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Abstract Debris flow mobility can vary during propagation due
to changes in flow volume and bulk flow behavior resulting from
the absorption of water from runoff. This study aims to investigate
the effect of runoff on debris flow propagation by presenting an
integrated model that considers the processes of rainfall, vegeta-
tion interception, soil infiltration, runoff generation, and debris
flow propagation. Specifically, the study adopts an elevation-based
empirical formula to evaluate the spatial distribution of rainfall and
introduces a parameter for water absorption rate into the depth-
averaged two-layer model that is used for describing the dynamics
of runoff and debris flow. Through alternative simulations of the
2020 debris flow in the Meilong catchment, the study illustrates
the significant effects of water absorption on debris flow propaga-
tion. The results indicate that as the water absorption rate of the
debris mass increases, debris flow mobility also increases, since
more mass and energy are transferred from runoff to debris flow.
In addition, the spatial and temporal patterns of rainfall intensity
can modify the propagation velocity of debris flow by influencing
runoff dynamics.

Keywords Debris flow mobility - Runoff generation - Water
absorption - Numerical modeling - Rainfall variability

Introduction

Debris flows are a typical mountain disaster and can result in high
casualties or serious economic loss due to its large impact area
and great destructive power (Norio et al. 2011). Recent examples
include the 2010 Hongchun debris flow, which resulted in the
flooding of Yingxiu town (Tang et al. 2011), and the 2010 Tianmo
debris flow, which blocked Parlung Zangbo River and caused
a direct loss of CNY 5.2 million (Wei et al. 2018). Generally, the
impact area and impact force of debris flows are significantly
correlated to their mobility. Based on the analysis of available
data (e.g., the ratio between drop height and runout distance),
several studies have demonstrated that there is a significant
variation in the mobility of debris flows (Dahlquist and West
2019; Rickenmann 1999; Tang et al. 2012a, b). Consequently,
understanding the factors that affect the mobility of debris
flows, and the extent to which they do so, is critical for evaluating
disaster risk and informing reconstruction strategies.

Debris flow mobility may vary during propagation through
the channel due to changes in flow volume and bulk flow behav-
ior caused by entrainment of bed sediments and water absorption
from runoff (Rickenmann and Scheidl 2012). To date, how sediment
entrainment affects debris flow mobility has been studied deeply
through laboratory experiments (Iverson et al. 2010; Reid et al. 2011)
and theoretical analysis (Frank et al. 2019; Luna et al. 2012). Based on
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the large flux experiments, Iverson et al. (2011) found that a debris
flow over a fixed wet bed moves significantly faster than the same
flow over a fixed dry bed. McCoy et al. (2012) measured bed and
flow properties during six erosive debris flow events and discovered
that the eroded mass from debris flow is also larger when the bed
sediment is saturated compared to dry bed sediment. To describe
debris flow propagation under the effects of sediment entrainment
quantitatively, several physically based numerical models have also
been proposed, based on the depth-averaged theory (Frank et al.
2019; Han et al. 2015). Luna et al. (2012) coupled a one-dimensional
debris flow model with an erosion formula that considered the
limit equilibrium and excess pore water pressure of bed materi-
als. Discussion on the mass and momentum jump conditions that
impose constraints on valid erosion formulas was performed by
Iverson and Ouyang (2015), which provides a guideline for applying
correct forms of depth-averaged equations considering entrain-
ment. Compared to the entrainment mechanism and its effects on
debris flow mobility, the study of water absorption during debris
flow propagation is rare. Debris flows can absorb water from runoff
when they meet and change their volume and bulk flow behavior,
which changes the mobility (Rickenmann and Scheidl 2012). More-
over, water absorption can also transfer momentum from runoff to
debris flows, which is different from sediment entrainment due to
that the sediment should be static prior to entrainment (Han et al.
2015). For catchments with steep terrain or heavy rainfall, runoff
may have large kinetic energy and transfer it to debris flow through
water absorption, thus promoting debris flow propagation (Pierson
and Scott 1985). However, there are no available numerical models
that incorporate the abovementioned effects of water absorption
on debris flow propagation, especially from the catchment point
of view.

The spatial heterogeneity of rainfall intensity, an important
feature for rainfall events in mountainous areas, significantly
influences hydrological processes and thus increases the suscep-
tibility to disasters (Minder et al. 2009; von Ruette et al. 2014).
Obtaining accurate rainfall data in catchments is challenging
due to harsh monitoring conditions or measurement errors,
particularly for high-altitude areas. Moreover, the relation-
ship between elevation and rainfall in small-scale spaces, such
as single catchments, is complex and highly uncertain (Haiden
and Pistotnik 2009). Several formulas have been proposed to
estimate this relationship, primarily based on regional rainfall
data (Garcia-Martino et al. 1996; Guo et al. 2021; Jiang et al. 1988;
Song et al. 2019). These formulas generally follow a simple rule
whereby rainfall intensity initially increases with elevation and
then decreases. Currently, rainfall data available for a catchment
typically comes from the nearest meteorological station, which
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represents an average of the entire area and provides a general
reference to simulate rainfall conditions. The high spatial vari-
ability of rainfall introduces uncertainty in predicting runoff
generation, including characteristics such as volume and peak
discharge (Bout et al. 2018; Liu and He 2020). In order to improve
the accuracy of simulating runoff in a catchment, An et al. (2022)
used rainfall data with spatial variation, which was obtained by
interpolating data from 17 meteorological stations located nearby.
However, since these stations are not located within the catch-
ment and most of them are far away, there is a possibility that
the impact of changes in elevation on the rainfall data may be
overlooked. Currently, employing an empirical formula that
links rainfall intensity and elevation is an effective method for
enhancing the accuracy of simulating runoff generation within
a catchment. However, studies on the application of this method
to simulate debris flow formation are scarce.

In this paper, a multi-process coupling model is introduced
to assess the impact of water absorption on debris flow propaga-
tion at a catchment scale. To account for the significant spatial
heterogeneity of rainfall in mountainous regions due to vary-
ing elevations, an elevation-based empirical formula is incor-
porated into the model to calculate the spatial distribution of
rainfall. Additionally, models of vegetation interception and soil
infiltration are coupled with the model as these processes play
a crucial role in the overall dynamics. Furthermore, a depth-
averaged two-layer model that includes a newly introduced
parameter of water absorption rate is proposed to effectively
simulate the behavior of runoff and debris flow, as well as their
interaction. To validate the presented model, it is applied to a
debris flow event that took place in Meilong catchment, China, in
2020. Various alternative scenarios are simulated to investigate
the sensitivities of water absorption rate and rainfall intermit-
tency to debris flow propagation.

Numerical framework

Rainfall-runoff processes are impacted by a wide range of processes
including variability of the rainfall, interception, and infiltration
(refer to Fig. 1). When the runoff encounters a debris mass along
its path, it has the potential to be absorbed, thereby modifying the
characteristics of the debris mass, such as the solid-liquid ratio and
subsequently its mobility (Rickenmann and Scheidl 2012). Consid-
ering this perspective, for a numerical model investigation of the
impact of rainfall-runoff on debris flow propagation at a catch-
ment scale, two critical issues need to be addressed: obtaining accu-
rate runoff results by considering the aforementioned factors and
appropriately incorporating the interaction between runoff and the
debris mass. To tackle these challenges, we integrate the models for
the relevant processes and introduce a parameter to quantitatively
describe the absorption of water from runoff by the debris flow.

Coupled models for calculating effective precipitation
contributed to runoff

Effective precipitation varies as a function of vegetation intercep-
tion and surface infiltration (Das et al. 2006), but in this study, we
focus on the following processes because it is influenced by factors
such as the rainfall pattern and vegetation coverage and type. From
this point of view, we couple existing physical-based models that
incorporate these factors to quantitatively describe the amount of
effective precipitation that contributes to runoff (see Fig. 2). We
define the effective precipitation as parameter I, which is expressed
as follows:

I=I,-AL -1 (1)

where I, is the initial rainfall intensity; AI, and I are the intercep-
tion loss rate and infiltration loss rate per time unit, respectively.

Rainfall variability

Vegetation interception

Fig. 1 Sketch of runoff generation underthe coupling action of rainfall variability, vegetation interception, and surface infiltration and its

effect on debris flow propagation
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Fig.2 Flowchart of effective precipitation calculation by coupling
models of rainfall pattern, vegetation interception, and surface infil-
tration. Here, I, =1, - Al refers to the effective precipitation after veg-
etation interception
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Rainfall spatial distribution model
A formula that reflects this simple relationship between elevation
and rainfall is expressed as (Jiang et al. 1988)

I,=Ae P 4 C (2)

where z is the elevation; H is the elevation which has the maximum
rainfall intensity; A and B are the empirical parameters; C is the
reference rainfall intensity when z becomes large and is usually
assumed to be zero.

Vegetation interception model
Aston (1979) proposed an empirical formula for describing interception

which I, is the accumulated interception loss; P, is the accumulated
rainfall; k=0.046-LAI is a correction factor, in which LAI is leaf area
index; S,,,, is the maximum canopy storage and varies with land
covers (von Hoyningen-Huene 1983)

0.2856LAI for forest
0.935 + 0.948LAI — 0.00575LAI? for cultivated land
0.59LAI%%8 for grassland

S =

max

(4)

Soil infiltration model
Soil infiltration here is described by one-dimensional Richard’s
equation (Swartzendruber 1987)

@_a< 00
ot 0z

DS -K)-S$ (s5)
where z is the depth from the soil surface (taken the upward
direction as positive); O is the soil water content; D is the hydraulic
diffusivity; K is the hydraulic conductivity; = x-C-T,, is the water
sink term by plant root (Zhu et al. 2018);  is the root distribution
function, and here, a linearly decreasing distribution (Prasad 1988)
is applied to all plants with different maximum root lengths; T, is
the maximum transpiration rate; C is the transpiration reduction
function and assumed to be 1 for simplicity. To solve Eq. (5),
Neumann and Dirichlet conditions are applied in the upper and
lower boundaries of soil, respectively.

a0
_DE
6=6,

where 6, is the initial soil water content.

+ K = I; upper boundary
lower boundary

(6)

Depth-averaged model for calculating runoff and debris
flow propagation

Conservation equations

Previous research has demonstrated the effectiveness of depth-
averaged models in capturing the dynamics of both runoff (Singh
et al. 2015; Caviedes-Voullieme et al. 2012) and debris flow (Medina
et al. 2008; Pudasaini et al. 2005; Rengers et al. 2016). Field observa-
tions and experimental evidence have shown that saturated materi-
als from shallow landslides can quickly transition into debris flows
(Fleming et al. 1989; Iverson et al. 1997). However, considering the
intricate nature of this transformation process and its short duration
compared to the entire event, we simplify the model by disregarding
this process and treating the collapsed mass as debris flow directly.
It is important to note that this simplification may introduce inac-
curacies in the initial state of debris flow propagation. When debris
flow interacts with runoff, the different densities of the two layers
enable the consideration of a typical two-layer problem using two-
layer models (Bouchut et al. 2016; Chen and Peng 2006; Liu and He
2018; Meyart et al. 2022). However, although some two-layer models
have attempted to model the entrainment between debris flow and
the bed, they do not typically account for the addition of water to the
debris. In our study, we assume that the mixture component belongs
to the debris flow, resulting in the existence of an interface boundary
that separates pure water flow from debris flows. To incorporate this
concept, we introduce a parameter that characterizes the absorption
rate of pure water into the debris mass. This new parameter is inte-
grated into a two-layer depth-averaged model, enabling the replica-
tion of runoff/debris flow propagation at the catchment scale. The
derivation of the model equations based on depth-averaged theory
is presented in the Appendix. The derivation process in this study is
similar to that presented in previous studies (Iverson and Ouyang
2015; Liu and He 2016). However, in the model equations, new terms
have been introduced to account for the effect of water absorption
on the mass and momentum of each layer. By assuming a lateral
stress coefficient k,,=1 for debris flow, as proposed by George and
Iverson (2014), the two-layer depth-averaged model is expressed in
the Cartesian coordinate system as follows:

Landslides 21 *+ (2024) | 1759



| Original Paper

(7-1)

oh, 9 d
a_tl + a(hlul) + E(hlvl) =I-E,

J J 1 0 d
g(hﬂ‘l) + a(hlu? + Eghf> + 0(7 (hyuyv) = 1y (2,,)E,, — ghy 5= (2, + ) = 7,

ox

(7-2)
%(hlvl) + % (hyuyvy) + %(h,vf + %ghf) =—v,(2,)Ep —gh,%(zb +hy) -1,

(7-3)
oh, d 7]
ot + ox (hzuz) + 5 (hz"z) =YmEn +E, (8-1)
2 (hyy) + 2 (s + 102 + gy ) + 2 (i) = (2) 7By + 102 (2)

an, (8-2)

9z,
+Ym8 T~ 8 S+ Vi Tax — Tox

%(hzvz) + %(hzuzvz) + %(hz‘/; + %ghi + ymghlh2> =" (Zm)VmEm +v, (Zb)Eh + 7,8

two-layer model when assuming E,, = o. This situation arises when
the debris mass has high viscosity and only briefly interacts with
runoff. Alternatively, Egs. (7) and (8) can be simplified by assuming
certain terms equal to zero. For example, h,= o0 in Egs. (7-2) and (7-
3),and h,=o and t,=o0 in Egs. (8-2) and (8-3). This simplification
assumes that runoff can be instantaneously absorbed by debris flow
upon contact, with E,, equal to h,.

This model offers two key advantages. Firstly, it considers the
effects of rainfall spatial distribution, vegetation interception, and
surface infiltration on the generation of runoff. Secondly, it ena-
bles the simultaneous description of the propagation of runoff and
debris flow, their interaction, and the erosion effects of sediment.
Utilizing this numerical framework allows for obtaining the char-
acteristics of runoff/debris flow evolution, such as depth, velocity,
solid volume fraction, and the associated erosion rate at each time

oy
9y

0;
- thBL; + ystly - TsZy (8_3)

0(hyey)  d(hyuyey)  0(hyuycy)

T L A (8-4)
dz,
FY —E, (9)

where t is the time; i, and h, are the depth of runoff and debris flow
respectively; the two fluids, runoff and debris flow, have distinct
densities v, and v, =c,y,+ (1-¢;)y, with corresponding velocities
u, = (u, v,) and u, = (u,, v,), respectively; c, is the depth-averaged
solid volume fraction; v and y,are the densities of dry soil and
fluid contributed into debris flow, respectively, and here y,=v; z,
is the bed surface elevation; vy, =,/7, is the density ratio between
runoff and debris flow;t,, = g,n,%/h,"3(u,~u,)|u,~u,| refers to the
shear stress at the interface between debris flow and runoff, which
obeys Manning frictional law; n;, is the Manning roughness coeffi-
cient and g, is the gravity acceleration; the shear stress from debris
flow t,, = c,g,h,(1-7 ) tang,., + (1-c)g,n,2/h,"*u,| u,| (Liu and He
2020; An et al. 2022), in which ¢,,, is the basal frictional angle; E,,
is the absorption rate of water from runoff by debris mass when
they meet; u,,, = (u,,,, v,,,,) and uw,;, = (u,;, v,;,) is the velocities for the
flows at the interface boundary. In the following, it is assumed that
the velocities on the interface between runoff and debris flow are
equal to the depth-averaged one, u,,,=u, and the velocities on the
interface between debris flow and channel bed are equal to zero,
u,, =0 (Han et al. 2015); p is the sediment porosity; E, is the erosion
rate between debris flow and bed surface.

To summarize, the conservation of mass for runoff and debris
flow is represented by Eqs. (7-1) and (8-1), while the conservation
of momentum for runoff and debris flow in the x and y directions
is represented by Egs. (7-2), (7-3), (8-2), and (8-3). In the runoff
momentum equations, the right side terms correspond to mass
transfer, topography, and friction loss. Similarly, in the debris
flow momentum equations, the right side terms correspond to
mass transfer, interactive force, topography, and friction loss.
Equation (9) represents the mass conservation of bed sediments.
The structure of Eqgs. (7) and (8) can be viewed as a typical
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step. Consequently, it facilitates the analysis of how the character-
istics of catchment runoff affect the propagation of debris flow.

Model closure
Determining the value of E,, significantly impacts the mass trans-
formation between the two flows and, in turn, the propagation of
debris flow. E,, will vary during debris flow propagation, depending
on flow velocity, flow density, and flow viscosity (Mohrig and Marr
2003; Talling et al. 2002). However, we note that there is currently
no available formula for evaluating E,,. In the study conducted by
Talling et al. (2002), both experimental investigations and theoretical
analysis were employed to examine the rates and processes of mixing
between debris mass and water in the context of submarine debris
flows. The authors emphasized the significance of shear mixing in
facilitating the incorporation of water into the debris mass. Addition-
ally, Talling et al. (2002) emphasized that the flow viscosity, which is
influenced by the grain component and gradation of the debris, has
a substantial impact on the rate of mixing. Similar results have also
been found in Mohrig and Marr (2003) and Yin and Rui (2018). Their
findings indicate that the mixture rates differ for weak and strong
debris materials, ranging from 0.00001 to 100 m/min. From this, we
make the assumption that, for the sake of simplification, the value of
E,, remains constant within this range throughout the simulation.
The value of E, is commonly understood to be determined by
the imbalance between the upper shear stress and the lower shear
resistance (Fraccarollo and Capart 2002; Iverson and Ouyang
2015; Medina et al. 2008). Consequently, this relationship can be
expressed as follows (Iverson and Ouyang 2015; Liu et al. 2015):

(7/2|Tsz| - sz) (1 _ e,g|u2|2>

E, =
b 2l

(10)
where e is a calibrated erosion coefficient; the bed shear resist-
ance t,,=c,,+(1-1)y,g,h,tang;,, in which c,, is the cohesion of
sediment materials, and A is the pore pressure ratio that indicates
the degree of liquefaction of the bed material; ¢,,, is the internal
friction angle of sediment materials.



Computing method

The specific details of the numerical method employed to solve the
model equations mentioned above have been extensively docu-
mented in other works (Liang and Marche 2009; Liu and He 2020).
Hence, only a concise summary of the key elements of the approach
will be provided here. To begin with, we employ the finite volume
method to solve Egs. (2), (3),and (5) in order to obtain the values of
I,Al,and Ifand further obtain the value of I by solving Eq. (1) (see
the iterative process illustrated in Fig. 1). Subsequently, we utilize
this calculated data to solve Egs. (7)-(9), which are also discretized
using the finite volume method on a rectangular grid arrangement
as described below.

oU | JF oG

+—+—=S+T
ot  ox Oy +

(11)

where U, F, G, S, and T are vectors representing the variables con-
served, the fluxes in the x and y directions, and the source terms in
the x and y directions, respectively.
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(12)
To ensure accuracy and efficiency, a fraction-step scheme
with second-order accuracy is employed. The flux terms, F and
G, in the equations are calculated using the Harten-Lax-van Leer-
Contact solver, while the partial differential terms are computed
using a three-point central differencing scheme. To accurately
capture the steady state behavior during the simulation of
flows over complex domains with wetting and drying, the
well-balanced finite volume approach proposed by Audusse
et al. (2004) is employed. To ensure the numerical stability of
the scheme, the Courant-Friedrichs-Lewy criterion is used to
determine an appropriate time step. At this point, all the variables
are updated by solving Egs. (1), (2), (3), (5), and (7)-(9) at each
time step. Notably, Eq. (8) is not computed until the time of
landslide initiation is reached in order to reduce computational
costs. The measured data concerning the mass of the landslide
(volume, depth, and area) is directly assigned to h, for calculating
debris flow propagation once the landslide occurs, as the process
of slope instability is not considered in this study.

Modeling the dynamics of the 2020 Meilong debris flow

Overview of the event

Figure 3 shows the Meilong catchment, which experienced a
debris flow event on June 17, 2020. This catchment has a drain-
age area of approximately 62.55 km?, and its elevation ranges
from 2116 to 4824 m above sea level (a.s.l). As recorded by the
Banshanmen meteorological station that is located 3 km away
from the Meilong catchment, a storm from 22:00 on June 16 to
03:30 on June 17 with an accumulated value of 34.4 mm served
as the trigger for the debris flow (Fig. 3c). The debris flow was
initiated by a shallow landslide with a volume of 4.2 X 10* m? in
the upstream section of the gully (Fig. 3d). Through the erosion
of loose sediment materials along its path (Fig. 3e, f), the debris
flow expanded to a volume of 4 X 10° m? and flowed out of the val-
ley around 03:10 (Zhao et al. 2021). Subsequently, the debris flow
material swiftly obstructed the XJC River, forming a barrier dam
with an estimated height ranging from 8 to 12 m (Fig. 3g). The
bedrock in the Meilong catchment primarily comprises quartzite,
marble, and slate.

Analysis of debris flow propagation

The runout distance L and drop height H of debris flow are
approximately 1.08 x 10* m and 1740 m, respectively, based on
the field investigation and interpretation with remote sensing
technology. A small ratio of H/L = 0.161 indicates a high mobility
of the debris flow compared to many other events (Dahlquist
and West 2019; Tang et al. 2012a, b). We suspect this high mobil-
ity may be attributed to the steep terrain that has an average
longitudinal gradient of o.157 (Fig. 4a), as well as the entrain-
ment that increases mass volume (Fig. 4b, c) and runoff that
gives extra dynamics. Before the occurrence of the debris flow
event, the Meilong catchment experienced continuous rainfall,
accumulating a total precipitation of 107 mm from June 3rd to
14th, 2020, as recorded by rainfall data collected at the nearby
Anianggouer station (Yan et al. 2021; Zhao et al. 2021). Local resi-
dents living near the gully entrance also reported a noticeable
increase in runoff discharge prior to the debris flow event. Based
on these observations, it is inferred that the aeration zone within
the catchment reached saturation prior to the debris flow event,
leading to a storage-excess runoff process in the catchment. Con-
sequently, the rapid generation of runoff swiftly converges at the
main gully, leading to the formation of a high-volume water flow,
which creates favorable conditions for the development of debris
flow when solid materials are introduced. This process is similar
to the formation of a debris flood event, as described by Church
and Jakob (2020).

Model parameters calibration

In order to ensure the reliability of the calculated results,
calibration of model parameters is necessary. A summary of the
parameter values utilized in the simulation is presented in Table 1.
The values for the friction coefficient, phase density, saturation,
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Fig.3 Images of the Meilong catchment obtained by satellite and unmanned aerial vehicle (a) before the event and (b) after the event; (c)
half-hourly rainfall intensity during the rainstorm, occurring from 22:00 on June 16 to 03:30 on June 17 and obtained from the Banshanmen
meteorological station (marked by a red point); (d) the original shallow landslide; (e), (f) the downstream section of the gully eroded by the
debris flow and (g) the fan-shaped debris deposits located at the gully outlet

and cohesion of sediment for the study site have been estimated
through previous research (An et al. 2022; Jiang et al. 2022), which
relied on literature, field investigations, and laboratory analyses.
The digital elevation models (DEMs) used in this study, with a
resolution of 10 m, were obtained from stereo images collected
by the Chinese satellite Ziyuan-3. It is important to note that the
Meilong catchment exhibits high vegetation coverage, which
results in a noticeable reduction in runoff due to processes such as
interception, evaporation, and infiltration. The Meilong catchment
comprises various vegetation types, such as forest, grassland, and
cultivated land (An et al. 2022). The spatial distribution of the leaf
area index (LAI) for these vegetation types, with an accuracy of
10 m, was obtained through remote sensing interpretation using
250-m accuracy GLASS data and data interpolation (see Fig. 5a,b).
The process of soil infiltration is not considered in this study, as the

aeration zone in the catchment was assumed to be saturated prior
to the occurrence of the debris flow. Yan et al. (2021) conducted an
analysis of the seismic signals from the Meilong debris flow and
proposed that the event initiation occurred around 02:50 on June 17,
2020. Empirical parameters, such as the altitude at which maximum
rainfall intensity (H) occurs and the erosion coefficient (e), are
calibrated using a trial-and-error procedure to achieve a situation
that closely matches reality. According to Hu et al. (2020), Yan et al.
(2021),and Zhao et al. (2021), the maximum hourly rainfall intensity
recorded by different meteorological station varies from 11.4 to 34.1
mm/h. Based on this data, Fig. 5c illustrates the spatial distribution
of rainfall with an altitude (H) of 3600 m and an erosion coefficient
(B) of 4.5x1077, corresponding to an intensity of 1.4 mm/h in the
gully entrance and the maximum intensity of 34.1 mm/h within
the catchment.

Main gully

(@

Lower part
Gradient = 0.169

(uny) uoneadqy
w

Gradient = 0.154

" Tributary

Upper part
Gradient = 0.25

Fig.4 a Profiles of the main gully and the tributary where landslide occurred; observed cross-sections of the lower part (b) and upper part (c)
of main gully eroded by debris flow; d observed stream within the catchment
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Table 1 Model parameter values used in simulation of the 2020 Meilong debris flow

Symbol Unit Definition Value Source
np s/m'3 Manning coefficient 0.04 Jiang et al. (2022)
Dint ° Internal friction angle 30 An et al. (2022)
Gbed ° Basal friction angle 15 An et al. (2022)
B - Rainfall distribution coefficient 45%x1077 Calibration
g m/s? Gravity acceleration 9.8 Liu et al. (2015)
; kg/m? Density of dry soil 2650 An et al. (2022)
. kg/m?3 Density of pure water 1000 An et al. (2022)
e - Erodibility coefficient 0.0006 Calibration
Cm kPa Cohesion of sediment materials 5 An et al. (2022)
A - Pore pressure ratio of sediment materials 0.8 An et al. (2022)
p - Sediment porosity 04 Liu et al. (2020)
H m Altitude with maximum rainfall intensity 3600 Calibration
Em m/min Water absorption rate 0.1 Talling et al. (2002)

Numerical results for alternative debris flow scenarios

To validate our approach for simulating runoff and debris flow
propagation on a catchment scale, we first simulate the processes of
runoff generation and debris flow propagation under non-uniform
rainfall distribution and compare the results with findings from
other studies and field observations. Before the occurrence of the
shallow landslide in the upstream area of the gully, the modeled
runoff had a high flow discharge of approximately 200 m?/s near
the gully outlet (see Fig. 6a). This discharge was accompanied by
a rainwater loss of 12.8% caused by vegetation interception. The
simulated flow discharge value is higher than the value of approxi-
mately 100 m?/s calculated by An et al. (2022). This difference can
be attributed to our smaller calculated rainwater loss value, which

(a) Land types within catchment
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is lower than the 22.5% calculated by An et al. (2022). An et al. (2022)
used a large LAI value (~30.78) applied to the entire vegetated area
in the catchment, resulting in higher rainwater loss. After the shal-
low landslide occurred, a debris flow formed, which then merged
with runoff in the channel, increased in size via water absorption,
and eroded the channel bed as a consequence of elevated shear
stresses over a saturated substrate (refer to Figs. 6b, c and 7a). The
debris flow reached the middle section of the gully, attaining a max-
imum flow depth of 8.6 m and a maximum velocity of 11.8 m/s, at
03:08. Subsequently, it reached the gully outlet, with a maximum
flow depth of 9.2 m and a maximum velocity of 14.6 m/s, at 03:18.
These arrival times are consistent with the accounts provided by
witnesses (Zhao et al. 2021). The debris flow mass that rushed out
of the gully blocked the river due to the local terrain constraints

(C) Spatial distribution of rainfall
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Fig.5 a Land types within Meilong catchment include forest, grassland, cultivated land, and bareland and b the corresponding spatial
distribution of LA/, ¢ the spatial distribution of rainfall within Meilong catchment when its intensity located in the gully entrance equals to

11.4 mm/h
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«Fig.6 Simulation results of a runoff pattern in catchment before
shallow landslide collapsed, b-d debris flow patterns during the
rainstorm from 02:50 to 03:20 June 17, and the deposition pat-
tern of debris flow is shown in the subfigures in d; distributions of
the erosion depth and the maximum solid volume concentration
along debris flow path are shown in e and f, respectively. The max-
imum solid volume concentration (c,,,q,) versus distance from the
initial landslide along the center line of flow path is shown in the
subfigures in f. Three monitoring points (MP1-3) in a are marked
by black dot

(e.g. the elevated opposite river bank and reduced slope), forming
a dam with a maximum height of 11.3 m which is consistent with
the observed heights ranging from 8 to 12 m (Zhao et al. 2021). The
calculated deposit area of the debris mass, depicted in Fig. 6d, also
corresponds to the observed area. Approximately 3.36 X 10° m? of
sediment materials within the gully were eroded, with a significant
portion originating from the lower section of the gully, where the
scale and mobility of the debris flow were noticeably intensified.
The erosion depths in the lower gully exhibit a range of 0.5 to 5.7
m, with an average depth of 3.2 m that is slightly lower than the
value of 3.7 m reported by An et al. (2022) (see Fig. 6e). Figure 6f
displays the maximum solid volume concentration observed in the
debris flow path. It can be found that the solid volume concentra-
tion decreases firstly due to the mixing of runoff with the debris
flow during propagation. The subsequent increase in solid volume
concentration is caused by the intense erosion at the lower part of
the gully and the escape of water from the deposited debris at the
accumulation area. The results derived from the models exhibit
agreement with existing data, including the timing of debris flow
reaching the gully outlet, the maximum height of the debris dam,
and the extent of the debris mass deposit area.

Figure 7a displays the flow discharges at three monitoring points
in the catchment, providing insights into the variations. Meanwhile,
Fig. 7b depicts the computation of scalar metrics, enabling a com-
prehensive interpretation of the numerical results concerning the
energy of the debris flow. The graph in Fig. 7a shows a minimal
change in debris flow discharge between monitoring points MP1
and MP2 but a significant increase between MP2 and MP3. This
difference can be attributed to the low mobility of the debris mass
in the upper part of the main gully, caused by the high solid vol-
ume concentration and a tortuous flow path. These factors limit
the flow and contribute to the observed discrepancy. During this
stage, the beneficial effect of erosion on debris flow propagation
is minimal, primarily due to its small scale (Fig. 7b). Then, water
absorption plays a critical role in the early stages of debris flow
propagation by decreasing the basal shear stress of the debris mass
and providing additional energy to the debris mass. The graph in
Fig. 7a also clearly shows a noticeable decrease in the discharge
of the runoff as the debris flow passes through. After the debris
flow has passed the monitoring points, the discharge of runoff
at these monitoring points tends to return to normal, due to the
cessation of water absorption by the debris flow and the resump-
tion of regular flow conditions in the catchment. Once the debris
mass enters the lower portion of the main gully, the mobility of
the debris flow is enhanced due to the favorable terrain conditions
(e.g., relatively straight in channel profile and high in longitudinal
gradient). Thus the sediment entrainment caused by the debris
flow primarily occurs in the lower part of the gully, as indicated in

Fig. 6e. During this stage, the beneficial effect of erosion on debris
flow propagation becomes appreciable compared to the effect
from water absorption (Fig. 7b). We also calculate the case without
considering water absorption. The results indicate that the kinetic
energy of the debris mass decreases rapidly, resulting in a reduced
erosion volume (see Fig. 7b). Understanding these dynamics helps
to better comprehend the interplay between water absorption and
erosion in the overall behavior of debris flows. These results also
provide confidence in the feasibility of this method for future stud-
ies and evaluations related to debris flow dynamics and manage-
ment strategies.

Significant variations in debris flow propagation are predicted
by alternative simulations using the same rainfall condition but
different values of E,,. As mentioned above, no accurate formulas
exist for quantitative describe E,,, since the mixing process between
water and viscosity flow is too complex. Considering the findings
of Talling et al. (2002) and the assumption made in this scenario,
three alternative values for E,, are proposed: E,, =0.001,0.01,and 1
m/min. These values reflect different flow properties (e.g., material
and viscosity from weak to strong) of the debris flow. These vari-
ations have a considerable effect on the predicted runout distance
of debris flows (see Fig. 8). The numerical results at 03:18 on June 17
provide a suitable basis for comparing the runout distance. This is
because, in the simulation with an E,, value of 0.1 m/min, the debris
flow reached the gully entrance at this specific time. Comparatively,
smaller values of E,, are associated with shorter runout distances,
while larger values of E,, are associated with longer runout dis-
tances. But the difference between the cases with E,, = 0.001 and
0.01 m/min is small. This may be due to the small value of E,, indi-
cating a high viscosity of debris flow, making it hard to absorb
water from runoff, finally leading to a small variation in the solid
volume fraction of the debris flow and hence, the mobility. In the
case with a larger value of E,,, the viscosity of debris flow may be
small, and then solid-fluid segregation is easier to occur in debris
flow propagation (e.g., dry debris flow front), which enhances
the ability of debris mass to absorb runoff and thus increases the
mobility. However, the case with E,,=1 m/min has a large erosion
depth (with a maximum depth of 11.2 m and an average depth of
5.5 m in the lower part of the main gully), which is far from the
observed data (~ 3.2 m) (see Fig. 8e, f). It also should be noted that
there is a significant difference in the runout distance of debris flow
between the cases with E,,=0.01 and 0.1 m/min, and the runout
distance of the former case is only about one-half of the runout
distance of the latter case. This significant difference may be caused
by the combined effects of water absorption and terrain features.
On the one hand, water absorption enhances the mobility and vol-
ume of debris flow, and this influence increases with the increase
of E,,.. On the other hand, local terrain variation (e.g., concave ter-
rain) causes debris mass to accumulate until the volume of debris
flow exceeds the storage (see Fig. 8a,b). For the case with E, = 0.01
m/min, most of the materials in debris flow are intercepted by the
concave terrain and thus the propagation of debris flow is slowed.
By contrast, under the effects of water absorption and sediment
entrainment, the volume of debris flow in the case with E,,=0.1m/
min is large enough and only a part of the materials is intercepted
when crossing this concave terrain.

According to Guo et al. (2021), elevation was identified as the
dominant factor influencing rainfall variation, owing to intricate
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energy (left) and erosion volume per time (right) in alternative Meilong debris flow simulations that employ two conditions of with and with-

out water absorption

orographic conditions. For the Meilong catchment, which spans a
substantial area of 62.55 km? and encompasses a significant eleva-
tion difference of 2708 m, this effect may potentially be more pro-
nounced. Thus, different simulations with varying spatial rainfall
distributions were conducted to assess their impact on runoff
scaling. Clear trends emerge when scalar indices of debris flow
mobility are calculated from the results of alternative simulations,
which utilize a range of H values ranging from 2200 to 4600 m
and E,, values ranging from 0.001 to 0.1 m/min. One index used to
gauge the efficiency of debris flow energy conversion is obtained
by dividing the peak kinetic energy (KED,,,.) by the peak total
kinetic energy (KED,,,,,) of all simulations that share the same
value of E,,. A graph depicting the relationship between KED, .,/
KED,,,,. and H and E,, (see Fig. 9a) reveals that, when E,, has a
small value of 0.01 m/min, variations in H have a negligible effect
on debris flow mobility. This is due to the limited translation of
mass and energy from runoff into debris flow. In contrast, the
mobility of the debris flow exhibits a more rapid increase with
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larger values of E,, and H. These differences in debris flow mobil-
ity resulting from variations in H and E,, also lead to distinct
trends in the ratio between the peak kinetic energy (KED,,,,,) of
the debris flow and the peak kinetic energy (KER,,,,) of the run-
off (Fig. 9b). However, it is worth noting that the rate of increase
in KED,,,./KED,,,,. slows down when H exceeds 3400 m when
E,, is set to 0.1 m/min. It can be attributed to the fact that water
absorption decreases the solid volume fraction of the debris mass,
thereby reducing its erosion ability, despite enhancing overall
debris flow mobility. Interestingly, this trend is not observed in
the case where E,, is set to 1 m/min. It can be considered that
the mass and velocity of the debris flow experience a substantial
increase due to the mixing with runoff. As a result, sufficient sedi-
ment materials are eroded by the debris flow, thereby maintaining
its solid volume fraction at a high level (Fig. 9c). Moreover, with
a small value of E,, the debris flow is unable to acquire sufficient
energy and mass to overcome the local concave terrain men-

tioned earlier, and thus the value of KED,,, /KER,,,. decreases as
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H increases (Fig. 9b). In other cases with larger values of E,,, the
debris flow successfully traverses the concave terrain and enters
the lower portion of the main gully when H> 2600 m (indicated
by the gray line in Fig. gb). More sediment is eroded by the debris

flow to augment its energy, and thus the value of KED,,,,/KER,,,,.
increases. However, as H increases, the rate of increase in KER,,,,,
is greater than that of KED,,,,, resulting in a decrease in the value
of KED,,, /KER

max’ max*
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and runoff. E,,,, and E,,,,, refer to the total volume of eroded sedi-

ments and the peak total volume of eroded sediments of all simula-
tions with the same value of £,

Discussion
Rainfall intermittency and debris flow propagation

All the simulations conducted thus far utilized the same
fundamental rainfall data, which was obtained from the
Banshanmen meteorological station located 3 km away from the
Meilong catchment. It is important to note that this rainfall data has
a significant influence on the dynamics of runoff and, consequently,
the propagation of debris flow. While studies have examined the
impact of rainfall intermittency on slope failure (von Ruette et al.
2014), its specific effect on debris flow propagation remains unclear.
To investigate the sensitivity of debris flow propagation to rainfall
intermittency, simulations were conducted for rainfall with a total
amount of 34.4 mm but with varying time distributions between
22:00 on June 16 and 03:20 on June 17 as illustrated in Fig. 10. It
is evident that rainfall intermittency has a significant impact on
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debris flow propagation, particularly when considering water
absorption. This is attributed to the discontinuity in rainfall, which
results in a reduction in runoff discharge. The discontinuous nature
of rainfall during debris flow events hinders the accumulation of
sufficient mass and energy from runoff, particularly during its
initial stages. As a result, the propagation velocity of the debris
flow is delayed. This delay becomes more pronounced with longer
periods of discontinuous rainfall.

In the case with larger value of E, , this delayed effect is enlarged
because debris flow can absorb more runoff mass under the same
condition of runoff, while rainfall intermittency will cause more loss
in runoff discharge. It is important to acknowledge that our study
solely focuses on examining the impact of rainfall intermittency on
debris flow mobility, without considering its effect on slope failure.
However, it is worth noting that rainfall intermittency can influence
both of these factors, and the relationship between them is complex.
Further investigation is required to fully understand and analyze
the interplay between rainfall intermittency, slope failure, and
debris flow mobility, warranting future research endeavors.

Catchment characteristics and debris flow mobility

The results depicted in Fig. 7b provide valuable insights into the
influence of water absorption on the propagation of debris flow.
This perspective offers a novel explanation for the relationship
between the susceptibility of debris flow and rainfall that triggers
runoff. The analysis of data collected from 78 debris flow events, as
documented in previous studies (Huang and Tang 2014; Tang et al.
20124, b), reveals that both the catchment area (A) and catchment
internal relief (H) have a notable influence on the length of deposit
(Lp), as illustrated in Fig. 11. As the values of A and H increase, L,
for debris flow events also tends to increase. In general, when the
values of A and H are relatively small, debris flows are more likely to
exhibit smaller L,values. From the perspective of water absorption,
it can be argued that in a catchment with larger values of A and H,
it is more favorable to generate runoff with large discharge under
the same rainfall conditions, which satisfies E,, < h, and thus pro-
vides enough mass and momentum from runoff into debris flows
through the mixture and enhances debris flow mobility. In contrast,
the generated runoff in a small catchment has a small discharge and
may not be able to meet the absorption capacity of debris flow (e.g.,
E,,>h,), and thus provides less mass and momentum to debris flow
(Fig. 12). This accelerated transfer leads to an increased propaga-
tion velocity and subsequently, a larger value of L, for debris flow
events. Thus, catchments with larger values of A and H are more
prone to experiencing debris flows with larger extents. This effect
is particularly sensitive for debris flow cases that involve a small
volume of initial mass. In such instances, the transfer of mass and
energy from runoff into debris flows through a mixture, facilitated
by larger values of A and H, has a more pronounced impact on the
propagation velocity and the resulting extent of the debris flow.
Indeed, the runout distance of a debris flow is influenced by numer-
ous factors, including the initiation position and local terrain of the
channel. While L;is used as an indicator of debris flow mobility, it
does not entirely capture the complexity of debris flow movement
as it is constrained by the local terrain at the gully entrance. Never-
theless, the water absorption from runoff to debris flow provides a
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fresh perspective to explain why debris flows trend to have longer
runout distances in larger basins. However, further calibration of
this relationship requires additional standardized field data.
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(2012a), (b) Tang et al. (2012b) and (c) Huang and Tang (2014). The
gray line represents the trend between these variables

Limitation of the simulations

The limitation of these simulations mainly lies in the available
verification data, the quality of the dataset, and the mechanisms
involved in the applied physical model. Firstly, the absence of field
monitoring data hinders the calibration of the presented model.
Only limited field data were applied here, such as averaged ero-
sion depth and deposition area. Actual rainfall data, runoff flux,
and debris flow velocity are challenging to obtain through remote
sensing and field observations post-event. It is crucial to prior-
itize long-term systematic monitoring in a catchment to address
these limitations. Secondly, the dataset used in this study comprises
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Fig. 12 A simple schematic diagram of a shallow water layer on top
of the debris flow layer, in turn flowing over an eroded bed. h, and
h, are the thicknesses of the upper and lower layers, respectively; z,
z,,, and z, represent the free surface between the upper layer and
air, the middle interface between two layers, and the bottom sur-
face between the lower layer and bed. E,, and E, represent the mass
transfer across the boundaries z,, and z,, respectively
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rainfall intensity, terrain data, and LAIL Due to the significance of
vegetation interception processes, the qualities of rainfall intensity
and LAI play a pivotal role in calculating the effective precipitation
that contributes to runoff. However, the resolutions of these data-
sets are not uniform, and finer-scale data is currently unavailable.
The development of a high-precision and high-resolution dataset
would be instrumental in enhancing the accuracy of simulation
results and improving overall model performance. Thirdly, despite
the establishment of a corresponding general framework, there is
still a lack of investigation into the physical mechanisms involved.
This limitation hinders a comprehensive understanding of debris
flow propagation. The current model offers limited advantages in
terms of physical mechanics when compared to the available data,
particularly in relation to water absorption, which plays a crucial
role in debris flow propagation. Further research and develop-
ment are needed to enhance the understanding and integration of
physical mechanics into the model, ultimately improving its pre-
dictive capabilities. Fourthly, the deposition and restart processes
of debris mass during its propagation are influenced by various
factors, including grain size, fluid viscosity, and flow velocity. These
factors exhibit temporal variation, leading to dynamic changes in
their values within the model. However, due to unclear mechanisms
associated with these changes, the current study employs constant
and uniform values for the model parameters. This limitation high-
lights the need for further investigation and understanding of the
temporal dynamics of these factors in order to improve parameteri-
zation within the model.

Conclusion

In this study, we proposed a numerical framework to evaluate the
effect of water absorption on debris flow propagation, and the 2020
Meilong debris flow event was simulated and analyzed as an exam-
ple. This numerical framework consists of two parts. The first is a
coupled model that considers rainfall spatial distribution, vegeta-
tion interception, and soil infiltration, which calculates the effective
precipitation contributed to runoff. To consider the spatial feature
of rainfall, an elevation-based formula was adopted. The second is
a depth-averaged two-layer model that considers the interaction
between runoff and debris mass by introducing a new parameter of
water absorption, which calculates the dynamic features (depth and
velocity) of runoff and debris flow. Due to an unclear mechanism of
water absorption between runoff and debris mass, certain constant
values of water absorption rate were used for simplicity. The pro-
cess of the 2020 Meilong debris flow event was simulated first,and
the results were found to be consistent with those obtained from
field investigation and other simulation results. For this debris flow
event, water absorption played a key role in the early stage of debris
flow propagation by decreasing the basal shear stress and supplying
additional energy to the debris mass. Alternative simulations with
different values of H and E,, were performed to study the influ-
ence of these key factors on debris flow propagation. Both indicate
that strong runoff dynamics enhances the mobility of debris flow.
Furthermore, the results show that rainfall intermittency can alter
the propagation velocity of debris flow by changing runoff dynam-
ics. Available field data of debris flow event shows that debris flow
mobility increases with the increase of catchment area, due to the
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dynamics of runoff in larger catchment areas prone to becoming
strong, thus influencing debris flow propagation through water
absorption. It may offer a novel perspective to explain the correla-
tion between rainfall intensity and debris flow susceptibility on
the catchment scale.
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Appendix. Derivation of the two-layer model by considering
mass transfer at intermediate interface

Basic equations

The fundamental laws for mass and momentum conservations for
an incompressible continuum are expressed as follows:

azym +V- (mem)

=0
9,(7,U,) +V - (7,U,,®U,) ==V -T, } (13)

where U, = (u, ,, v, ,, W, ,) is the medium velocity field, in which
the subscript m= (3, 2) refers to the upper layer and lower layer,
respectively; v,, is the medium density keeping constant; ¢ is time;
and T, is the Cauchy stress tensor.

Boundary kinematic conditions

To express the boundary variation, such as the rates of boundary
elevation change and the rates of material flux through each bound-
ary, kinematic and dynamic boundary conditions are applied at the
top and bottom boundary of any layer.

Kinematic boundary conditions imposed at the top and bottom
interface of the upper layer are expressed as follows:

z,(0t) =z,(x,t)—h, =0 (14)



Wl(zt)zaai;"_ul( )a +V1(Zr) o

+uy(z ) +v1(zm)di;“— (15)

E, }
where E,, is the mixture rate from runoff to debris flow as volumetric
fluxes per unit boundary area normal to the bottom boundary z,,.

Kinematic boundary conditions imposed at the top and bottom
interface of the lower layer are expressed as follows:

a
iz =

z,(x, t) = z,(x,t) —h;, —h, =0 (16)
o) = 2 () 2 ) 2 .
2 9 d
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where Ej is entrainment rate of sediments as volumetric fluxes per
unit boundary area normal to the bottom boundary.
The free surface of the two-layer is stress-free condition:

w =0

(18)
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where z, and z, refer to the top-bottom boundaries of any layer with
a thickness h and a stress tensor t. The superscript “-” refers to the
depth-averaged form of any value.

Using Leibniz’s formula to integrate the mass balance equation
of the upper layer

i(}’11’1)"' (Z);;‘"Vl(zm)%
Z

+5 2 /(71’41)‘12—3’1(2:)“1(2:) x’ +71( ) I(Zm)%
Z; (21)
+[7),zf(71"1)dz -n(z)n (Zt)g +71(20)v1(20) S

+n (Zt)wl (Zr) —-n (Zm)wl (Zm)

We assume that oh,/0t = 0z,/0t-0z,,/0t and then couple Egs.
(15) and (21) to obtain

(}’1h1) +

gx(h u) + l(ylwl)]dZ—*f}’le

9,
Il

o] d _
2 _(Vlhl"l) =

0 _
_(71h1”1) + dy

Oox " (Zm)Em

(22)
Take the momentum equation in x direction as an example, its
left-hand side is changed into

L (i) + 2 (nh@; ) + 2 (nhim,)

(23)

where n is the exterior unit normal vector. Dynamic boundary con-
ditions for the upper and lower layers are assumed to satisfy Man-
ning friction law and combined friction law that couples Coulomb
friction law and Manning friction law, respectively.
—rigmy (uy = u)fuy = uy| /)

] (19)

= [ (wa/ua ) e tan puea(n - po) + (1= ca)rs gmpus s | /5" |

pn—n(n-pn) =
pn—n(n-pn) =

Zt Zt

Zm

-2 (m7,) -+ (hlrxy) + 7. (2) 5

Zm

-z, (zm)d:—;” +rxy(zt)diy’

J[(RHS)dz = [ - ("T” + =2 0’” + 2= )dz

-7y (2,)

By coupling Egs. (15) and (23) to obtain

d — 0 — ad ——
/(LHS)dZ = 5(71}‘1“1) + a(hhl”?) + 5(71,”1“1"1) + Vl(zm)ul (Zm)Em

m (24)
The right-hand side of the x-momentum equation for the upper
layer yields

(25)

l’;_;. — Ty, (Zt) + % (Zm)

where pn, n:pn and pn-n(n-pn) represent the negative traction
vector, normal pressure, and negative shear traction, respectively;
§=(80 8, &) is the gravity components.

Depth-integrated equations for upper layer

Before driving the equations by integration, some mean values
are defined as follows:

2

a—l/
T h

Z

2 Z

[ )

udz;v=~— [ vdz; w= —
2 Z1

2

1 / tdz (20)

wdz; T = —
Z

h h h

Based on Eq. (18), kinematic and stress condition at the free
surfaces are as follows:
=1, }

Txy_(zt) =7, (zt) =1, (Zt) y( ) =0 26)
T Ty zt) +rxx(zm)] = 271gh1
With Eq. (26), the right-hand side of the x-momentum equation
is changed into

XX 2

T.

0
/ RES)Ez = =2 (Lrght) - righ 52 + 5, (2, (27)
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Thus, we obtain the depth-averaged x-momentum equation of
the upper layer as

d _ d _ 1 d _
E(ylhlul) + a(ylhluf + E}qghf) + a(ylhlulvl) =-n (zm)ul(zm)Em

0Zm 718" (ﬂ
1/3 1
h]

- 1_42)|‘_11 - l_12|

(28)
Using similar procedure, the depth-averaged y-momentum com-
ponent for the upper layer is obtained
%(hh"’l) + %(71;‘17417’1) + %(71"1"’% + %hghf) =11 (2m)V1 (2m) Em
(29)

- gh 52 - “gf,;‘b (51 = 72)fiy ]

Depth-integrated equations for lower layer

Also using the Leibnitz rule to interchange the mass balance equa-
tion of the lower layer

Zm Zm

9 9 9 q 9 0z, 9z,
/ [ I + ax(Vz“z) oy(Vz"z)+ &(Vz%)]dl: E/Vzdl—}’z(zm)af;n +Vz(lb)$
2b Zb

Zm
9 0z, 0z
+ 2 [ (raa)ie =1 s (o) 22 413 ) () 2
2
Zm
0 0z, dz;,
3 / (szz)dZ—YZ(Zm)VZ(Zm)T;" +Vz(lb)"z(lb)§
2
+12(2m) w2 (2m) = v2(25) w2 (2)

(30)
Coupling Egs. (17) and (30) to obtain

Jd Jd - Jd _

2 (}/th) + o (7’2h2”2) + 5 (yzhzvz) =72 (Zm)Em +7 (Zb)Eb (31)
Integrating the momentum equation for this layer is similar with

that of the upper layer. The left-hand side of the x-momentum equa-

tion of the lower layer is written as follows:

0 _ 0 _ 1
—(yzhzuz) + = (yzhzug + —kapyzghg + kapylgh1h2> +

/ (LHS)dz =%(y2h2a2) +

Zy

d —
oz (v ) +

= 72(2,) 11 (2) Enm

The right-hand side of the x-momentum equation for the lower
layer yields

d —_
—(yhuv)
gy \2taV2 (33)

-7 (zb)“z (Zb)Eh

Z/I‘H(RHS)dZ— (()_xx aTx)’ z?rxz)
= D () + (7)) 22— () 2
b (2 22 = 1 () 22 1 (2) + 521

(34)

We assume that the normal stresses in the z direction are hydro-
static and thus

Ty (Zh) = r.8h +7.8h, (35)
?ZZ = M %(2y1gh +3/2gh ) (36)

The depth-averaged normal stresses are related to the normal
stress based on the Mohr-Coulomb theory and so that

1
apTzz = Ekup(zhghl + J’zghz) (37)

where k,, is the lateral stress coefficient. By neglecting the lateral
shear stress terms in Eq. (34), the right side of the x-momentum

equation for the lower layer is expressed as follows:

/ (RHS)dz = — [ 2 (2nghily + 1,gh?) |
(38)
Zp) + T (2,)

0z
+ 71gh - —k, (J’1gh1 + }’zghz) 0_)5 - sz(

Thus, we obtain the depth-averaged x-momentum equation of the
lower layer as follows:

2 _
_(Vzhzuzvz) =7 (zm)ul(zm)Em +7 (Zh)uz (Zb)Eb

ot dy
0z,, N&:MN V&
+r.8h—— ox -k, (Vlgh + 7.8h, )a_b lhl/ab(ul “2)|u1_u2| (39)
1
Uy ity |, |
-1 | =g tang,,, + (1 —c;)g.n,———
2[|u2| a8z bed ( d)g b h;ﬁ ]
J(LHS)dz = [ [%(72“2) + ;—X(h“;) + %(7’2”2"2) + %(Yz”zwz)]dz = (yzhzaz) :x <Vzhza§> (7’2”’2”21’2)
zp z
2 (32)

1220 ) (20) [ (22) = 22 = 1y (2,) 22 = vy (2,,) 22

_72(217)”2(217) [WZ(Zb) - aaif - ”2(217)% -

By applying the kinematic boundary conditions (Eq.17), the left-hand
side of the x-momentum equation of the lower layer is changed into
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Using similar procedure, the depth-averaged y-momentum com-
ponent for the lower layer is obtained



ot
g ke (nghy +raghy) 2+ D5 5, — |
718 dy ap\V18M T 728", dy hi/s 1~ V2) W 2
v AL
—7> | =5 Cageha tan @y + (1 - Cd)gznh%
|, | h,

0 _ 0 _ o d _ 1
—(r,h,7,) + a(yzhzuzvz) + 3 (yzhzvj + Ekupyzghi + kapylghlhz) =1,(2,)v1(20) E + 72(2,)v2(2,) E,

(40)

To address the variations of the sediment in the lower layer and
the bed material, the mass conservation equations are integrated from
the base to the interface using Leibniz’s rule to swap the order of dif-
ferentiation and integration, and then simplified by using conditions
(4) and (5), which gives

0 0 — 0 _
a(}/zhzcd) + a(yzhzcduz) + @(hhzcd"z) =1(2)(1-p)E,

(41)
where p is the sediment porosity. To describe the variation of bed
terrain caused by debris flow erosion, the mass conservation equa-
tions for bed materials are needed as follows:

0z, B (42)
= 2
ot b 4
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