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Controls of Upstream Sediment Erosion on the Deposit
Characteristics of Debris Flows
Hongchao Zheng1,2 , Qi Liang1 , Xinli Hu1, Zhenming Shi2, Chenzhi Xia2, and Tjalling DeHaas3

1Faculty of Engineering, China University of Geosciences (Wuhan), Wuhan, China, 2Department of Geotechnical
Engineering, College of Civil Engineering, Tongji University, Shanghai, China, 3Department of Physical Geography,
Faculty of Geosciences, Utrecht University, Utrecht, The Netherlands

Abstract Debris flows can erode mountainsides, cover alluvial fans, and bury people and property by rapid
deposition. The deposition characteristics of debris flows are strongly affected by their dynamics and
composition, which depend on upstream sediment erosion, but how is still under scientific debate. Here, we
conduct a series of experiments to analyze the effects of debris flow grain‐size gradation and eroded bed
sediment on deposition characteristics. Debris flows deposit on a gentle runout zone and form coarse‐grained
lateral levees and front lobes and a finer‐grained channelized interior due to grain segregation. We show that
affected by a high basal pore‐fluid pressure, released mud‐sand‐gravel flows present much flatter deposits than
sand‐gravel flows. Runout distance, width and inundated area increase with higher bed water content due to the
growths of flow volume and momentum. Inundated area correlates to deposition volume with a power relation
for all experiments. Savage number shows the greatest positive correlation with runout and inundated area
among all factors, suggesting that potential energy of debris flow is more strongly consumed by grain collision
stress than by basal friction stress. Debris flows can deposit as a single nose or multiple fingers depending on the
relative magnitude between the friction force at the flow front balanced by downslope gravity and the thrust
force of the following channelized flow with a higher speed. Our results facilitate the mapping of debris‐flow
impact zones and provide a mechanistic model for predicting deposit shape in debris flows and other
geophysical flows like pyroclastic flows.

Plain Language Summary Debris flows are common geophysical flows and induce fatalities by
conveying a large amount of sediment on alluvial fan in short time. The deposition process of debris flows is
closely related to the upstream erosion process as flows surge down hillsides and gullies. A series of
experiments are conducted for analyzing the erosion process and following deposition by varying grain
distribution and water content of bed sediment and released flow composition. Flow velocity and erosion
volume increase with increasing bed water content, resulting in growth in flow momentum and runout. Flow
velocity and erosion rate for released mud‐sand‐gravel flow are larger than those for sand‐gravel flow on the
same beds, which further enhances the runout distance and inundated area. Inundated area displays a power
relationship with deposition volume for experimental flows and natural debris flows. This can be used for
predicting inundated area when the deposition volume of debris flows is inferred. Debris flows can be deposited
as a nose or finger, which affect the spatio‐temporal evolution of alluvial fans. A mechanistic model is
established to determine whether debris flow deposits become nose or finger shaped, which is also applicable to
other geophysical flows like pyroclastic flows.

1. Introduction
Debris flows occur when solid‐fluid mixtures surge down steep slopes and valleys driven by gravity (Iver-
son, 1997; Shi et al., 2018). Debris flows erode mountainsides as they flow down, can clog gullies and
inundate alluvial fans and valley floors during deposition. Deposition volume of debris flows can reach
up to an order of magnitude 109 m3, sufficient to devastate mountain villages and even counties. For
example, approximately 30,000 people at Caraballeda, Venezuela were killed by nearly 1.0 million m3

deposited sediment triggered by intense precipitation in 1999 (Pérez, 2001). The 2010 Zhouqu debris flow in
China killed 1,765 people by depositing 2.2 million m3 of sediment (Tang et al., 2011). In addition, more
common debris flows with a volume of ∼103 m3 are also reported to pose a hazard to humans and property
(Lancaster et al., 2003).
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Debris flows consist of debris particles and interstitial slurry. Solid and fluid stresses simultaneously exist in these
flows (Major & Iverson, 1999). Diverse stresses have been proposed for elucidating debris flow deposition. For
mudflows with fines as well as liquefied Coulomb materials described well by the Bingham model, deposition
initiates when downslope gravitational stress is lower than the intrinsic shear strength (Coussot & Proust, 1996).
For collisional flows (Bagnold, 1954), deposition occurs when resistance stresses caused by grain collision
exceed downslope gravitational stress. Debris flows dominated by Coulomb friction come to rest when increasing
basal friction resistance due to pore‐pressure dissipation in slurry surpasses driving stress (Hutchinson, 1986).
Furthermore, flow deposition is considered to be produced by intergranular friction concentrated at flow margins
(Major & Iverson, 1999). This previous work suggests that both solid and fluid stresses can affect the deposition
process of debris flows.

Deposition lobes of debris flows are often not uniformly graded, as shown in field surveys (Figure 1) (Blair &
McPherson, 1994; De Haas et al., 2024; Moscariello et al., 2002). Coarse grains are abundant at the frontal
margins and in lateral levees whereas finer grains are concentrated at the channelized flow interior (Johnson
et al., 2012). The coarse‐grained flow head has a higher pore‐fluid diffusivity and its friction resistance is larger
than in the shearing flow body behind it (Zheng, Shi, Hanley, et al., 2021). Flow mobility such as runout distance
and inundated area as well as spatial architecture of depositions are influenced by the evolving debris‐size
distribution.

The flow head can be deposited as a coarse‐grained snout (or nose) or split into several adjacent channeled flows
termed fingers. Intuitively, fingers develop when the flow head, with higher resistance than finer debris behind,
causes a transverse flow‐front instability (Pouliquen & Vallance, 1999). Nevertheless, this viewpoint cannot
reasonably explain experimental observations that fingers only form in released debris mixtures containing coarse
grains with a low volume fraction rather than a high sufficient proportion (Kokelaar et al., 2014). Therefore, the
mechanisms that control whether debris flows form snout or finger deposits remain largely unknown.

Several laboratory experiments have been conducted to investigate the effects of grain composition and gully
slope on the deposition features of debris flows. An optimum coarse debris and clay fraction exist for which
runout is maximal (De Haas et al., 2015). The deposit area and runout width ratio show a positive relationship
with water content and a negative correlation with gravel content in the flow (Zhou et al., 2019; Gong et al., 2023).
Runout distance and lobe shape are highly related to slope and bed roughness and deposit morphology is slightly
affected by fractions of coarse sand and gravel (Baselt et al., 2022). The grain size distribution in the clay to gravel
size regime is closely related to pore‐pressure development and grain segregation during flow (McCoy
et al., 2012; Zheng et al., 2023). Still, the effect of pore‐fluid pressure and grain segregation on the deposition
characteristics is rarely analyzed.

The debris flow deposition process is related to the erosion of upstream bed sediment by changing flow
composition (Hürlimann et al., 2015; Roelofs et al., 2023; Zheng et al., 2024). Sediment erosion also results in
debris‐flow volume growth: some flows increase in size by multiple orders of magnitude while other flows are

Figure 1. Similarities in debris flows consisting of a coarse‐grained flow front and finer‐grained flow body: (a) Illgraben,
Switzerland, (b) Jiangjia Gully, China.
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observed to scarcely entrain sediments (Berger et al., 2010; Godt & Coe, 2007; Zheng, Shi, Yu, et al., 2021). Data
compilations show that inundated area presents a power relationship with deposition volume (Baselt et al., 2022;
Iverson et al., 1998).

We aim to (a) investigate how flow dynamics, volume and grain composition are influenced by bed sediment
erosion and affect subsequent deposition; and (b) develop a criterion that predicts snout or finger deposition by
debris flows. These results contribute to the understanding of debris‐flow deposition processes and have multiple
practical applications, such as the prediction of deposit shape and hazard zone or the development of numerical
methods.

To this end, we conduct a series of experiments to analyze the controls of upstream sediment erosion on debris
flow deposit characteristics under closely controlled conditions. This article is organized as follows. Firstly,
experimental apparatus and grain compositions of released flow and bed sediment are presented. Then, flow
behaviors during sediment erosion and deposition are analyzed. The effects of released flow composition and bed‐
sediment condition on the architecture of the depositional lobe are analyzed, and a mechanistic model is proposed
for recognizing deposit lobe type (single snout or multiple fingers). Finally, we briefly discuss the deposition
characteristics, and correlations between sediment erosion and deposition lobe, flow mobility and inundated area
of debris flows.

2. Methods
2.1. Experimental Apparatus

We conducted 31 flume experiments in which an initial debris flow mass of 0.055 m3 overrode bed sediment,
subsequently flowing across an unconfined plain to deposit on flat, rough concrete, ground (Figure 2). The grain
composition of the released flows and bed sediments, as well as initial volumetric bed water content θ, were the
key varied parameters. In addition, two control experiments with the same debris flows over a fixed bed were

Figure 2. Experimental apparatus for debris flow eroding bed sediment and depositing on bumpy concrete: (a) experimental
picture; (b) schematic diagram. Three grain compositions of bed sediment and two types of debris flows were used in our
experiments.
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carried out. Some deposition experiments were repeated twice for different beds to consider the effects of natural
variability.

The experimental setup consists of an oblique flume of 4.0 m long and 0.30 m wide and a rough panel of 1.0 m
long and 1.2 m wide. The dip angles α of the flume and panel were 27° and 12°, respectively. The concrete ground
was approximatively horizontal. The flume wall was composed of tempered glass so that the debris flow and
erosion processes can be captured on video. Debris flows in the tank were mixed by a hand blender and released
through a gate within 0.5 s after mixing stopped.

A set of monitor equipment was deployed for analyzing the erosion and deposition of the experimental debris
flows. Three video cameras (sampling frequency 25 Hz) were used to record the erosion process and another
camera was used to observe the deposition process from above. A high‐speed camera (sample frequency 200 Hz)
in transverse‐flow direction was employed to capture the erosion process. A 3D laser scanner (accuracy
1.2 mm + 10 ppm) was employed to obtain the erosion and deposit volumes and capture the morphology of each
deposit lobe. Arrays of electronic sensors (sample frequency 500 Hz) were installed at x = 1.8 and 3.2 m for
measuring the pore pressure p, total normal stress σ and flow level h. We tared these sensors upon flow release.
Details related to sensor calibrations and point clouds processing are introduced elsewhere (Zheng et al., 2022).

Debris‐flow deposits form distinctive strata in sedimentary sequences. Accurate recognition of the gravel fabric
characteristics of debris‐flow deposits is meaningful to infer the depositional process and mechanisms (Major &
Iverson, 1999; Kim & Lowe, 2004). Long‐axis orientations of gravel (8–10 mm), having a fulvous color on the
deposit surface, were extracted by image analysis technology using Image J (Schneider et al., 2012). Firstly, the
coarse‐grained zone in the region of interest was selected from surrounding achromatic grains based on a color
threshold including hue, saturation and brightness (Figure 3a). Then, individual grains were obtained by

Figure 3. Morphological characteristics of debris flow deposits: (a) long‐axis orientation of fulvous coarse debris (8–10 mm)
on the surfaces of levee and front lobe acquired by image preprocessing technology for experimental deposit picture
(SG‐W25). (b) The corresponding DEM of the deposit lobe. Gray zone denotes the concrete ground. Debris flow runout
(Lr), lobe width (Wl), and planimetric area (S) were inferred from 3‐dimensional point clouds.
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watershed segmentation for the selected coarse‐grained zone. Long‐axis orientations were then obtained by
analyzing the spatial location of coarse grains and distribution characteristics were displayed in a Rose diagram.

DEMs (Digital Elevation Models) of 3 mm spatial resolution were produced by point clouds for visualization and
to acquire the deposit parameters such as runout distance (Lr), lobe width (Wb), inundated area (S) and deposition
volume (Vd), as shown in Figure 3b. Lr is defined as the horizontal distance between the flume exit to the distal
margin of deposit lobe. Similarly, the total runout distance Lt is measured from opening gate to the lobe tip. Wb

represents the maximum deposit width in transverse‐flow direction. S denotes the planimetric inundated area
projected on the panel and ground. Vd is calculated by adding the volume of each net lobe. Spots of gravel and
interstitial slurry detached from the deposit lobe were ignored.

Flow‐front velocity uf was acquired by tracking frontal debris across a red grid of 4 cm width and 2 cm height on
the flume sidewall (Figure 2). Velocity fields of bed sediment during erosion were calculated through dividing the
displacement by the time interval (0.005 s) between successive snapshots. This process was operated by particle
image velocimetry (PIV) with MATLAB toolbox PIVlab (Version 2.63).

2.2. Grain Compositions of Bed Sediment and Released Flow

As shown in Figure 4, the three grain size distributions of bed sediment used in the experiments are based on
historical data from 1,728 debris‐flow deposits in the Northwestern Alps (Tiranti et al., 2008). Fine‐grained debris
originates from basins made of fine grains and/or tightly foliated metamorphic rock masses; uniformly graded
debris comes from basins made of igneous, or metamorphic rock masses; coarse‐grained debris stems from basins
made of massive carbonate rock masses (Table S1 in Supporting Information S1). The dry density of bed sed-
iments was ρd = 1,700 kg/m3 for different grain compositions.

The bed sediments had an averaged thickness of 0.08 m and covered the flume bed from x = 0.9–3.6 m. By
manipulating water quantity during sediment preparation, initial water content θ of fine‐grained and uniformly
graded sediments was varied within 0–0.25 for released SG flows whereas those for coarse‐grained sediment were
0–0.20 due to its weak water retention capacity (Table 1). For the MSG flows, θ = 0.05–0.15 was used for these
three bed sediments for comparative analysis. The friction angle φ of bed sediment with varying θ was measured
by direct shear tests (Humboldt, D‐5780).

We designed two flow mixtures in experiments as sand‐gravel (SG) and mud‐sand‐gravel (MSG). The bulk
density ρf = 1,800 kg/m3 was determined for all released flows. The SG mixture was mainly composed of sand
(40%) and gravel (54%), similar to that of the uniformly graded bed sediment. The MSG mixture contained mud
(12%), sand (37%) and gravel (51%) with the sand and gravel being similar to that in the SG mixture. Slurry (the

Figure 4. Grain compositions of bed sediment and debris flow in our experiments. Fine‐grained (light gray), uniformly
graded (medium gray) and coarse‐grained (dark gray) sediments refer to different debris‐flow deposits in the Northwestern
Alps (Tiranti et al., 2008).
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mixture of water and mud) viscosities η were 0.003 and 0.012 Pa s for the SG
and MSG mixtures, resepectively, determined by a concentric cylinder
viscometer (Anton Paar, MCR 301). Part of the coarse debris (8–10 mm) in
the released flow and bed sediment was fulvous quartz sand with Iron oxide
whereas the other debris was white quartz sand. These sediments with con-
trasting colors were introduced to facilitate observation of segregation and
deposition of coarse grains.

3. Flow Behavior During Erosion and Deposition
3.1. Debris Flow Erosion

After debris flow release, a steep and agitated flow head developed and
traveled forwards pushed by the following flow body with a higher velocity
(Figure 5). Taking sand‐gravel flows on fine‐grained (SG‐F25) and coarse‐
grained sediment (SG‐C20) as an example, sediment erosion was first
observed beneath the flow head and moved forwards following the flow front.
Streamwise grain velocity within bed sediment (represented by green arrows
in Figure 5) gradually decreased in depth direction and the propensity was
nonlinear. For fine‐grained beds, the sediment grains were progressively
eroded on the surface. The erosion depth of bed sediment was several mil-
limeters and the sediment velocity vb at the interface had an order of
magnitude 10− 2 m/s. In contrast, the erosion depths of wet coarse‐grained and
uniformly graded beds reached up to several centimeters and vb (10− 1 m/s)
were significantly higher than the values for fine‐grained beds. As a result, the
erosion volume of fine‐grained sediment was lower than that of coarse‐
grained and uniformly graded sediments with the same bed water content
and released flows (Table S2 in Supporting Information S1).

Flow regime is regulated by friction and collision stresses of debris grains and
slurry viscous stress (Iverson, 1997; Savage & Hutter, 1989). The Savage

number NS =
ρgd2

s γ2

(ρg − ρs) gh tan φ denotes the relative importance of collision and

friction stresses, where ρg and ρs are the densities of debris grains and slurry,
respectively, g is the gravitational acceleration and φ is the internal friction
angle, ds is the grain diameter and h is the flow depth, γ is the flow shear rate

(γ = u f
h ). The Bagnold number NB =

Cvρgγd2
s

(1 − Cv)η
is the ratio between collisional

and viscous stresses, where Cv is the volume concentration of debris flow.
Friction stress is dominated by collision stress with NS > 0.1 and viscous
stress is dominated by collision stress with NB > 200 (Iverson, 1997).

A collisional regime was present for released MSG flows moving across fine‐
grained and uniformly graded beds whereas a frictional regime was observed
for SG flows regardless of sediment composition and bed water content
(Figure 6a). Due to a high slurry viscosity and low diffusivity (Figure S1 in
Supporting Information S1), a high basal pore‐fluid pressure was maintained

in MSG flows compared to SG flows. The liquefaction ratio (pore‐fluid pressure divided by normal stress) of
MSG debris flow reached up to ∼0.9 and basal friction resistance was reduced by the persistent pore‐fluid
pressure. Collision stresses exert a more obvious effect on both MSG and SG flows than friction stress with
the increase of bed water content. This is because the transportation velocity uf of debris flows was enhanced on
wetter bed sediments with low friction resistance (Figure 6c), resulting in increases of the shear rate and collision
stress. Collision stress dominated viscous stress for the MSG and SG debris flows (Figure 6b). This is because
flows were turbulent during erosion and slurry viscosity was relatively limited.

The mean erosion rate of bed sediment E varied between 10− 3–10− 2 m/s for all experimental settings (Figure 6d).
E increased with bed water content under the same released flow and sediment composition. This is because the

Table 1
General Conditions of the Conducted Experiments

Test Scenario Released flow Bed sediment θ (%) tan φ

1 SG‐F00 SG F 0 0.98

2 SG‐F05 F 5 0.72

3 SG‐F10 F 10 0.72

4 SG‐F15 F 15 0.71

5 SG‐F15* F 15 0.71

6 SG‐F20 F 20 0.72

7 SG‐F25 F 25 0.71

8 SG‐U00 SG U 0 1.13

9 SG‐U05 U 5 0.91

10 SG‐U10 U 10 0.88

11 SG‐U15 U 15 0.85

12 SG‐U15* U 15 0.85

12 SG‐U20 U 20 0.84

14 SG‐U25 U 25 0.83

15 SG‐C00 SG C 0 1.11

16 SG‐C05 C 5 1.00

17 SG‐C10 C 10 0.89

18 SG‐C15 C 15 0.88

19 SG‐C15* C 15 0.88

20 SG‐C20 C 20 0.87

21 MSG‐F05 MSG F 5 0.72

22 MSG‐F10 F 10 0.72

23 MSG‐F10* F 10 0.72

24 MSG‐F15 F 15 0.71

25 MSG‐U05 MSG U 5 0.91

26 MSG‐U10 U 10 0.88

27 MSG‐U15 U 15 0.85

28 MSG‐C05 MSG C 5 1.00

29 MSG‐C10 C 10 0.89

30 MSG‐C10* C 10 0.89

31 MSG‐C15 C 15 0.88

Note.F, U, and C represent fine‐grained, uniformly graded and coarse‐grained
debris, respectively; Experimental scenarios with an asterisk were conducted
twice.
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bed shear resistance was lowered and flow depth as well as basal shear stress increased with increasing bed water
content (Figures 7a and 7b). In addition, the evolving bed pore‐fluid pressure was raised due to a larger flow
infiltration depth into sediment during erosion (Figures 7c and 7d). For the same bed sediments, the erosion
volumes induced by SG and MSG flows were similar (Table S2 in Supporting Information S1) and the erosion
intensity generated by MSG flows was stronger than for SG flow because of a shorter erosion time. The reason is
that flow depth and basal shear stress as well as developed pore‐fluid pressure in bed sediment were close to each
other for SG and MSG flows. In contrast, basal collision stress exerted on bed sediment produced by MSG flow
with a higher velocity was stronger than that for SG flows (Figure 6a), leading to a higher erosion rate. Uniformly
graded and coarse‐grained sediments had a larger erosion rate than fine‐grained sediment with the same released
flow and bed water content because of a relatively limited pore‐fluid pressure in the fine‐grained sediment (Figure
S2 in Supporting Information S1).

Driven by shear and collision stresses, coarse grains were segregated to the flow surface where a higher flow
velocity existed, resulting into an inverse grading of debris distribution in depth direction. This is illustrated by for
example, an SG debris flow overriding a fine‐grained bed θ = 0.25 (SG‐F25), as shown in Figure 8. The coarse
grains at the top preferentially traveled to the flow front during bed erosion and thereby a coarse‐grained flow
head developed. Coarse debris at the front of the flow rolled over each other and displayed spiraling trajectories.
Coarse debris at the bottom of the flow front was segregated upwards at roughly 5 cm/s, which was faster than at
the flow body. The reason is that the absence of interstitial slurry at the flow front increases the density difference
between debris grains and surrounding fluid, contributing to a higher tendency to segregate debris (Zhou
et al., 2020). Accordingly, coarse debris in the flow body had a larger saltation distance than at the flow front due
to a higher streamwise velocity and longer time for segregation.

Figure 5. Sand‐gravel debris flows overriding on contrasting (a–c) fine‐grained (SG‐F25) and (d–f) coarse‐grained sediments
(SG‐C20). Green arrows represent the velocity vector of sediment motion. (g–h) Streamwise velocity vb at Sections A and B
is represented in depth direction. The maximum value of streamwise velocity at the fine‐grained bed interface was significantly
lower than the observed value for coarse‐grained sediment. T = 0 is the time elapsed from the first picture.
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3.2. Debris Flow Deposition

After passing through the unconfined panel, flows spread out, decelerated and deposited in source‐ward direction.
Debris in the bulbous flow front was shoved aside into lateral levees, which formed a flow channel with near‐
constant width (Figure S3 in Supporting Information S1). The flow front was pushed by channelized flow
with a higher transport velocity and finally deposited as a coarse‐grained snout or finger with decreasing width in
the flow direction. Fingering deposits formed when the front split into several channeled flows enclosed by
coarse‐grained levees. A succession of fine‐grained, more dilute, tails overrode and covered the initial deposit and
thereby increased the channel width and deposit height. Interstitial slurry in the deposit formed by SG flows was
drained within 10 s and the corresponding pore‐fluid pressure was quickly dissipated. In contrast, it took more
than 30 min to drain slurry and pore‐fluid pressure for the MSG flows due to a higher viscosity and lower
diffusivity.

The channelized flow interior contained sparse amounts of gravels, and was surrounded by marginal levees and a
front lobe consisting dominantly of clast‐supported and strongly sorted gravels (Figure 9). Compared to the
deposit formed by SG flows, much less coarse debris was distributed in the core of the deposit for the MSG flows
due to a much higher flow speed and significant debris segregation (Figure 6). Levee widths for SG flows were
larger than for MSG flows on the same bed sediment as a result of more gravel particles in the SG flows. Gravels
on the marginal levee and front lobe were oriented in different directions. The sector color in wind Rose diagrams
shows the gravel long‐axis orientations on the levee and lobe with an interval of 20° and the sector area denotes
the corresponding gravel number. The long axes of elongate gravels on the levees (Regions I–IV) predominantly
displayed an angle of 45° to the streamwise direction (Figure 9), indicating that these levees were formed by push‐
aside incremental accretion. However, a part of gravels (∼10%) on the frontal lobe exhibited parallel‐flow long‐
axis orientation (Region V). These gravels were detached from the following flow body and directly deposited.

4. Morphology Characteristics of Lobe Deposits
4.1. Lobe Geometry

Runout distance Lr of debris flows varied within 2.7–4.5 m for all experimental series and increased with
increasing bed water content (Figure 10a). Flow volume and transportation velocity grew during bed erosion

Figure 6. Flow conditions with varying bed sediment and flow composition: (a) Savage number (NS), (b) Bagnold number
(NB), (c) flow‐front velocity uf, (d) mean erosion rate of bed sediment E.
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(Figure 6), which caused increases of flow momentum and runout. Lr for released SG flows were significantly less
than for the MSG flows on the same beds as a result of a higher pore‐fluid pressure and liquefaction ratio. Width
Wl of deposit lobes did not present remarkable differences for the same released flows across beds with various
sediment compositions (Figure 10b). Width Wl and planimetric area S of deposit lobe for SG flows were smaller
than those for MSG flows (Figure 10c). Channelized flow interior for MSG flows was strongly liquefied during
deposition and the effective stress was low, indicated by dissipation timescale of pore‐fluid pressure (Figure S3 in
Supporting Information S1). On the other hand, levee width in the deposit lobe was small and lateral friction force
for resisting transverse motion of channelized flow was relatively weak. S for flows moving across fine‐grained
and uniformly graded beds were larger than those on coarse‐grained beds with the same water content. The reason
is that much coarse debris was carried into flow during coarse‐grained sediment erosion (Figure 6d) and the shear
strength of deposit lobe was enhanced during deposition.

Deposition area S statistically presented a power relationship with deposition volume Vd for all scenarios with
goodness of fit r2 = 0.7 (Figure 10d)

S = 30V2/3
d (1)

This relation indicates that the deposit lobes of debris flows have self‐similarity morphological characteristics
regardless of flow composition and erosion process. Released SG and MSG flows on fine‐grained beds as well as
MSG flows on uniformly graded beds fell above the fitted line, implying that flow strength was low during
deposition and the deposit lobe was relatively tabular.

Figure 7. Time‐series data measured at x = 3.2 m in four experiments with contrasting sediment moisture (θ = 0.05 and
θ = 0.15) and released flow composition (sand‐gravel (SG) and mud‐sand‐gravel (MSG) mixtures). (a, b), Sensor
measurements of flow stage, h(t), (c, d), basal pore‐fluid pressure, p(t) and (e, f), basal total normal stress, σ(t).
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4.2. Formation of Snouts or Fingering Lobes

Frontal lobes of debris‐flow deposits display the forms of a snout or multiple fingers (Figures 11a and 11b). A
mechanistic model based on the limit equilibrium analysis is conducted for recognizing conditions under which
these lobe shape form. The deposition process of debris flow is simplified as a bulbous flow front pushed by
following channelized flow with a higher velocity (Figure 11c). The coarse‐grained flow front is subjected to the
thrust force Ft exerted by the channelized flow, the downslope flow gravity Fg, and resistant friction force Ff. Ft is
expressed as

Ft = 0.5ρf ( vi − v f )
2Si (2)

where ρf is bulk flow density, vi and v f are the velocities for channelized interior and flow front, respectively
(Zheng et al., 2022). Si = 0.5βR2 is the fan‐shaped area of thrust force applied on the flow front, β and R are the
radian and radius of the bulbous flow front. Ff is calculated as

Ff = tan φCvρgghf cos αSf (3)

Figure 8. Grain segregation of debris flow on fine‐grained sediment (SG‐F25) during transportation. (a, b) Distribution of
coarse debris (8–10 mm) at T = T0 and T = T0 + 0.15 s. Coarse debris grains are marked with orange ellipses in panel (b).
(c) Schematic diagram for debris transportation. Coarse debris was rich in the flow front and upper part of flow body. (d, e)
Examples of trajectories of segregated coarse debris at the flow body and front. Saltation distances of coarse debris at the
flow body were significantly longer than those at the flow front.
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where hf and Sf are the flow‐front depth and ring area on a horizontal plane, respectively. Cv = 0.6 is applicable to
a fully shearing debris mixture (Kokelaar et al., 2014). Fg is expressed as

Fg = Cvρgghf sin αSf (4)

Combination of Equations 2–4 yields:

λ = 0.25βR2ρf ( vi − v f )
2
+ βRWf (Cvρgghf sin α − tan φCvρgghf ) (5)

where Wf is the width of the bulbous flow front. The flow front is able to remain stable and deposited as a single
coarse‐grained snout when λ < 0. In contrast, the friction force at the flow front is not sufficient to balance the
thrust and downslope gravity forces when λ > 0. Accordingly, the coarse‐grained front is broken by the thrusting
channelized flow and divided into multiple channels. The sign for λ is not related to the radian β considering these
three forces increase proportionally with β. λ > 0 presents a higher propensity with the increases of flow‐front
radius R and gully slope α, indicating fingering lobes are more likely to occur for debris flows at steep allu-
vial fans with a larger flow front during deposition.

The proposed mechanistic model is verified against our experiments. As an example, we consider a SG
flow overriding a coarse‐grained bed (SG‐C05) and MSG flow overriding a uniformly graded bed with θ = 0.05
(MSG‐U05). For these experiments slope angle α = 0 on the flat ground where the flows deposit, and downslope
force Fg is therefore not considered. The flow‐front velocity v f = 0.7 and 0.9 m/s, R= 0.5 and 0.7 m, hf= 0.04 and

Figure 9. Long‐axis orientations of coarse debris on the lateral levees and frontal lobe deposits (SG‐C10). θ = 0°, 180°
denotes transverse flow orientation and θ = 270° shows streamwise direction in the wind Rose diagrams. Dotted lines and
boxes represent the grain trajectories on the concrete ground and the regions of interest (I–V), respectively.
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0.02 m, Wf = 0.2 and 0.1 m for SG‐C05 and MSG‐U05 flows during deposition, respectively. The velocity vi for
channelized flow is assumed two times the propagation speed of the front following Johnson et al. (2012).
Assigning these values to Equation 4 yields λ > 0 for MSG‐U05 and λ < 0 for SG‐C05, which is consistent with
experimental observations. A bulbous flow front is preserved with λ < 0 like SG‐C05 and abundant gravels are
segregated into snout during deposition. In contrast, the flow front split into multiple fingers with marginal
amounts of coarse gravels with λ > 0, and the radius of the individual fingers is lower than the value for the initial
flow front (Figure 11c). The thrust force exerted by the channelized flow is reduced and thus a new force
equilibrium is achieved. This is the reason why fingering lobes are not divided into smaller fingers.

5. Discussion
5.1. Deposit Snout or Finger?

Deposition lobes in our experiments either form a snout or fingers (Figures 12a and 12b), which is in accordance
with observations for natural debris flow at Mount St. Helens triggered by snowmelt (Blatt & Robert, 1996) and
Xinfa debris flows caused by the Morakot typhoon (Chen et al., 2023).

MSG debris flows moving across fine‐grained and uniformly graded beds are deposited as a finger (Figure 12c).
This is because flow‐front velocity is high (Figure 6c) and thrust force is large enough to overcome the friction
force induced by the coarse flow front (Equation 5). In contrast, MSG debris flows on coarse‐grained beds are
deposited as a snout because many gravel particles are entrained into the overriding flow and transported to the
flow front. Regardless of bed composition and water content, SG flows are deposited as a snout because the flow‐
front velocity and resulting thrust force are relatively low. The results indicate that fingering lobes have a higher
tendency to occur for debris flows with faster propagation speeds and longer runout distances (Figure 10a). This
agrees with observations of other laboratory experiments in which high water content flows on smooth beds with
large runout distances are deposited as a finger (Baselt et al., 2022; Zhou et al., 2019). λ > 0 and λ < 0 are obtained
for finer‐gravel and coarse‐gravel flows with Cv = 0.43, respectively, owing to the difference in flow‐front
velocity (Baselt et al., 2022). This explain why these flows are deposited as a finer or snout.

Figure 10. Morphological parameters of debris flow deposits with varying bed water content and flow composition:
(a) runout distance Lr; (b) lobe width Wl; (c) deposit area S; (d) statistical relationship between lobe area S and deposit
volume Vd.
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We do note that in natural debris flows fingering deposit morphology may also result from multiple flow surges or
roll waves. In flows with multiple surges, deposition of the first surge forms a snout, and if the flow depth and
mobility of subsequent surges are sufficient to overtop the levees behind the initial snout the surge will form a
second snout next to the original snout. This then also results in a debris flow deposit with multiple fingers.

The mechanistic model for determining the morphology of debris flow deposits is also applicable to other types
of granular flows (Sovilla et al., 2006). Kokelaar et al. (2014) conducted grain‐segregation tests in which
dry granular flows traveled on fixed beds by varying fractions of coarse sand (300–425 μm) and fine ballotini
(150–250 μm). Deposit morphologies of dry granular flows transitioned from snout to fingers with increasing
fines content (Figure 12d). The channel‐axial speed of these granular debris flow varied between 0.06 and 0.09 m/
s and the thrust force was significantly smaller than values for the experimental flows presented here. The reason
for finger formation is that the frictional force of the granular flow was counteracted by downslope gravity with
bed slope α = 29° (Equation 5) and this value was larger than the angle of repose of the fine ballotini. With the
increase of fines content, coarse‐sand quantity and friction force at flow front were reduced and the thrust force by
the small ballotini was large enough to split the flow front, resulting int a fingering deposit lobe. Moreover,
multiple channels occur at the flow front for debris mixtures with coarse sand (300–355 μm) at the same sand
fraction (Baker et al., 2016) due to a lower friction strength of the coarse front. As a consequence, finger formation
in these flows is caused by the deficiency of coarse debris at the flow front.

Figure 11. Deposit features of debris flows: (a) deposit lobe (SG‐C05); (b) deposit finger (MSG‐U05); Gravel (8–10 mm) on
the lobe surface is showed by large particles using three‐dimension point clouds. (c) Mechanistic model for recognizing
deposit forms. Debris flows are deposited as a nose or finger depending on the relative magnitude between friction force (Ff)
balanced by downslope gravity (Fg) and thrust force (Ft).
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The criterion in Equation 5 can also be applicable for dense Pyroclastic density currents (PDCs). PDCs are
ground‐hugging density currents composed of pyroclasts, pumice, and gas (Gueugneau et al., 2017; Kokelaar
et al., 2014). The deposit structures of PDCs can present lateral levees and steep front lobes of snout or finger,
similar to debris flows. This indicates that the flow front of the PDCs moves forwards pushed by the trailing
channelized flow. Deposit lobes of snout and fingers can thus also be assessed by considering the thrust force,
downslope flow gravity, and the resistant friction force.

5.2. Correlations Between Debris‐Flow Volume Growth and Flow‐Bed Conditions

Pearson correlation analysis is conducted to assess quantitatively the relationship between sediment erosion and
the flow deposition (Figure 13). Bed water content shows a positive correlation with runout distance Lr and
inundated area S. Compared to SG flows, the bed water content has a smaller effect on MSG debris flows because
a high basal pore‐fluid pressure exists in MSG flows (Figure S1 in Supporting Information S1) which limits the
influence of bed water content on flow transportation. Lr and S have a negative correlation with the friction angle
of bed sediment due to the increase in basal resistance of debris flows. This significance level is larger than the
value for bed water content. The reason is that both grain composition and water content of bed sediment are
controlling the friction strength. Flow‐front velocity shows an obvious relationship with Lr and S considering flow
mobility increase with increasing velocity.

The Savage number Ns of debris flows displays the greatest positive correlation with Lr and S (|r| > 0.82),
regardless of released flow composition. It indicates that the potential energy of debris flows is more consumed by
grain collision stress than by basal friction stress for longer runout flows (Iverson, 1997). Marginal gravels and a
fine channelized flow interior are spontaneously developed during deposition (Figure 9). Grain‐size segregation

Figure 12. Comparisons of deposit forms: (a) experimental flows (SG‐C05 and MSG‐W05) presented here; (b) deposit snout
of a debris flow at Mount St. Helens (Blatt & Robert, 1996) and fingering deposit of debris flow at Xinfa (Chen et al., 2023);
(c) transition from deposit snout to finger for experimental flows presented here; (d) transition from deposit snout to finger
for dry granular flows (Kokelaar et al., 2014).
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of debris flows is enhanced with increasing Ns and collision stress (Figure S2
in Supporting Information S1). More gravels are deposited in lateral levees
and more fine grains are concentrated in the flow interior with a higher speed.
The permeability (and thereby diffusivity) and friction angle of the fine‐
grained flow interior are relatively low, which increase pore‐fluid pressure
persistence and lower frictional energy losses. Much flow momentum and
translational energy are allocated to the channelized flow interior, causing an
increase in flow runout distance and mobility.

5.3. Flow Mobility and Inundated Area

We compare the mobility (ratio of elevation difference H to the total travel
distance Lt) of the experimental flows presented here with data from other
laboratory tests (Baselt et al., 2022; De Haas et al., 2015; Iverson et al., 2010)
and documented natural debris flows [for example, Howard, 1973; Luc-
citta, 1978]. Lt /H is varied within a factor 3–4 for our experimental flows,
which is in accordance with the observed values (1–20) of other test flows and
natural debris flows (Figure 14a). Flow mobility presents a positive corre-
lation with deposit volume for natural flows, which might be induced by a low
basal friction coefficient due to the volume effect (Wang et al., 2018), a high
slurry density (McCoy et al., 2012), or sediment erosion (Iverson et al., 2010).
For example, Lt /H= 8.7 occurs for the debris flow in Fukaminato river with a
volume of 105 m3 due to significant erosion of gully sediment during trans-
portation (Nishiguchi & Uchida, 2022), which is a hypothesis that is
consistent with our experimental observations. In addition, as a result of
experimental flows deposited on horizontal ground, the maximum Lt /H here
is smaller than the value for natural debris flows on an oblique alluvial fan.
Our experiments partly fill the data gap between small‐scale tests and natural
events.

Planimetric deposition area S displays a power link with deposition volume
Vd for experimental flows and natural debris flows (Figure 14b),

S = ζV2/3
d (6)

With the best fit regression, proportionality coefficients ζ = 20–30 exist for laboratory tests presented here and by
De Haas et al. (2015) and Baselt et al. (2022). In contrast, ζ = 200 is achieved for lahar inundation (Iverson
et al., 1998). This is partly because the bulk density of pumice fragments is lower than that of quartz sand. In
addition, the proportionality coefficient is affected by basal flow friction, liquefaction ratio and topographic
parameters (Baselt et al., 2022; Rickenmann & Scheidl, 2023). As a consequence, the inundation zone can be
mapped when the deposit volume of debris flow is inferred from the probabilistic analysis based on regional
meteorology and geology conditions (Iverson et al., 1998).

5.4. Implications

The criterion in Equation 5 is meaningful for practitioners to identify whether a debris flow in a particular
catchment will form a snout or fingering shaped deposit. To this end, gully slope angle can be acquired from
digital maps or digital elevation models, while flow‐front velocity can be estimated by the Manning formula with
established gully roughness or the superelevation in a bend (Rickenmann & Scheidl, 2023). Planimetric depo-
sition area is inferred by flow volume in Equation 6 and the corresponding flow depth is calculated. With these
input parameters, the deposit shape can be assessed when the width of the bulbous flow front is obtained.

The lobe deposit is formed by the accretion of successive flow surges but stratigraphic evidence for multiple
surges is obliterated. The reason is that consolidation time of deposit interior significantly surpasses the typical
timescale for the sediment emplacement (Figure S3 in Supporting Information S1). Persistent high pore‐fluid
pressure in the deposition lobe facilitates remobilization of unconsolidated sediment by recurrent surges. As a

Figure 13. Pearson correlation coefficients between (a) runout distance of
debris flow (rL), (b) inundated area (rS) and bed water content θ, friction
angle φ, flow‐front velocity uf, as well as Savage number Ns with p < 0.001.
Red and blue colors denote positive and negative correlations, respectively.
| | is the modulus for the Pearson correlation coefficient.
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result, grain segregation and long‐axis orientation are not preserved at the sedimentary interface (Major &
Iverson, 1999). In addition, debris flows can be injected from gullies into a river at the confluence and strongly
mixed with the water, which also form poorly sorted deposit (Zheng, Shi, Hanley, et al., 2021).

Grain‐size segregation has an obvious effect on the characteristics of motion and deposition of debris flows. With
regard to kinematic features, a coarse‐grained flow front is developed during transportation (Figure 8). The
impact pressure of debris flows exerted on the engineering structures like check dams or flexible barriers is
enhanced by fluctuating pressures of high frequency generated by coarse‐grain collisions (Zheng at al., 2022). It
poses a great challenge to predicting impact force and brings uncertainty to designs in disaster prevention en-
gineering. In addition, compared with coarse levees, the permeability and basal friction of the flow interior are
relatively low and a higher speed is sustained during deposition. As a result, self‐organization of debris grains can
be a key role in promoting long runout of catastrophic debris flows even on gentle alluvial fans (De Haas
et al., 2018; Kokelaar et al., 2014).

Figure 14. Comparisons between experimental and natural debris flow dimensions. (a) Flow mobility (Lt /H). Black lines
show the mobility range of natural debris flows. (b) Deposit area varying with debris flow volume for the experimental and
natural debris flows. Laboratory test data are from Baselt et al. (2022); De Haas et al. (2015); Iverson et al. (2010) and natural
debris flow events are from Howard (1973); Luccitta (1978); Crandell et al. (1984); Francis et al. (1985); Siebert
et al. (1987); Hazlett et al. (1991); Stoopes and Sheridan (1992); Hayashi and Self (1992); Iverson et al. (1998); Calder
et al. (1999); Davies and McSaveney (1999); Capra et al. (2002); D'Agostino et al. (2010); Iverson (2015); Fan et al. (2019);
Friele et al. (2020); Walter et al. (2020).
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Our results advance understanding of debris‐flow deposition and contribute to disaster risk reduction. The
experimental debris flows form deposits with gravel‐rich levees and a fine‐grained channelized interior, which
offers a benchmark for numerical simulation of multiphase models like computational fluid dynamics coupled
with discrete element method (Shi et al., 2018). The statistical relation between inundated area and deposition
volume can be used for practitioners and authorities for mapping hazardous zones and guiding hazard mitigation
strategies (Rickenmann & Scheidl, 2023). Our criterion offers an effective tool to identify expected deposit shape
in a specific catchment.

6. Conclusions
We experimentally investigated the controls of upstream sediment erosion on the deposition characteristics of
debris flows. The main conclusions are:

1. The experimental debris flows formed deposits consisting of a margin dominantly comprising clast‐supported
gravels and a fine channelized interior as a result of grain‐size segregation. The long axis of gravel on the levee
surface has a dominant orientation following the flow tract, indicating that levees are formed by push‐aside
incremental accretion.

2. Runout distance increases with enhanced bed water content due to the growths of flow volume and mo-
mentum. Width and lobe deposit area for sand‐gravel (SG) debris flows are smaller than those for mud‐sand‐
gravel (MSG) debris flows because of a high basal pore‐fluid pressure. Inundated area has a power relation
with deposition volume for all experiments, implying that the hazardous zone of debris flows can be mapped
with estimated flow volume.

3. A mechanistic model is established for recognizing lobe features. Debris flows can form as a single nose
deposit or a deposit consisting of multiple fingers depending on the relative magnitude between friction at the
flow front counteracted by downslope gravity and thrust forces exerted by the following channelized flow with
a higher velocity.

4. Runout and inundated area have a significant correlation with the sediment friction angle, and a lower cor-
relation strength with bed water content. Savage number displays the greatest positive correlation with runout
and inundated area among all factors because more potential energy of debris flow is consumed by grain
collision stress than basal friction stress.

Data Availability Statement
Measured flow variables during erosion and deposit parameters are available at https://doi.org/10.5281/zenodo.
15653428.
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