFric (Fig. 3) indicate that, although the experimental 
debris flows are collision-dominated, the influence of viscous forces in 
the material transport is more relevant than in the dry avalanches. The 
NFric for debris flows decreases with their Froude number Frdf , further 
indicating the growing influence of slurry viscosity. This trend coincides 
with reduced deflection, suggesting that viscous effects helps maintain a 
more compact flow structure (Zhang and Cui, 2013). In addition, viscous 
damping suppresses particle fluctuations and dispersion (Cui et al., 
2021), reducing their likelihood of being carried away by the river. 
Together, these effects make debris flows more resistant to deflection by 
ambient water flow.

3.3. Degrees of blockage and resulting dammed-water hydrographs

The blockage scenarios observed in our experiments, categorized as 
either ‘No blockage’ (NB) or ‘Blockage’ (B). A case is classified as NB 
when the debris flow only partially obstructs the river—allowing water 
to flow along the edges or when the dam is submerged and water flows 
over it. Blockage occurs when the dam height exceeds that of the river, 
temporarily obstructing the water flow. Based on this classification, the 
results of river blockage in the experiments are shown in Table 1.

The formation of a debris-flow dam raises the upstream water level. 
Fig. 6 presents the corresponding dammed-water hydrographs for 
blocked (Fig. 6a) and unblocked (Fig. 6b) cases, expressed in terms of 
the dimensionless water depth ratio ht/hw and dimensionless time t*. 

Fig. 4. A typical debris flow dam formation process of an example test F-2. (a) The debris flow enters the river, and (b) reaches the opposite bank. (c) The debris flow 
deposits in the river and forms a dam. (d) The final debris flow dam profile after the river flow is terminated. L1 and L2 are the upstream and downstream dam lengths 
from the tributary channel centerline, respectively. Channel widths are 20 cm (tributary) and 40cm (main).
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Here, t* = t/
̅̅̅̅̅̅̅̅̅̅
hw/g

√
, where t is the actual time during the experiment, hw 

is the initial river flow depth, and ht is the flow depth at time t. The 
values of ht and hw are obtained by frame-by-frame analysis of videos 
recorded by Camera 1 and Camera 2. The hydrographs for both blockage 
scenarios can be divided into three stages: initial, rising, and stable. The 
initial stage begins when the debris flow makes contact with the water 
surface until the moment when the water level starts to change. The 

rising stage is defined as the period from the beginning of the water-level 
increase in front of the debris-flow dam until stabilization is reached. 
The stable stage begins when the water level fluctuations can be ignored. 
We selected screenshots near the critical event nodes during various 
stages after the debris flow entered the river, and placed them in the 
diagrams. In addition, we compared the variation of dam-front water 
level between debris flows and dry avalanches in two different river 
blockage modes to investigate the similarities and differences. The 
selected tests (C-2; F-1) and corresponding dry avalanche tests have 
similar Froude numbers of river flows.

Fig. 6a shows that at the rising stage (t* = 137–708) of a completely 
dammed river, the dam-front water level steadily rises due to the con
stant inflow rate. This phase is characterized by a predictable and steady 
rise in water level, which is a critical aspect for understanding the rising 
stage of dam formation and its impact on upstream water levels. During 
the process of the water level rising in front of the dam, the outflow of 
water downstream of the dam is zero, and the water level in front of the 
dam continues to rise. At t*~700, the hydrograph reaches the steady 
stage where ht/hw stabilizes into a constant value of ~4. The small 

Fig. 5. The change of (a) Upstream distance, Ĺ1 (b) downstream distance, L2́,

and (c) deflection factor, L* with relative Froude number, Fr*. Filled markers 
represent the first stage (Stage 1), hollow markers represent the second stage 
(Stage 2). Solid lines are best-fits of the exponential functions written within the 
plots. The dark line is the best fitting line for debris flow, while the light-colored 
line is for dry avalanche. The shaded areas represent the 95 % confi
dence intervals.

Fig. 6. The variations of dimensionless dam-front water level ht/hw with 
dimensionless time t* = t/

̅̅̅̅̅̅̅̅̅̅
hw/g

√
for a (a)blockage case (B) and a (b) no 

blockage case (NB). The black solid pentagram point and the gray solid circle 
point represent B mode of debris flow and dry avalanche, while the black 
hollow pentagram and the gray hollow circle represent NB mode of debris flow 
and dry avalanche. Snapshots of the different stages obtained by camera 1 (C1) 
are also placed in the figure.
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fluctuations are due to the river’s weak yet constant scouring of the dam 
surface. This means that the dam did not abruptly collapse, raising the 
elevation from which the river flows. Fig. 6b shows that for a partially 
blocked river, the hydrograph largely follows a similar process to that of 
the completely blocked case, except that for a partially blocked river the 
Rising stage is much longer (ending at t* = 896) and the terminal height 
in the Stable stage is lower (ht/hw ∼ 3).

The upstream hydrographs of debris flow dams are noticeably 
different from those of dry avalanches. Dams formed by the dry ava
lanches are thicker and impound greater amounts of water which are 
then eventually rapidly released upon the collapse of the dam. This is 
reflected in the high impounded water levels which rapidly decrease 
towards a constant value that is higher than hw. The difference in the 
dammed water hydrographs exhibit different breaching dynamics be
tween dams formed by dry avalanches and debris flows. While dams 
from dry avalanches collapse to release outburst floods, debris flows 
dams are slowly eroded away. This difference in outburst flooding be
haviors is likely related to the initial dam height formed by the two types 
of flows. Debris flow dams are generally lower than the dry avalanche 
dams and impound a lower water height which exert lower pressures on 
the dam (Chen et al., 2024c). While dry avalanches are cohesionless, 
debris flow materials are held together by cohesive slurry creating a 
stronger dam body.

3.4. Froude number-based criterion for determining river blockage by 
debris flow

Predictive models for river blockage are critical for early risk iden
tification and disaster prevention, enabling timely mitigation of cata
strophic dam breaches and downstream flooding (Dang et al., 2009; 
Chen et al., 2019a; Zeng et al., 2024). Since the relative Froude numbers 
determine the shape of the deposits, it may also be used to predict the 
cases when a debris flow can block a river based on its relative motion 
with the river. In Fig. 7, we plot our data in the Frdf -Frw phase space 
wherein the B cases are represented by filled symbols while hollow 
symbols are used for the NB cases. Experimental data from the two 
blockage scenarios form distinct clusters in the phase space. To separate 

these clusters, we apply a simple single-layer perceptron algorithm, 
resulting in a linear decision boundary of the form: 

Frdf − AFrw − B = 0 (8) 

where A and B are fitting parameters. While the data separation is 
visually apparent and could be divided by an arbitrary linear boundary, 
we adopted a more data-driven approach using a simple machine 
learning algorithm. Data points above the critical line correspond to 
river blockage, whereas those below it do not reach the threshold 
required to induce dam formation. When Frw is held constant, Frdf 

emerges as a key indicator of blockage potential. As Frw increases, a 
proportionally higher Frdf is needed to block the river, reflecting the 
dynamic interplay between the debris flow and river flow regimes.

A similar classification strategy was used in our previous work to 
assess river blockage by dry avalanches, resulting in a linear boundary 
with a similar form to Eq. 8. Fig. 7 shows the data points from Luo et al. 
(2025), along with the classification line for the dry avalanches. The 
critical line for debris flows is defined by parameters Adf = 2.34, Bdf =

0.07, while dry avalanches have As = 2.91, Bs = 1.53. The differing 
slopes and intercepts of the two critical lines reveal important distinc
tions in blockage behavior. The slope represents the increase in debris or 
avalanche Froude number (Frdf or Frs) required to overcome a unit in
crease in river Froude number (Frw) and still achieve blockage. The 
steeper slope of the dry avalanche line suggests that its ability to block 
the river is less sensitive to changes in river flow and requires a greater 
increase in its own momentum to offset the scouring effect of the water. 
This is consistent with its greater susceptibility to deflection. The y- 
intercept of each line represents the critical Froude number required for 
blockage when there is no river flow. The higher intercept for dry ava
lanches (B) indicates that, even in the absence of river flow, a higher 
kinetic energy is still needed for blockage compared to debris flows. In 
contrast, the lower intercept of the debris flow line suggests that debris 
flows can block rivers even under relatively low flow conditions. The 
non-zero intercept of 0.07 holds significant physical meaning, repre
senting the minimum Froude number required for a debris flow to cause 
blockage. This threshold indicates that even if the mainstream flow is 
hydrostatic, the debris flow still needs sufficient momentum to over
come the resistance of the river flow and form a stable debris flow dam.

To validate the predictive capabilities of the critical line, the data for 
the 11 debris flow events featured in Fig. 4 are cast onto the Frdf -Frw 
space in Fig. 7. Of the collected cases, 7 are classified to have resulted in 
river blockage (based on the criteria applied on the experimental debris 
flow dams), while 4 result in no blockage. These classifications are 
consistent with field observations, where the same seven cases indeed 
resulted in river blockage. This agreement provides encouraging insights 
that may contribute to hazard assessment and the development of pre
ventive strategies.

This distinction is further supported by comparing the debris flow 
from Table 2 and real dry avalanche (i.e., landslides) cases collected by 
Luo et al. (2025). Debris flows exhibit a broader Froude number range 
(0.522 ∼ 10.624) compared to landslides (1.76 ∼ 3.83). The corre
sponding river Froude numbers are also higher for debris flow cases 
(0.024 ∼ 1.957) than for landslides (0.01 ∼ 0.28). Notably, five out of 
the seven B-mode debris flow events occurred at Frdf < 2, with one case 
as low as 0.522. Blockage was still observed even when the river Froude 
number reached 1.457. In contrast, dry avalanches required higher slide 
Froude numbers and occurred in settings with relatively low river flow. 
These comparisons underscore that, under similar river conditions, 
debris flows are more likely to induce blockage than granular landslides. 
This supports the conclusion that debris flows pose a higher blockage 
risk and are more responsive to dynamic river interactions.

4. Discussion

This study systematically investigates the complete process of river 

Fig. 7. The experimental data plotted according to their Frdf and Frw. Filled 
symbols represent “blockage″ cases, while hollow symbols indicate “no block
age.″ Numbered markers, following this fill convention, correspond to real- 
world debris flow dam events. Gray circles denote dry avalanche experiments 
from Luo et al. (2025), and gray decagons represent actual landslide dam cases 
summarized in the same study. The lines indicate classification boundaries that 
separate the ‘blockage’ and ‘no blockage’ cases. The lighted-colored line above 
is critical lines for dry avalanche, while the other black line is for debris flow.
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blockage by debris flows through a series of controlled flume experi
ments, aiming to develop a predictive criterion for distinguishing 
different blockage modes. To highlight the unique characteristics of 
debris flows, results are compared with recent findings on dry ava
lanches. A conceptual model (Fig. 8) is proposed to summarize the 
interaction between both flow types and river flows, along with the 
criteria for classifying blockage behavior.

The processes of debris-flow dam formation, outburst flooding, and 
their differences from dry avalanches are summarized conceptually in 
Fig. 8. Upon entering the river, debris flows with ~20–22 % water 
content (our experimental configuration) generally spread easily on the 
river channel with little interference from the river flow, i.e., the debris 
flow moves both along and against the river’s direction. We attribute 
this enhanced runout to the effects of the viscous pore fluid, which either 
promotes cohesive forces between particles (Zhou et al., 2019a, 2019b) 
or acts as a dense matrix that prevents river water from penetrating the 
flow body and dragging particles downstream (see Fig. 5). The slurry 
may also inhibit excess fluid from escaping, thereby contributing to 
further fluidization (Iverson, 1997). Depending on the relative dynamics 
of the debris flow (controlled by water content) and the river flow, the 
river may be completely blocked (Fig. 8b), where the material reaches 
the opposite bank, or only partially blocked (Fig. 8c). Because debris- 
flow material spreads more widely, the resulting dams are relatively 
thin. In blockage scenarios (Fig. 8b), the impounded water volume re
mains small, and erosion is limited to the dam surface, producing no 
abrupt changes in the flood hydrograph. In contrast, in partial blockage 
cases (Fig. 8c), the river flow primarily erodes the dam’s outer edges.

In contrast to the debris flow damming process, the trajectory of dry 
avalanches in the river is more easily re-directed by the river flow 
(Fig. 8d) but more easily deposits at the foot of the channel possibly 
since the material transport is dominated by frictional-collisional in
teractions among particles. The dam is thicker and steeper at the faces 

and, in a blockage scenario, would impound a large volume of water. 
When the impounded water begins to overtop the dam, it carves a 
narrow path or notch on the dam surface (Fig. 8e) (Zhou et al., 2019a, 
2019b), which will eventually develop into a large-scale collapse. If the 
blockage is only partial (Fig. 8f), as with the debris flow dams, the river 
will simply erode the edge of the deposits.

The difference in the interaction of debris flows and dry avalanches 
with the downstream river results in different probabilities of blockage. 
Debris flows do not need to be as mobile as dry avalanches to block a 
river. In our Froude number based predictive criteria in Fig. 7, the 
contrast in blockage probability is manifested as an upward shift in the 
classification curve. In order to mitigate the outburst flooding risks, it is 
advantageous to rapidly assess the probability and geometry of landslide 
or debris flow dams. The results in this work show that the predictive 
criteria for river blockage by geophysical flows in mountainous areas, 
should be distinct depending on the presence of pore fluid.

The results demonstrate that the flow dynamics of both the debris 
flow and the river flow are critical factors affecting the formation of 
blockage dams. The flow dynamics and discharge do not correspond 
uniquely, so the flow discharge cannot reflect the flow dynamics well 
(Luo et al., 2025). Therefore, Froude number, instead of discharge, is 
used to characterize flow regimes in this study. The Froude number of 
debris flows can be estimated through field investigations, while the 
Froude number of rivers can be obtained from local hydrological sta
tions. By substituting the obtained values into the equations, we can 
determine the likelihood of disasters occurring due to river blockage.

In this research, it is assumed that the width of the river and the 
volume of debris flow are constant. However, the river width and debris 
flow volume are also decisive factors for debris flow inducing river 
blockage (Du et al., 2014; Braun et al., 2018; Zeng et al., 2024). If there 
is a large river with a wide channel, the debris flow continues to interact 
with the river flow during its movement to the opposite bank. Some 

Fig. 8. Summary of river blockage processes by debris flows and dry avalanches. (a) Debris flows entering the main river with minimal deflection. (b) Overtopping 
flood eroding the debris flow dam crest in a blockage scenario and (c) erosion by the river flow at the dam boundaries in a no blockage scenario. (d) Dry avalanches 
entering the river, showing significant re-direction. (e) A blockage scenario where the overtopping usually occurs at a notch at the dam crest, (f) whereas in a no 
blockage scenario, the river erodes only the dam’s outer edges. The solid line represents the initial water level, while the dashed line represents the raised water level.

T. Zhou et al.                                                                                                                                                                                                                                    Engineering Geology 358 (2025) 108422 

9 



debris flow materials may be carried downstream by the river flow and 
debris flow cannot move to the opposite bank. Once the volume is suf
ficient, debris flow has the potential to overcome the action of water 
flow and blocks the river. In addition, the parameters like ratio of debris 
flow height to river channel depth, confluent angle and characteristic 
particle size may also significantly impact the debris flow river blockage 
process. Although Eq. (8) has been successful in predicting the river 
blockage of the field cases featured here, prediction over a broader 
dataset remains essential to further assess and enhance the model’s 
predictive capability. Due to the limitation of experimental conditions, 
our experiments showed viscous forces dominated debris-flow behavior, 
whereas natural cases indicate friction dominates. Therefore, a steeper 
flume and incorporate coarser particles (>20 mm) into the debris-flow 
mixture will be considered in the future study. Moreover, we did not 
study the process of debris flow dam break, which is also an important 
link of debris flow-induced river blockage hazard chain. These aspects 
will be refined in future studies.

5. Conclusions

This study addresses the mechanisms of river blockage by debris 
flows through physical flume experiments and comparisons with 
blockages by dry avalanches. Analysis was conducted on the flow 
deflection, dam formation, and outburst behavior. A Froude num
ber–based criterion was developed to predict blockage outcomes, and 
validated using field data. The following conclusions can be obtained 
from this study: 

(1) Debris flow deflection is less sensitive to river flow than dry av
alanches. This is attributed to the characteristics of interstitial 
fluid, which reduce permeability and dispersion and maintain a 
compact flow structure, in contrast to the easily deflected dry 
avalanches.

(2) Outburst floods from debris flow dams are not abrupt. Hydro
graphs of debris flow dams exhibit smoother, more gradual water 
level changes, while dry avalanche dams tend to produce sharper 
peaks and sudden drops due to rapid breaching. These patterns 
reflect differences in dam geometry and breaching dynamics.

(3) The predictive criterion based on relative Froude numbers 
effectively distinguishes between blockage and no blockage sce
narios for debris flows. The results also show that debris flows 
require lower momentum than dry avalanches to block rivers, 
confirming that landslide-based models cannot be directly 
applied to debris flows.

This study significantly investigated the different mechanisms of 
debris flow and dry avalanche blocking rivers and provided a new cri
terion to distinguish different river blockage modes which is helpful for 
early warning and mitigation of losses caused by debris flow blocking 
rivers. While the study demonstrates the effectiveness of a Froude-based 
predictive model, it assumes constant debris flow volume and river 
width. Future research should improve experimental conditions and 
explore how varying material volumes, channel widths, and additional 
parameters such as confluent angles and particle size distributions in
fluence blockage outcomes. Moreover, the current model does not 
differentiate the degree of partial blockage nor simulate dam break 

processes—both of which are crucial for comprehensive hazard 
modeling and should be addressed in follow-up studies.

Notations

Q,W Flow discharge in the main channel (L/s); water content of 
debris flow

A,Adf ,As,B,Bdf ,Bs Fitting parameters of debris flows and dry avalanches
Fr,Frw,Frdf ,Frs,Fr* Froude number; Froude number of river flow; 

Froude number of debris flow; Froude number of dry 
avalanche; and Froude number ratio

h,hw,hdf ,ht Depth (m); depth of river flow (m); depth of debris flow (m); 
depth of river flow at time t (m)

L1,L2,L*,L1́,L2́,b The longest distance of the deposit upstream from the 
center line (m); the longest distance downstream from the 
center line (m); deflection factor; upstream dimensionless 
distance; downstream dimensionless distance; the width of 
the tributary channel (m)

v,vw,vdf Velocity (m/s); velocity of river flow (m/s); velocity of debris 
flow (m/s)

g The gravitational acceleration 
(
m/s2)

t, t* The real time of the tests (s); dimensionless time
NBag, NSav, NFric Bagnold number; Savage number; Friction number
ρ,ρf ,ρs Density 

(
kg/m3); fluid density 

(
kg/m3); solid density 

(
kg/m3)

μ,μw Interstitial fluid dynamic viscosity (Pa • s); dynamic viscosity 
of pure water (Pa • s)

Vs,Vfine Volume fraction of the solid particles; volume fraction of the 
interstitial fluid occupied by fines

θ Channel inclination (◦ )
δ Characteristic size of the sediments (m)

γ̇ Shear rate (s− 1)

CRediT authorship contribution statement

Tianjia Zhou: Writing – review & editing, Writing – original draft, 
Methodology. Gordon G.D. Zhou: Writing – review & editing, Super
vision, Methodology, Funding acquisition. Kahlil F.E. Cui: Writing – 
review & editing, Supervision, Methodology. Hongwei Luo: Writing – 
review & editing, Supervision, Methodology. Xueqiang Lu: Writing – 
review & editing, Supervision, Methodology. Alessandro Pasuto: 
Writing – review & editing. Giulia Bossi: Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The authors acknowledge the financial support from the National 
Key R&D Program of China (2024YFE0104200), National Natural Sci
ence Foundation of China (Grant No. U24A20618), and Sichuan Science 
and Technology Program (2024NSFJQ0043).

T. Zhou et al.                                                                                                                                                                                                                                    Engineering Geology 358 (2025) 108422 

10 



Appendix

Table 2 
Cases of blockage/no blockage collected from the literature and parameters of natural debris/ river flows.

NO. Name and Location Date Debris flow River Mode Data source

vdf 

(m/s)
hdf 

(m)
θdf 

(◦)
Frdf vw 

(m/s)
hw 

(m)
θw 

(◦)
Frw

①
Peilong gully 
(94◦56′00″E, 
30◦04′30″N)

1983.07.29 7.440 13.000 7.529 0.662 5.090 0.690 0.294 1.957 NB
(Cheng et al., 2005, 2007a, 2007b; 
Li et al., 2021)

②
Majingzi gully 
(102◦23′26.14″E, 
29◦10′52.55″N)

2013.07.04 11.600 3.900 7.668 1.885 7.800 2.180 3.662 1.689 NB (Ni et al., 2014; Liu et al., 2017)

③
Banzi gully 
(103◦31′47.22″E, 
31◦24′27.53″N)

2019.08.20 4.740 2.100 10.758 1.054 5.400 5.000 0.917 0.771 NB (Xiong et al., 2021; Wang et al., 
2022)

④
Banzi gully 
(103◦31′47.22″E, 
31◦24′27.53″N)

2023.06.26 8.340 2.000 11.640 1.903 5.400 1.987 0.917 1.224 NB
(Zhang et al., 2023; Chen et al., 
2024b)

⑤
Wawa gully 
(102◦03′27″E, 
29◦15′59″N)

2006.07.16 10.780 4.040 7.000 1.720 1.010 3.886 3.165 0.164 B (Shi et al., 2008; Xie, 2024)

⑥
Mozi gully 
(102◦12′29.53′′E, 
29◦57′25.39′′N)

2008.07.14 3.390 4.500 17.000 0.522 0.263 12.000 4.574 0.024 B (Su, 2011)

⑦
Namasha 
(120◦44′39.44″E, 
23◦19′39.49″N)

2009.08.08 35.700 1.210 17.800 10.624 11.100 5.920 1.200 1.457 B (Chen et al. 2019)

⑧
Hou gully 
(102◦22′30.06″E, 
29◦12′49.5″N)

2013.07.04 12.700 4.600 10.093 1.906 1.358 5.000 2.176 0.194 B (Ni et al., 2014; Ge and Su, 2016; 
Liu et al., 2017)

⑨
Xiongjia gully 
(102◦25′5.4″E, 
29◦09′27″N)

2013.07.04 12.400 3.800 7.125 2.040 2.345 5.800 2.176 0.311 B (Ni et al., 2014; Song et al., 2016)

⑩
Mozi gully 
(102◦12′29.53′′E, 
29◦57′25.39′′N)

2013.07.10 16.000 1.117 22.977 5.040 1.800 4.000 4.574 0.288 B (Han et al., 2016)

⑪
Xiongmao gully 
(103◦07′16.67′′E, 
30◦58′29.19′′N)

2016.07.26 3.130 1.500 5.54 0.818 1.300 3.654 1.432 0.217 B (Liu, 2019)

Table 3 
Debris flow dam and dammed lake parameters in cases that cause blockage/no blockage.

NO. Name Date Dam Lake

Volume 
(×106m3)

Height 
(m)

Length 
(m)

Width (m) Volume 
(×106m3)

Length 
(km)

Width 
(m)

① Peilong Gully 1983.07.29 – 2–3 220 654 4.238 6.5 200 (Cheng et al., 2007b; Li et al., 2021)
② Majingzi Gully 2013.07.04 0.175 5 275 330 – – – (Ni et al., 2014)
③ Banzi Gully 2019.08.20 0.574 51.61 – – – – –

(Cheng et al., 2024)

④ Banzi Gully 2023.06.26 – – – – – 3.4 –
⑤ Wawa Gully 2006.07.16 0.114 4 150 50 – – –
⑥ Mozi Gully 2008.07.14 0.2 10 500 – – – –
⑦ Namasha 2009.08.08 6.667 22.6 606 1464 – – –
⑧ Hou Gully 2013.07.04 0.415 6–8 300 80–100 – – –
⑨ Xiongjia Gully 2013.07.04 0.115 4–7 150 64 – – –
⑩ Mozi Gully 2013.07.10 0.064 20 100 – – – –
⑪ Xiongmao Gully 2016.07.26 – – 120 30 – – –

Note: “—″ means there is no available data.

Data availability

Data will be made available on request.
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