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Abstract

Rapid flow-like landslide is a flow-type mass movement which commonly has a large speed and a
long run-out distance. The high mobility of this kind of landslide increases the risk to the
infrastructures and people’s security on the run-out path. Numerous catastrophic flow-like landslides
have occurred in the last few decades claiming thousands of life tolls. Although notable progresses
have been made in terms of the development of early-warning systems and numerical modeling
technologies in the recent two decades, the threat caused by flow-like landslide is still very intensive
because of complex factors such as the rapid urbanization process and the increasing extreme climate
events. Therefore, it is still an urgent task for the scientists and engineers to develop effective

measures to address the challenges caused by rapid flow-like landslide.

Numerical simulation is an efficient tool for the run-out analysis of rapid flow-like landslide. In this
thesis, | address three topics related to the modeling of flow-like landslide which were not
sufficiently investigated in the previous studies. Three improved depth-averaged models are used to
simulate the selected typical flow-like landslides and related phenomena. In the first topic, a
two-layer depth-averaged model is proposed to simulate the frontal plowing phenomenon in some
rapid flow-like landslides. The propagation process of a loess landslide in Shaanxi Province, China
and its interaction with the terrace material is analyzed. The second topic is related to the influence
of the slope gradient and gully channel on the run-out behavior (especially the entrainment and
deposition characteristics) of rockslide-debris flow. The run-out process of the \erghereto

rockslide-debris flow in Italy is analyzed by using an improved depth-averaged model. The third



topic is related to the numerical assessment of the impeding effect of check dam on debris flow.
Another improved depth-averaged model, which takes both entrainment and the impeding effect of
check dam into account, is proposed and adopted to analyze the interaction of debris flow and check
dams in a debris flow gully in Sichuan province, China. The model is then used to assess the

efficiency of the actual check dams in this debris flow gully.

The main purpose of this thesis is to investigate the capacity of the improved depth-averaged models
on the simulation of rapid flow-like landslides and the related phenomena (frontal plowing,
entrainment, and interaction between debris flow and check dam). The simulation results of the case
studies in this thesis show that these improved models perform well in simulating the rapid flow-like
landslides and the phenomena mentioned above, which demonstrates the potential application ability

of these models for the risk assessment of rapid flow-like landslides.
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1. INTRODUCTION

1.1State of the art

1.1.1 Rapid flow-like landslides and related phenomena

Definition of rapid flow-like landslides

According to the type of movement, landslides can be classified into six groups (fall, topple, slide, spread, flow and
complex movement) in the original Varnes classification (Varnes 1978) or five groups (fall, topple, slide, spread,
and flow) in the updated Varnes classification (Cruden and Varnes 1996). More recently Hungr et al. (2014)
reviewed the classification of flow-like landslides. In the existing classifications, flow-type landslides include a
wide range of mass movements. As shown in Table 1.1, the main difference between the Varnes and Hungr
classifications on the definition of flow is that only two types of materials (rock and soil) are identified in the
Hungr classification, while in the original classification three materials (rock debris and earth) are presented. The
Hungr classification agrees with the standard geotechnical terminology, so we adopt this classification for the

definition of the flow-like landslide in this thesis.

The speeds of flow-like landslides vary significantly depending on the material properties of the landslides. The
rapid flow-like movements like debris flows and debris avalanches can reach a speed of tens meters per second,
while the slow movements like earthflows only have a peak velocity of a few meters per hour (Berti et al. 2019). A
method for the description of landslide velocity was proposed by the Working Party of the International

Geotechnical Societies (WP/WLI 1995). According to the suggestion of WP/WLI, a landslide can be defined as
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extremely rapid (>5 m/s), very rapid (5 m/s - 3 m/min), rapid (3 m/min - 1.8 m/h), moderate (1.8 m/h - 13

m/month), slow (13 m/month - 1.6 m/year), very slow (1.6 m/year - 1.6 mm/year), and extremely slow (<1.6

mm/year). However, the rapid landslide in the present context refers to the landslide reaches at least meters per

second which basically belongs to the extremely rapid class in the WP/WLI velocity scale. Therefore, the rapid

flow-like landslide here can be defined as the flow-like movement classified by the Hungr classification which

reaches a velocity of at least meters per second. Debris flow, rock avalanche, debris avalanche, flowslide, and mud

flow are typical rapid flow-like landslides (as illustrated in Table 1.1), and they are the objects of study in this thesis.

Some typical catastrophic rapid flow-like landslides are illustrated in Fig.1.1, 1.2 and 1.3.

Table 1.1 Classification of flow-like landslides

Hungr classification Original Varnes classification

Rock Soil Rock Debris Earth

Rock/ice avalanche* | Sand/silt/debris dry flow | Rock creep | Talus flow Dry sand flow
Sand/silt/debris flowslide* Debris flow Wet sand flow
Sensitive clay flowslide* Debris avalanche | Quick clay flow
Debris flow* Solifluction Earth flow
Mud flow* Soil creep Rapid earth flow
Debris flood Loess flow
Debris avalanche*
Earthflow
Peat flow

*Flows reach extremely rapid velocities (> 5 m/s)

Catastrophic events caused by rapid flow-like landslides

In comparison with slow landslides, rapid flow-like landslides are commonly more dangerous because of the
high-speed and long run-out characteristics of these movements. Catastrophic events caused by rapid flow-like

landsides occurred frequently in mountainous regions, especially in the developing countries with high population



density and poor urban planning. In Table 1.2, we list several most notorious rapid flow-like landslides occurred

around the world. Some of these events occurred in the downtown areas resulting in thousands of deaths. For

instance, the huge debris flow triggered by a local extreme rainfall destroyed almost half of the downtown area of

the Zhouqu County (shown in Fig. 1.1), which is the most catastrophic debris flow event occurred in China in this

century up to now (Hu et al. 2012, Tang et al. 2011, Wang 2013). More seriously, intense storms may trigger a

group of debris flows in the same region at almost the same time, resulting in more damages. A typical example is

the debris flow events occurred in Venezuela on December 15-16, 1999, in which nearly 30,000 people were killed

and 126,000 homes were damaged (Garc R-Martmez and L&pez 2005, P&ez 2001). Moreover, sometimes rapid

flow-like landslides may generate a disaster chain such as landslide-surge wave-dam break flood, forming a series

of events that endanger a broader region (Fan et al. 2020). A typical landslide dam formed by a rock avalanche is

illustrated in Fig. 1.3. These catastrophic events remind us the importance of developing reliable technologies for

the identification, early-warning, and risk assessment of the potential rapid flow-like landslides.

Table 1.2 Several catastrophic rapid flow-like landslide occurred worldwide

Landslide Country Volume @ Run-out Fatality Reference
(10°m®  (km)
Leyte  rockslide-debris | 17  Feb. | Philippines | 20 4.1 1119 Catane et al. (2007)
flow 2006
Caucasus glacier-debris | 20 Sep. | Russia 130 19 125 Evans et al. (2009)
flow 2002
Zhouqu debris flow 8 Aug. | China 2.2 2.1 1765 Tang et al. (2011)
2010
Saleshan flowslide 7 Mar, | China 31 1.0 237 Zhang et al. (2021)
1983
Yigong rockslide-debris | 9 Apr. | China 100 10.7 unknown | Delaney and Evans
flow 2000 (2015)
Frank rock avalanche 29  Apr. | Canada 30 2 70 Cruden and Hungr
1903 (1986)
Malpa rock fall-debris | 8 Aug. | India 1.0 - 221 Paul et al. (2000)
flow 1998
Debris flows at central | 15-16 Venezuela - - 30,000 Pé&ez (2001)
coast of Venezuela Dec. 1999




Fig. 1.1 The downtown area of Zhouqu County in Gansu Province, China after the occurrence of the catastrophic

debris flow on August 8, 2010. The debris flow is responsible for the deaths of 1557 people. The photo is provided

by NASA (https://earthobservatory.nasa.gov/images/45329/landslide-in-zhougu-china).

There are several good reviews about the current advances in landslide prediction, monitoring, and early warning
(Chae et al. 2017, HUrlimann et al. 2019). The main purpose of the present thesis is to study the run-out behavior of
rapid flow-like landslides and the related phenomena (bed entrainment, plowing and landslide-structure interaction),
so here we will focus mainly on the state-of-the-art of the advances in the study of these related phenomena and the

numerical models for simulating them.

Phenomena related to rapid flow-like landslides


https://earthobservatory.nasa.gov/images/45329/landslide-in-zhouqu-china

A variety of interesting phenomena associated with rapid flow-like landslides were observed in field or in large or

small scale physical experiments. Some phenomena, such as the disintegration of rock mass, entrainment,

segregation, and the interaction between rapid flow-like landslides and mitigation structures, are recognized as

important factors influencing the dynamic characteristics of rapid flow like landslides. Therefore, the advances in

these aspects are reviewed below.

Disintegration (or fragmentation), is a remarkable phenomenon in the run-out process of rock avalanches (Crosta

et al. 2007) and refers to the dynamic process that the initial intact rock mass disintegrates into rock blocks of

various sizes (may range from decimeters to tens of meters). A renowned rock avalanche (the Frank slide) is shown

in Fig. 1.2. The grain size was observed to decrease with run-out distance in rock avalanche deposits (Charri&re et

al. 2016, Locat et al. 2006), indicating disintegration is a gradual process. Abrupt slope change may be an important

factor facilitating the disintegration process (De Blasio and Crosta 2015). Disintegration changes the volume and

property of the rock avalanche, increasing the difficulty in risk assessment and run-out prediction. Except for field

investigation, the studies on rock avalanche fragmentation were mainly conducted through experiments (Haug et al.

2016, Imre et al. 2010) and numerical investigations based on discrete element model (Gao et al. 2020, Zhao et al.

2017). Some progresses have been made to understand the disintegration process. Davies and McSaveney (2009)

found that disintegration of grains in force chain can reduce the effective stress and the frictional resistance, which

may be a reason for the high mobility of rock avalanche. The experiment conducted by Haug et al. (2016) shows

that the run-out distance increases with the degree of fragmentation, while the displacement of the mass center has

an opposite tendency, suggesting fragmentation plays a role of energy consumption. However, the mechanism of

disintegration is still not fully understood, and further researches should be conducted to illustrate the disintegration

mechanism and its influence on the dynamics of rock avalanches.



Fig. 1.2 Panorama of the Frank rock avalanche occurred in British Colombia, Canada in April 1903 which is the

deadliest landslide in Canada (https://www.albertasouthwest.com/resources/photo-gallery/frank-slide/).

Entrainment is a prevalent phenomenon associated with rapid flow-like landslides. In a general sense, entrainment
refers to the complicated dynamic process of volume expansion of a landslide by entraining, plowing or thrusting
the material on the run-out path (Crosta et al. 2015). In the narrow sense, entrainment only denotes basal scouring
or bed entrainment. In the present thesis, we regard bed entrainment and frontal plowing as two different processes.
The volume of a landslide can expand manifold through bed entrainment. A commonly used index quantifying the
volume change is entrainment ratio which is defined as the ratio of the entrained volume to the initial volume
(Hungr and Evans 2004). The rock avalanche occurred in Modalen, Norway, had an initial detached rock of 1 10"
m?, but the final deposit reached a volume of around 1.15 < 10°> m® (Hungr and Evans 2004). The Tsing Shan debris

flow occurred in Hong Kong had an initial volume of only 400 m?, but the final volume (20,000 m®) increased
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about 50 times (King 1996). The mobilized rock/soil mass can be significantly different with the initial rock/soil

mass in terms of material, water content and the other physical properties. Therefore, bed entrainment may alter the

rheological property and mobility of a landslide. Some previous studies indicated that entrainment of dry material

will reduce the run-out distance, while entraining saturated mass can increase the mobility (Crosta et al. 2009,

Iverson et al. 2011). lverson et al. (2011) suggested that entrainment of wet material could generate positive excess

pore water pressure, thus enhancing the mobility of the landslide, while entraining dry material had an opposite

effect. However, the experiment conducted by Mangeney et al. (2010) showed a different conclusion that

entrainment of dry material could also enhance the mobility of a landslide. This contradiction indicates that water

content may not be the only factor influencing the mobility, other factors like the slope and thickness of the

erodible bed, the frictional properties of the material or the interstitial fluid content, could also be crucial in

determining the mobility of a flow-like landslide after entrainment (Mangeney 2011). The mechanism of bed

entrainment and its influence on landslide mobility are still quite elusive and need further investigation.

Frontal plowing is a phenomenon different with bed entrainment. Normally, plowing occurs at the front of a rapid

flow-like landslide where the displaced path material is plowed into and pushed forward by the main body of the

landslide. In the plowing process, the landslide generally remains separate with the displaced mass, while in bed

entrainment the entrained mass will mix with the original landslide mass. This phenomenon is found to be

dominant in some rapid flow-like landslides (McDougall and Hungr 2005). For instance, in the Frank rock

avalanche, the plowed alluvium mass caused most of the damage in the town (Cruden and Hungr 1986). The

evidence of plowing in rock avalanches is often reflected by the presence of fine-grained splash zones surrounding

the margins of the rock avalanche deposits (McDougall and Hungr 2005). In snow avalanches, the frontal plowing

is also an importance factor influencing the run-out behavior (Gauer and Issler 2004). The plowing process

involves the complex interaction between the landslide and plowed mass. Few previous studies have conducted



in-depth research on this topic, so further investigations are still necessary.

Fig. 1.3 Rock avalanche occurred in Jiangda County, Tibet, China which blocked the Jinsha River (the upper

reaches of the Yangtze River) on October 11, 2018, leading to the evacuation of more than 24,600 people. The

Photo is from China Daily (http://global.chinadaily.com.cn/a/201810/13/WS5bc13d21a310eff30328222d_1.html).

Segregation is a common and complex phenomenon in both natural (Hutter et al. 1994, Iverson 1997) and

industrial granular flows (Ketterhagen et al. 2008, Kudrolli 2004, Rosato et al. 2002) occurring when the granular

materials consisted of particles of various sizes are subjected to vibration or shear (Ottino and Khakhar 2000). In

segregation process, large particles move toward the free surface and the flow front, while the small ones sink to

the bottom. Specifically, in granular flows like debris flows and rock avalanches, particle segregation contributes to
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the formation of boulder-enriched levees and fronts (de Haas et al. 2015, Gray and Kokelaar 2010, Johnson et al.

2012), and this special granular structure may determine the dynamic features of these flow-like landslides. Kinetic

sieving and squeeze expulsion were recognized as the main mechanisms of particle segregation (Gray 2018, Savage

and Lun 1988). According to Kinetic sieving theory, the small particles have more chance to percolate downward

through the pores formed by big particles, so they tend to sink to the bottom. Meanwhile, large particles are

squeezed upward by the small particles while they fill out the pores, which is the so-called squeeze expulsion

mechanism. These two processes provide qualitative explanations for particle segregation. However, quantification

of segregation is still a long-standing challenge, although some researches have proposed several preliminary

models for the calculation of the segregation process (Fan and Hill 2011, Gray and Chugunov 2006, Gray and

Thornton 2005, Tunuguntla et al. 2014). To consider segregation in the simulation of real rapid flow-like landslides,

more sophisticated models may be required.

Landslide-structure interaction is an important research topic in rapid flow-like landslide mitigation. The

mitigation strategies of rapid flow-like landslides can be classified into active and passive measures (Huebl and

Fiebiger 2005). The passive measures refer to the non-structural measures, like hazard mapping and land-use

planning, are adopting to avoid the direct impact of landslides. Passive measures are more recommended, however,

in many cases active measures (constructing of defense structures) are necessary when the passive measures are not

feasible. In these situations, a correct understanding of the landslide-structure interaction process is crucial. The

purposes of constructing defense structures are to change the direction of the flow or impeding the movement of the

flow. The channel works and re-directing obstacles are the measures used to guide the direction of flow-like

movement, while check dams, sabo dams and flexible net barriers are adopted to stop the motion or reduce the

magnitude of the flow mass. Evaluating the impact force acting on the structure and assessing the efficiency of the



measures are the two major tasks in the design of mitigation measures. To function well, the structures must be
strong enough to resist the impact from rapid flow like landslides. At the same time, their performance should be
good enough to prevent the possible disasters. Flume tests have been widely adopted in the study of the impact
force of debris flow (Armanini 1997, Armanini et al. 2020, Cui et al. 2015, Huebl et al. 2017, Ng et al. 2016, Rossi
and Armanini 2019, Sanvitale et al. 2021, Vagnon and Segalini 2016). And the runup and pile-up have been
recognized as the two phenomena occurring during the impact process which influence the magnitude of impact
force (Choi et al. 2015, Kong et al. 2021). The efficiencies of the mitigation measures cannot be evaluated through
small-scale flume experiments, so numerical simulation of the prototype is the main method used to achieve this
goal. Some numerical simulations have been conducted regarding the efficiency of defense structures (Chen et al.
2019, Choi et al. 2021, Cuomo et al. 2019, Dai et al. 2017, Kattel et al. 2018). However, the influence of the
defense structure on the dynamic and entrainment process of rapid flow-like landslides were not adequately studied,

which is still a topic requiring further investigations.

In the above section, we briefly reviewed the state-of-the-art of four important phenomena related to rapid flow-like
landslides. In this thesis, entrainment (including frontal plowing) and landslide-structure interaction are the main

topics we would like to address, while disintegration and segregation will not be considered.

1.1.2 Modeling methods for rapid flow-like landslides

The modeling methods for rapid flow-like landslides can be classified into three types: 1) the methods based on

continuum mechanics, 2) methods based on discrete mechanics; and 3) coupled methods of continuum and discrete

10



mechanics. In the following section, we will introduce the state-of-the-art of some typical methods adopted in the

simulation of rapid flow-like landslides.

Continuum mechanics methods

If we view the landslide mass as a continuum, the governing equations of rapid flow-like landslides can be written

as a set of partial difference equations depicting the mass and momentum conservations (sometimes also include

energy conservation). In the case of single-phase, the mass and momentum equations can be written as:

9 v (i) =0 (11)
ot pv) = '
W+V-(pv®v)=v-a+pg (1.2)

-

where p is the density; v is the velocity vector; V is the divergence operator; @ is the dyadic product; o is the

-

Cauchy stress tensor, g is the gravitational acceleration.

Mixture theory can be adopted to formulate the governing equations for multi-phase continuum. No matter the

continuum is regarded as single-phase or multi-phase material, the governing equations in three-dimensional can be

directly discretized by several numerical methods such as the particle finite element method (PFEM), material point

method (MPM), smoothed particle hydrodynamics (SPH), finite volume method (FVM), arbitrary

lagrangian-eulerian method (ALE), etc., producing three-dimensional models. A brief summary of these humerical

methods are listed in Table 1.3. To save computational cost, a popular technology — the depth integration can be

used to simplify the equations in the depth direction, obtaining the depth-averaged models (quasi-three dimensional

models). The typical three-dimensional models and depth-averaged models will be introduced below.

11



Three-dimensional models

The traditional finite element method suffers from inaccuracy and instability in the condition of large deformation

because of mesh distortion. To overcome this drawback, mesh-free (SPH), re-meshing or moving mesh (PFEM and

ALE), and hybrid methods (MPM) are developed for the large deformation problems in continuum mechanics.

Therefore, the abovementioned numerical methods for three-dimensional models can be adopted in the analysis of

rapid flow-like landslide when suitable rheological/constitutive laws are used.

SPH is an entirely mesh-free method originally proposed to solve the astrophysical problems (Gingold and

Monaghan 1977, Lucy 1977). In SPH, the continuum is represented as particle points carrying all the physical

properties, and the field functions in governing equations are discretized through two steps: kernel approximation

and particle approximation (Liu and Liu 2003). SPH has been implemented in the simulation of rapid flow-like

landslides and landslide generated impulsive waves (Bao et al. 2018, Han et al. 2020, Huang et al. 2012, Nikooei

and Manzari 2021, Wang et al. 2016). The main merit of SPH over the other methods is that the free surface

boundary of the flow can be easily traced by the boundary particles. However, since it is necessary to search a huge

number of neighboring particles at each time step, the computational cost can be very expensive, especially if we

simulate a large landslide which normally needs millions of particles.

PFEM was proposed by Idelsohn et al. (2004) as an extension of the standard FEM. The material is represented by

a set of particles which are regards as the nodes of the finite elements as well. The meshes in PFEM are built or

rebuilt via Delaunay triangulation algorithm and alpha shape scheme (Cremonesi et al. 2020). This method can

avoid the problem caused by mesh distortion through rebuilding the meshes whenever needed. However, the

12



re-meshing process also brings errors and additional computational cost because of mapping Gauss points data

from old meshes to new meshes. This method has been preliminarily implemented in the simulation of rapid

flow-like landslides, landslide-generated water waves and landslide-structure interaction problems (Franci et al.

2020, Franci and Zhang 2018, Salazar et al. 2016, Zhang et al. 2015). On the other hand, the high computational

cost and other technological challenges (re-meshing, boundary detection etc.) limit its application in the modeling

of large-scale rapid flow-like landslides.

Table 1.3 Typical numerical methods adopted in three-dimensional models for simulating rapid flow-like landslides

Methods

Mesh

Coordinate

Main applications

Typical characteristics

SPH Meshfree Lagrangian | Rapid flow-like landslides. Free surface can be easily determined,
Landslide-induced impulsive | but dealing with contact boundary is
waves. challenging.  Searching  neighboring
Fluid-structure interaction. particles is time-consuming.

PFEM Re-meshing | Lagrangian | Rapid flow-like landslides. Re-meshing is time-consuming. Internal

needed Landslide-induced impulsive | and external boundaries are difficult to
waves. determine. Mapping Gauss points data
Fluid-structure interaction. can introduce error.
ALE Moving Hybrid  of | Rapid flow-like landslides. The movement of mesh is independent
mesh Lagrangian | Landslide-induced impulsive | with material producing mapping related
and waves. error. Boundary is not easy to deal with.
Eulerian Fluid-structure interaction.
MPM Backgroun | Lagrangian | Rapid flow-like landslides. Mapping information between material
d mesh Landslide-induced impulsive | points and mesh nodes introduce error.
waves. Re-meshing is not necessary. Contact is
Fluid-structure interaction. difficult to detect and calculate.
FVM Fixed mesh | Eulerian Rapid flow-like landslides. Special technologies (e.g., VOF) are

needed to deal with the free surface and
fluid-solid boundaries. Convection is
difficult to deal with. The strain of
material cannot be traced.

ALE method is a hybrid Lagrangian and Eulerian method proposed by Noh (1963) to overcome the disadvantages

of pure Lagrangian and Eulerian methods in fluid simulation. Then it was applied to the problems in solid
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mechanics involving large deformation (Nazem et al. 2009). In ALE, the displacement of material is separate with

the mesh displacement, so the problem of mesh distortion can be relieved by adopting this strategy. Crosta et al.

(2003) implemented ALE in the simulation of the Val Pola rock avalanche occurred in Italy, which was probably

one of the earliest work applying ALE in the simulation of rapid flow-like landslides. Then the method obtained a

broader application in the simulation rapid landslide related entrainment, impulsive wave, and landslide-structure

interaction problems (Crosta, et al. 2009, Crosta et al. 2016, Luo et al. 2019, Zhao et al. 2020). The ALE method

has been incorporated into the commercial software LS-DYNA developed by the Livermore software technology.

Several studies have utilized this software to analyze rapid flow-like landslides and landslide—barrier interaction

problems, and good predictions were obtained (Kwan et al. 2015, Luo, et al. 2019). However, the accuracy and

reliability of ALE models on the simulation of real rapid flow-like landslides still need further investigation.

Challenges like modeling entrainment, improving computational efficiency, and contact calculation need to be

addressed in the future development of ALE models.

MPM is a relatively new numerical method developed by Sulsky and her co-workers (Sulsky et al. 1994) becoming

increasingly popular in solving the problems of large deformation. The idea of MPM was originated from

particle-in-cell (PIC) methods for fluid simulation. In MPM, material is represented by a cluster of particles, and all

the physical variables (volume, density, velocity, stress, strain, etc.) are carried by the particles. A background mesh

is used to discretize the continuous field. The most important merit of MPM is that re-meshing is not necessary, so

the difficulty associated with mesh entanglement does not exist. The MPM has been used to simulate large

deformation problems in geotechnical engineering such as settlement in landfills over two decades (Fern et al. 2019,

Zhou et al. 1999). Until around 10 years ago, some researchers started to implement this method in landslide

simulation (Andersen and Andersen 2010). The development of MPM in rapid flow-like simulation progressed
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quickly in the last ten years. Nowadays, there are already tens of successful examples of using this method for the

simulation of rapid flow-like landslides and their interaction with structures (Cuomo et al. 2021, Gonzdez Acosta

et al. 2021, Li et al. 2020, Mast et al. 2014). On the other hand, challenges like difficulty in contact detection and

applying boundary condition need to be overcame in the future to improve the accuracy and applicability. More

details related to the recent development of MPM can be found in de Vaucorbeil et al. (2020).

FVM is a commonly-used method in computational fluid dynamics (CFD). The mainstream commercial and open

source software in CFD, such as Flow-3D, Fluent and OpenFOAM, are capable of simulating single-phase and

multi-phase flows. Up to now these models have been implemented in the simulation of rapid flow-like

landslide-generated impulsive waves and air blast (Ersoy et al. 2019, Hu et al. 2020, Rauter et al. 2021, Zhuang et

al. 2019). FVM s a Eulerian-based method, so special treatments like volume of fluid (VOF) and cut-in-cell

methods are necessary for tracking the free surface and fluid-solid boundary. A full-scale 3D simulation of a large

landslide may require millions of meshes which can be very computationally expensive.

In summary, the abovementioned five numerical methods have great application potential in the 3D simulation of

rapid flow-like landslide, landslide-induced impulsive waves, and the landslide-structure interaction problems.

However, each method has its disadvantages, and the computational costs of these methods are generally high when

simulating a large rapid flow-like landslide. Additionally, entrainment, which is a dominant phenomenon in many

rapid flow-like landslides, is not easy to be taken into account in these methods.

Depth-averaged models
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Depth-averaged models are probably the most popular method in simulation of rapid flow-like landslides because

they are more computationally efficient in comparison with the time-consuming 3D simulations. The governing

equations of depth-averaged models can be obtained through integrating the 3D governing equations (normally

mass and momentum equations) in the depth direction. This depth-integration approach has long been adopted to

obtain the so-called shallow water equations or Saint Venant equations in hydraulic channel flows (Pudasaini and

Hutter 2007). Savage and Hutter (1989) developed the first generation of depth-integrated model for avalanche, and

thus the models developed based on their work are called Savage-Hutter models. Another way to obtain the

depth-averaged models is by directly formulating the mass and momentum equations in a soil column via assuming

identical horizontal velocity in depth direction. The pioneer model proposed by Sassa (1988) belongs to this type of

depth-averaged models. Anyway, the governing equations derived through both methods are basically identical.

Ever since Savage and Hutter, and Sassa proposed their models, the depth-averaged models have developed very

quickly and became the mainstream method in the run-out analysis of rapid flow-like landslides. The early

depth-averaged models are quite simple. They normally assumed the landslide mass as an incompressible (volume

is a constant) and identical single-phase material, and finite difference methods were used to solve the equations.

Other numerical methods were also adopted to solve the depth-averaged models. For instance, Chen and Lee (2000)

and Denlinger and lverson (2001) proposed the depth-averaged models solving by FEM and FVM, respectively.

However, these early models are quite preliminary because many phenomena associated with rapid flow-like

landslides are not considered in the equations. McDougall and Hungr (2003) suggested that a comprehensive model

should be capable of 1) considering the non-hydrostatic pressure, 2) taking into account of entrainment, 3)

providing a variety of material rheological models, etc. Therefore, a growing number of modified depth-averaged

models were proposed to improve the applicability of depth-averaged models. McDougall and Hungr (2005)
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proposed a depth-averaged SPH model which considered entrainment and non-hydrostatic lateral pressure. Their

model is the well-known DAN3D model which has been widely applied in the simulation of rapid flow-like

landslides worldwide (Aaron et al. 2017, Delaney and Evans 2015, Revellino et al. 2013, Xing et al. 2014).

Currently, tens of single-phase depth-averaged models have been proposed, some typical models and their

characteristics are listed in Table 1.4. As shown in Table. 1.4, various rapid flow-like landslides related phenomena

were considered in some of these modified models to improve the performance, such as bed entrainment,

centrifugal/centripetal effects caused by curved topography, pore pressure evolution, and effect of barrier.

Apart from single-phase depth-averaged models, two-phase or even multi-phase depth-averaged models have

achieved significant advances in the last two decades. These models are generally formulated according to the

mixture theory of continuum mechanics. lverson and Denlinger (2001) proposed one of the earliest quasi two-phase

models for debris flow. However, in their model the velocity difference between solid and fluid was not considered.

Then Pitman and Le (2005) proposed a two-fluid model in which both solid and fluid phases were regarded as

“fluid’. In the two-fluid model, the velocity difference between solid and fluid phases was considered, but the

viscous effect of fluid phase was neglected. To overcome these drawbacks in the previous studies, Pudasaini (2012)

derived a more generalized two-phase model for debris flow which considered the viscous effect of fluid, virtual

mass, generalized drag, and buoyancy. From then on, more improvements have been made on the early

two/multi-phase models. For instance, the effects of evolving dilatancy (Iverson and George 2014), fluid-solid

phase transformation in rock/ick avalanches (Pudasaini and Krautblatter 2014) and multi-phase interaction (Kattel

et al. 2021) have been incorporated into different models.

In comparison with the single-phase models, the two/multi-phase models are more sophisticated in theory.
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Especially in debris flows, the separation of fluid and solid is a dominant phenomenon which cannot be reflected by
the single-phase models. On the other hand, the equations of two/multi-phase models are more complex. And more
parameters which need calibration are incorporated into the equations, increasing the difficulty of applying these
models in the real rapid flow-like landslide cases. By contrast, the calibration of the single-phase models is usually
easier because less calibration-based parameters are presented. The simulation results of the single-phase models
are normally satisfactory in terms of the simulated run-out distance, impacting area and deposition thickness.
Therefore, this thesis mainly focuses on improving the single-phase depth averaged models so that we can extend

their applicability in the simulation of rapid flow-like landslides and the related phenomena.
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Table 1.4 Comparisons of the features of several single-phase depth-averaged models

Models Coordinate Method | Centripetal/centrifugal Entrainment Pore pressure Effect of Reference

effect evolution barrier
FLO-2D Eulerian FDM No No No Yes O'Brien et al. (1993)
DAN3D Lagrangian SPH Yes Yes No Yes Hungr and McDougall (2009)
Massflow Eulerian FDM No Yes No No Ouyang et al. (2013)
RAMMS Eulerian FVM No Yes No Yes Christen et al. (2010)
Debris-2D Eulerian FDM No No No No Liu et al. (2013)
RASH3D Eulerian FVM No Yes No Yes Pirulli and Sorbino (2008)
LS-RAPID Eulerian FDM No No No No Sassa et al. (2010)
Improved FD model Eulerian FDM Yes Yes No Yes Shen et al. (2018)
HiPIMS_Landslide Eulerian FVM Yes No No No Xia and Liang (2018)
GeoFlow-SPH Lagrangian SPH No Yes Yes Yes Pastor et al. (2009)
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Discrete mechanics methods

Granular flows can be view as continuum materials in large scale, but in small scale (the diameter of a particle)

they are discrete materials consisting of separated particles. The main parts of some rock avalanches can be

regarded as dry granular flows, so we can use the discrete mechanics methods to simulate their run-out behavior.

However, the pure discrete methods are not suitable for the simulation of saturated mass movements like debris

flows and the flowslides consisting of fine materials (sand, silt, etc.).Discrete element method (DEM) and

discontinuous deformation analysis (DDA) are the two discrete mechanics methods currently implemented in the

simulation of dry granular flows.

Cundall and Strack (1979) proposed the first version of discrete element model for the simulation of granular

particle assembles. In the original discrete element model, the particles are not bonded and they interact with

neighboring particles through collision and friction. The governing equation of each particle is formulated simply

according to the Newton’s Second Law of Motion, with the damping effect being accounted in the equation.

Contact detection is necessary in order to calculate the contact forces among particles. Then Potyondy and Cundall

(2004) extended the original DEM by bonding the particles, enabling the simulation of the fragmentation process of

rock mass. The commercial DEM programs developed by Itasca are probably the most popular DEM software

nowadays. These programs include the UDEC in 2D and 3DEC in 3D for the simulation of blocks and PFC2D in

2D and PFC3D in 3D for round particles. Additionally, there are also some open source DEM codes which are

easier to extend. These DEM models have been widely applied in the run-out simulation of (earthquake induced)

rock avalanches (Lin and Lin 2015, Wu and Hsieh 2021), particle segregation(Zhou and Ng 2010), granular

flow-barrier interaction (Law et al. 2015, Shen et al. 2018), fragmentation process (Gao, et al. 2020), and
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entrainment (Liu et al. 2020).

DDA is another popular discrete numerical method for the simulation of block assembles. It was originally

proposed by Shi (1992). Different with DEM, the governing equations of DDA are formulated according to the

minimum principle of the potential energy of the system, so DDA is an implicit numerical method. Another distinct

characteristic of DDA is that the blocks (or particle) are deformable rather than the rigid body assumed by DEM.

3D DDA method is still not sophisticated because of the difficulty encountered in 3D contact detection, so the

previous studies related to the simulation of rapid flow-like landslides were usually based on the 2D DDA model

(Chen et al. 2021, Chen and Wu 2018, Wang et al. 2021).

Coupled methods

The pure continuous mechanic methods and pure discrete mechanic methods have different range of applications.

Coupled methods combining the advantages of both continuous and discrete mechanic methods are more powerful

in terms of the capability of simulating rapid flow-like landslides (saturated debris flows) related phenomena. One

of the most popular coupled methods is the CFD-DEM method. The solid phase of the flow is simulated through

DEM, while the fluid phase is simulated via CFD method (FVM). Unlike the two-phase depth-averaged models,

CFD-DEM method is a direct approach for the simulation of fluid-solid interaction. Current, the coupled

CFD-DEM methods have been mainly implemented in the simulation of landslide-induced impulsive wave (Mao et

al. 2020, Shan and Zhao 2014), interaction of debris flow and rigid or flexible barriers (Fang et al. 2021, Li et al.

2020), etc. There are also some other combinations in the coupling methods, such as the SPH-DEM (Hu et al. 2021,

Trujillo-Vela et al. 2020, Xu and Dong 2021) and SPH-DDA (Wang et al. 2019) models. These models have similar
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applications as the CFD-DEM models. More recently, Liu et al. (2021) established a coupled SPH-DEM-FEM
model for the multiple interactions among fluid, particle and structure. An et al. (2021) proposed a coupled
depth-averaged method and DEM model for the simulation of two-phase flow. These developments in coupling
methods provide the possibility for the more accurate simulation of rapid flow-like landslides and the related
phenomena. However, the existing models are still in the early stage of application because of computationally

demanding and the difficulties encountered in coupling the methods of different frameworks and foundations.

1.1.3 Brief summary of the state-of-the-art

In Section 1.1 we briefly reviewed the definition of rapid flow-like landslide, the catastrophic rapid flow-like
landslide events occurred worldwide, rapid flow-like landslide related phenomena, and the numerical methods for

the run-out analysis of this type of landslides.

Four dominate phenomena, namely, disintegration (fragmentation), entrainment (including bed entrainment and
frontal plowing), segregation, and landslide-structure interaction, have been identified as the key factors
influencing the run-out behavior of rapid flow-like landslides. However, simulating these phenomena is still a big
challenge because their mechanisms are not fully understood. In this thesis, we mainly address the topics related to
bed entrainment, frontal plowing, and the interaction between debris flow and defense structures. Although the

other two factors (disintegration and segregation) are also quite important, they are out of the scope of this thesis.

As reviewed in Section 1.1.2, various numerical methods have been proposed and implemented in the simulation of
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the post-failure process of rapid flow-like landslides. The three-dimensional models based on SPH, MPM, PFEM,

ALE and FVM are theoretically more sophisticated than the depth-averaged models because the 3D models can

provide more detailed information about the internal deformation and stress. However, these 3D models are

significantly time-consuming for the simulation of real large-scale rapid flow-like landslides. In addition, these

methods have difficulty in simulation entrainment which is probably the most important phenomenon that should

not be neglected. The pure discrete mechanic methods like DEM and DDA are also quite computationally

demanding and suitable only for dry granular flows. The more advanced coupled methods of continuous and

discrete methods are still under the early stage of development, and they are far away from put into practice. Given

the above reasons, we choose the most widely used depth-averaged models to conduct the present study. The

single-phase depth-averaged models are improved to simulate the frontal plowing, bed entrainment, and debris

flow-check dam interaction process.
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1.2 Motivation and outline of the thesis

The main motivation of this thesis is to improve the existing depth-averaged models and to apply the improved
models in the simulation of rapid flow-like landslide related phenomena like bed entrainment, frontal plowing, and

debris flow-check dam interaction.

The thesis consists of six chapters. Chapter 1 introduces the state-of-art and the general guide of this thesis. Chapter

2-5 are four scientific papers. And Chapter 6 is the Conclusions.

In Chapter 1, we firstly reviewed the definition of rapid flow-like landslides and the catastrophic events caused by
this type of landslide worldwide. Then we introduced the state-of-the-art of the four dominant phenomena related to
rapid flow-like landslides, namely, the disintegration of rock mass, entrainment (bed entrainment and frontal
plowing), segregation, and landslide-structure interaction. Finally, the characteristics of the three categories of
numerical methods which are currently adopted in the simulation of rapid flow-like landslides were summarized

and compared.

In Chapter 2, we addressed the issue of frontal plowing which is an important phenomenon in some rapid flow-like
landslides neglected by most previous studies. The related results have been published in the journal - Engineering
Geology. In that paper, we developed a new two-layer depth-averaged model for the simulation of frontal flowing.

The landslide and the plowed mass were regarded as two separate layers and their interactions were quantified
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through the shear and normal forces on the interface of the two layers. The governing equations of this two-layer

model were derived and then solved by the finite difference method. The derivation and numerical scheme of the

model were presented. Then a typical loess flowslide-the Ximiaodian landslide which is characterized by frontal

plowing was analyzed by the new model, and the simulation results were compared with the field data.

In Chapter 3, we investigated the influence of slope gradient and gully channel on the run-out, entrainment and

deposition characteristics of a rockslide-debris flow. An improved depth-averaged model proposed by Shen et al.

(2018) which has considered bed entrainment was adopted in the run-out analysis of the Verghereto landslide

occurred in Italy. Field investigation and unmanned aerial vehicle (UAV) survey were conducted to obtain the

digital elevation model for the simulation. The difference of elevation (DOF) before and after the event was

generated via the measured data to illustrate the entrainment and deposition characteristics of this landslide, and the

DOF was used to validate the simulation results. The relationship between topography (the slope gradient and gully

channel) and the deposition and entrainment characteristics of the landslide was analyzed. The effect of gully

channel on the run-out (mobility) was discussed. The results have being submitted to the journal - Landslides for

peer-review and possible publication.

Chapter 4 and 5 are related to the interaction between debris flows and check dams. In Chapter 4, we proposed an

improved depth-averaged model which considered bed entrainment and the impeding effect of check dams. In the

improved model, the impeding effect of a check dam was simplified as a rigid constraint, and a new computational

scheme was adopted to improve the simulation efficiency. A real debris flow occurred in the Hongchuan gully,

Sichuan Province of China, was selected as an example to study the effect of check dams on the dynamic and bed

entrainment processes of debris flows. Specifically, we discussed the influence of the check dam locations on the

25



entrainment characteristics. The results have been published in the journal - Landslides. Then in Chapter 5, this
model was implemented in the efficiency assessment of the real constructed check dams in the Hongchun debris
flow gully. We analyzed the impeding effect of these check dams on different initial scales of debris flows and
investigated the limitations of these check dams. The results have been published in Bulletin of Engineering

Geology and the Environment.

In Chapter 6, we reviewed the main conclusions obtained from the above studies. The limitations of the present

studies and the possible further developments in the future were also briefly discussed.
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ARTICLE INFO ABSTRACT

Many flow-like landslides entrain material from their paths during motion. At the flow front and along the lateral
margins the sliding mass can plow into the path material pushing or entraining the existing soil. Although
plowing can be a dominant mechanism for landslide mobility, little attention has been paid to this phenomenon
in comparison with other entraining mechanism such as basal scouring. Therefore, establishing a suitable
mathematical description is still a challenge. In this paper, a two-layer finite difference model is proposed to
simulate frontal plowing. The frontal erodible mass and the sliding mass are simplified as two separate layers
based on the assumption that they are immiscible in their propagation processes. The interaction (i.e., thrusting
and shear) between the two layers is simulated by the normal force and shear force acting on the two-layer
interface. The governing equations for the two-layer model are deduced from the mass and momentum con-
servations of a soil column and transformed into a finite difference form for numerical solving. Then the pro-
posed model is tested in the back analysis of the Ximiaodian landslide which is a typical loess flow-like landslide
located at the south bank of the Jing River, China. The modeling results show that frontal plowing has significant
influence on the propagation of this landslide, especially on the final topography of the deposit. Without con-
sidering this effect, the thickness of the final deposit tends to be underestimated, while the propagation duration,
area and distance are likely to be overestimated. The proposed model can provide more accurate and reliable
simulations for rapid flow-like landslides with frontal plowing phenomenon.

Keywords:

Flow-like landslides
Numerical simulation
Finite difference method
Two-layer model
Landslide entrainment

1. Introduction

Flow-like landslides are commonly characterized by high speed and
long run-out distance (Legros, 2002; Pudasaini and Miller, 2013).
Debris avalanches, debris flows and mudflows are typical flow-like
landslides (Hungr et al., 2014). They frequently occur in many moun-
tainous regions across the world and are responsible for thousands of
casualties and huge property loss (Zhang and Wang, 2007; Huang,
2009; Evans et al., 2009; Iverson et al., 2015; Haque et al., 2016;
Mergili et al., 2018). The physical mechanism of these landslides is
rather complex and still not fully understood. Past studies showed that
many factors, such as heavy precipitation (Wang and Sassa, 2003; Xing
et al., 2014; Peng et al., 2015), earthquake (Okada et al., 2008; Wang
et al., 2014) and entrainment (Iverson et al., 2011; Cuomo et al., 2014)
can trigger a flow-like landslide. In particular, entraining of saturated
materials along the landslide path maybe the factor that most influ-
ences the mobility of flow-like landslides (Hungr and Evans, 2004;

* Corresponding author.

Crosta et al., 2009; Mangeney, 2011; Iverson and Ouyang, 2015;
Pudasaini and Fischer, 2016). According to the existing literatures,
landslide entrainment is a multiple process consisting of shearing,
dragging and plowing (Crosta et al., 2017; de Haas and van Woerkom,
2016). The volume of a flow-like landslide can increase many folds
through entrainment (Wang et al., 2003; Hungr and Evans, 2004), and
the run-out distance is likely to be significantly influenced by entrain-
ment (Shen et al.,, 2018a, 2018b; Pudasaini and Fischer, 2016). For
many flow-like landslides, entrainment consists of two separate pro-
cesses, namely bed entrainment/basal scouring and frontal plowing
(McDougall, 2006). Bed entrainment and frontal plowing are two
substantially different processes. Bed entrainment occurs when a
landslide moves on a weak substrate, and the material in the substrate
will be entrained by (incorporated into) the sliding mass under the
long-term effect of basal scouring. However, in the process of frontal
plowing, the sliding mass mainly pushes the plowing mass forward, and
they basically remain separate (only limited mixing occurs) in this
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process. Most previous studies focused on the numerical or experi-
mental studies of bed entrainment (Mcdougall and Hungr, 2005;
Cuomo et al., 2016; Crosta et al., 2017), so much progresses have been
made in modeling bed entrainment. In comparison, only very limited
studies (Cascini et al., 2013; Christen et al., 2010) have tried to quantify
the phenomenon of frontal plowing, so establishing a suitable mathe-
matical description for this phenomenon remains a challenge in land-
slide modeling. However, frontal plowing may play a dominate role in
the propagation of rapid flow-like landslides. For example, in the 1903
Frank landslide, the frontal plowing of the alluvium was responsible for
most of the damages in Frank town (Cruden and Hungr, 1986). Ne-
glecting frontal plowing may be an importance source of error in nu-
merical simulation, so it should be considered when this phenomenon is
obvious.

Numerical models of flow-like landslides developed quickly in last
few decades (Pirulli et al., 2015; Mergili et al., 2017, 2018; Scaringi
et al., 2018). On the other hand, the existing models, either based on
empirical methods (Berti and Simoni, 2014) or numerical methods
(Crosta et al., 2003; Hungr and McDougall, 2009; Liu et al., 2009; Sassa
et al., 2010; Ouyang et al., 2013; Pastor et al., 2014; Pudasaini, 2012;
Pudasaini, 2014; Shen et al., 2018a), do not include frontal plowing.
This is because in these models all masses (sliding mass and erodible
mass) are in a same computational layer. A possible way to address this
problem is to propose a two-layer model to describe the motions of both
the sliding mass and the frontal plowing mass, like the techniques
adopted in modeling landslide-induced water wave (Sassa et al., 2016).

In this study, we propose a new mathematical model to describe the
frontal plowing phenomenon in flow-like landslides. In comparison
with traditional one-layer models, the sliding mass and the frontal
plowing mass are in two different layers and are immiscible, and the
interactions between them are considered by the normal and shear
forces on the two-layer interface. The present model highlights in ex-
tending the applications of the depth-averaged models, and it can re-
flect the interactive process between the sliding mass and the plowing
mass. In the following sections, the governing equations for the math-
ematical model are deduced first, and then transformed into the finite
difference forms. The propagation of the Ximiandian landslide is ana-
lyzed by the model to validate its accuracy and effectiveness. Finally,
the performance of the model is discussed and compared with the
traditional one-layer models.

2. Mathematical model of frontal plowing
2.1. Conceptual representation

In our model, the landslides are assumed to have a two-layer
structure, consisting of a thick sliding mass layer (layer 2) and a thin
plowing mass layer (layer 1), as shown in Fig. 1. The two layers are
assumed to be immiscible in their propagation processes. In nature, the
sliding mass usually thrusts into the frontal mass like a plow, and then
pushes the plowing mass forward. Therefore, this process is called
frontal plowing (McDougall, 2006). Fig. 1 gives a schematic depiction
of the typical frontal plowing phenomenon in flow-like landslides. The
interaction between the two layers is simplified as the shear and normal
forces acting on the two-layer interface (Fig. 1b).

Based on the abovementioned assumptions, the governing equations
for the two-layer model are deduced in a fixed soil column in a
Cartesian coordinate system, following Sassa et al. (2010) and Shen
et al. (2018a). The coordinate and the forces acting on the column are
shown in Fig. 2. For both layers, four forces act on the column: the
weight W, lateral pressure P, normal force N and shear resistance S.
Specifically, for layer 2, the normal force and shear resistance on the
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Fig. 1. Schematic diagram of the two-layer structure of flow-like landslides. a
Before frontal plowing, and b after frontal plowing.
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Fig. 2. Coordinate setup for the model and forces acting on the two-layer soil
column. W is the weight, P is the lateral pressure, N is the normal force, and S is
the shear resistance.
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bottom surface of layer 1 are regarded as the additional external forces
acting on the top surface of layer 2. In addition, the shear resistance
forces acting on the lateral surfaces of these columns are neglected
according to the shallow water assumption. This simplification is jus-
tified to be reasonable since the width and length of a flow-like land-
slide is usually much larger than its depth.

2.2. Continuity and momentum equations

Both layer 1 and layer 2 are assumed to be incompressible. Since
this paper focuses on studying frontal plowing, bed entrainment is not
considered. Therefore, the continuity equations for both layers can be
expressed as.

a]’li + aQXi + aQyi

ot ox E 0 @
where h is the height of a soil column, Q, = vsh and Q, = v,h are the
flow quantities in the x and y directions, respectively, v, and v, are the
depth-averaged velocities of the soil column in the x and y directions,
respectively, and the subscript i of each variable refers to layeri (i = 1
or 2). The above continuity equation reflects the mass conservation in
both soil columns.

The momentum equations are deduced according to the momentum
conservation of a soil column. For simplicity, the deducing process is
briefly introduced here (Appendix A), and the details can be found in
Shen et al. (2018a). For example, the kinematic equations for layer 1
and layer 2 in the x direction can be written as.

—dP, N,
4 = v g v + vy v _ dBy 4+ D Sa
ot dx dy my mmy 2
avxz 5vx2 avxz
Ay = + V— +
2 ot 2 o 2 ay
:ﬂ+&+&_ﬁ(&+k)
my my my my \ m m 3)

where m; and m, are the masses of layer 1 and layer 2, respectively, a is
the acceleration, P is the lateral pressure, N is the normal force, S is the
shear resistance. Eq. (2) and Eq. (3) are the equilibrium equations for
layer 1 and layer 2 in the x direction, respectively. For each layer, P, N
and S contribute to the momentum change of the layer. The interaction
between the two layers is produced by N,; and S,;. Therefore, Eq. (3)
has an additional term (the second term) on its right side. The kine-
matic equations of layer 1 and layer 2 in the y direction have similar
forms as in Egs. (2)-(3). The momentum equations of the two-layer
model can be obtained by combining the kinematic equations with the
continuity equation (e.g., the momentum equation of layer 1 can be
obtained by combining Eq. (2) with Eq. (1)).

2.2.1. Momentum equations for layer 1
The momentum equations for layer 1 are given by.

2 0051Q,,/h D
6Qu , 8Qui/m  QuQu/h ) tana  Duhg
ot ox ay G1 m (4)
3 0Q,2/hy  9QuQy,/h t Dy h
Stn + le -+ la 2 - =By + A _anﬁl - le
y x G m (5)

where B, and B, represent the contributions of the lateral pressure P
(corresponding to dPy; in Eq. (2)) to the momentum in the x and y
directions, respectively, A represents the contribution of the normal
force N (corresponding to N,; in Eq. (2)), S (corresponding to S,; in Eq.
(2)) is the shear resistance, D, and D,, are the operators projecting S in
the x and y directions, respectively, @ and 8 represent the dip angles of
the sliding surface in the x and y directions, respectively, and G is the
geometric parameter related to a and 8. The expressions of By, By, A,
Dy, Dy, and G, are given by Egs. (6)-(11)
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ohy
By = kigh,—
x1 1814 ax 6)
Byl = klghl%
dy @)
Ay = Bytanag + By tan B, + ghy 8)
Ve — V
Dxl — . X1 X2 - -
\/(Vxl - sz) + (vyl - Vyz) + vzl (9)
Vy1 — Vy2
Dy = T 2 - = 2 2
N Va1 = Vx2)* + (W1 — vy2)* + vy (10)
G; = tan’ey + tan?pB, + 1 a1
where v;; = — (v — Vx2) tana; — (V1 —Vy2) tan By, and k is the lateral

pressure coefficient. Eq. (4) and (5) are very similar to the momentum
equations of the traditional one-layer models. However, the expressions
of Dy; and Dy, are slightly different with their traditional counterparts
in one-layer models. In one-layer models absolute velocities (vy; and
vy1) are used to calculate Dy, and D, while the relative velocities (vy; -
Vx2 and vy1 — vy,) are adopted in Eq. (9) and (10) because the direction
of the shear resistance S; is opposite to the direction of the relative
velocity of the two layers.

2.2.2. Momentum equations for layer 2
The momentum equations for layer 2 are given by.

3Qy + 0Q.,%/hy + 9Q:2Q »/hy

ot 0x ay
- B+ A tana, szhzs2 a &(Al tang Dxlhls]
2 1) P G, my 12)
aQyz + aQyzz/hz + anZQyz/hz
ot dy 0x
t Dy, h t D, h
= B+, 0B Dokag &(AI% _ _S)
G, m, P2 G nm 13)

where p; and p, are the bulk densities of layer 1 and layer 2, respec-
tively. The first three terms on the right sides of Eq. (12) and (13) have
similar forms with Eq. (4) and (5) (corresponding to the first three
terms on the right hand side of Eq. (3)), while the last terms of Eq. (12)
and (13) (corresponding to the last term in Eq. (3)) reflect the

V4
4 Layer 1 ‘
b
Pxi+dPx
— ‘
/ Layer2 \
e — 5, <1\
/ 2 \
Po [P :
""" [_k_; ha
,,/4 P—
’/_‘,,._yi
(0] X

Fig. 3. Distribution of the lateral pressure in a soil column in the x direction.
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interaction between the two layers. In addition, the lateral pressure of
layer 2 has different expression with that of layer 1 because layer 2 is
buried by layer 1 in the interactive areas. The lateral pressure in a soil
column in the x direction is shown in Fig. 3. The lateral pressure is
assumed to increase linearly with soil depth.

The expressions of By, By, Az, Dxa, Dy, and G, are given by Egs.
(14)-(19)

1, Ohy ahl) oh,
By =kg—|m—+ hh— | + khgh,—
X2 1gp2( 1 ox 23 ox r8Nn, ax a4
By = klg&(hl% + hz%) + logh, 22
P\ Oy dy dy (15)
A, = Bptana, + By tan B, + gh, (16)
Dy, = /#
V/VXZZ + Vyzz + v0? a7)
Dp=— V2
/ 2 2 2
VVe2® + Vyo® + v 18)
G, = tan’ o, + tan?B, + 1 (19)
where v, = — votanay — vyptanfy. Eq. (14) and (15) can be trans-

formed into Eq. (6) and (7) in areas where only layer 2 exists.

2.2.3. Expression of the shear resistance S

The shear resistance S can be determined by different rheological
laws. Most frequently-used rheological laws for flow-like landslides are
the Voellmy model and the Mohr-Coulomb criterion. In the present
study, the Mohr-Coulomb criterion is selected to simulate of the
Ximiaodian landslide for its simplicity. In addition, since the sliding
mass of the Ximiaodian landslide mainly consists of pure loess and the
main material in the terrace is gravel, the Mohr-Coulomb criterion is
suitable for depicting the rheology of these types of soils, which is given
by

Si=N(1 — ry) tang; + ¢iAy (20)

where r, is the pore pressure coefficient, ¢ and c are the effective
friction angle and cohesion, respectively, and
Aftanayi + tanB,j + k)/\/G_l is the bottom area of the soil columns.

In summary, the governing equations of the two-layer model consist
of Eq. (1), (4), (5), (12) and (13). The basic variables in these equations
are hy, hy, Qu, Qy1, Qx2, and Qyo.

3. Model setup and numerical scheme
3.1. Initial and boundary conditions

The sliding mass and frontal plowing mass are static at first. Each
part of the two layers can start moving only if the external forces (e.g.,
pressure gradient and normal force) overcome the basal resistance.
Taking the initial condition in the x direction as an example, for the
static erodible mass in layer 1, the following initial condition should be
satisfied

‘—Bxl FA tan oq > ‘ Dxlhl Sl‘
G m @21
While for layer 2, the initial condition is given by
B, + Az tan o, _ &(Al tan g _ Dxl h] S]) > ‘ szhzsz‘
G, P G, m my (22)

There are two types of boundaries in the present study. One is the
free surface boundary, which is automatically determined by the cal-
culated thickness of the sliding mass layer and plowing mass layer.
Another one is the moving boundary. For each layer (the sliding mass
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layer or the plowing mass layer), the moving boundary is the boundary
between the moving mass and the static mass (or the dry bed). On the
moving boundary, the velocity of the sliding (plowing) mass is zero
(v = 0). If it is dry bed, the height is also zero (h = 0). For a flow-like
landslide, the computational region is set to be big enough so that the
landslide will move within this region in simulation.

3.2. Numerical scheme

The governing equations of the two-layer model are discretized in
fixed rectangular cells, following Shen et al. (2018a). Height h is dis-
cretized at the center of these cells and velocity v is discretized at the
surfaces of these cells. For the temporal terms in the governing equa-
tions, the one-order forward difference method is utilized

t+1 t
of ~ B = fy
ot At (23)

where f is the variable being discretized (i.e., h, Q and Qy), the sub-
scripts i and j represent cell (i, j), the superscript t represent time, and At
is the time step. For the convective terns (the second and third terms on
the left sides of Eq. (4), (5), (12) and (13)), the first-order upwind
method is adopted according to the direction of the velocity. For other
spatial terms in the governing equations, central difference scheme is
adopted

of fit+1/2J _fil—l/z,j
6xi = dxi (24)

where dx; is the length of a cell. The governing equations are trans-
formed into finite difference equations through the above difference
scheme. Then these equations can be solved using an explicit method.
The numerical scheme adopted here has first-order accuracy in time
and second-order accuracy in space. To achieve higher computational
resolution, some high-resolution and highly-efficient difference
schemes (Pudasaini and Hutter, 2007; Mergili et al., 2017) can also be
used to discretize these governing equations.
The time step is calculated by the following equation

At = min| min dx , dy , At
wmax vl wmax [yl (25)

where w = 5 is adopted here to guarantee the stability of the numerical
scheme; At is the initial time step.

4. Case study of the Ximiaodian Landslide
4.1. Introduction of the Ximiaodian landslide

The Ximiaodian landslide (E 108° 45’ 42.81”7, N 34° 30’ 9.65”) is a
typical flow-like landslide in the Miaodian Village, Shaanxi Province,
China. It is located at the north side of a loess tableland and adjacent to
the Jing River (see Fig. 4). In recent three decades, many similar
landslides were triggered by irrigation or canal leakage on the top of
this loess tableland (Zhang et al., 2009; Xu et al., 2011; Shen et al.,
2016; Leng et al., 2018; Peng et al., 2018; Hou et al., 2018), which have
caused serious casualties and economic losses. The local hydro-
geological data showed that the water table in the side slopes of this
loess tableland increased steady in last 30years (Leng et al., 2018),
which finally induced the Ximiaodian landslide in July 2015. Field
survey and mapping was conducted a few days after this landslide.

Fig. 5 is the panorama view of the Ximiaodian landslide. According
to our field observation, the plowing phenomenon is very obvious in
this landslide. The original loess landslide and the frontal plowing mass
basically remain unmixed after the landslide, which is clearly shown by
the distinct boundary between them. Based on this feature, the land-
slide can be divided into two different parts: the first part is the yellow
loess deposit (i.e., the rear part of this landslide without many plants),
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Fig. 4. Location of the Ximiaodian landslide in the study area.

and the second part is the entrained terrace materials with green trees.
The entrained terrace material mainly consisted of gravel and was pu-
shed forward by the loess landslide, leading to a significant lateral
spreading of the terrace deposit. It also shows that some small com-
pression ridges form in the middle part of the gravel deposit under the
passive thrusting of the loess landslide. This feature can be helpful in
understanding the plowing process of this landslide. However, the
present two-layer model is not capable of reflecting such a subtle fea-
ture. This is mainly caused by the discrepancy between the model and
the reality. The saturated gravel mass behaves like a flow-like material,
even though there are differences with respect to a pure fluid. There-
fore, the passive ridges in the gravel are likely to be smoothed when
using the current depth-averaged governing equations and numerical
method.

The geological cross-section (I-I') in Fig. 5 is depicted according to

the field survey data, as shown in Fig. 6. The landslide mass mainly
consists of loess (from the loess slope) and gravel (from the terrace).
The volume of the loess sliding mass is about 435,000 m°. After failure,
the volume of the final deposit (about 456, 000 m®) is slightly larger
than the original value, which is probably caused by the fissures in the
deposit. The original height of the loess slope is 63 m, and the initial
slope angle is about 50°. The horizontal run-out distance of this land-
slide is about 290 m. The gravel at the foot of the loess slope was pushed
forward by the landslide for about 100 m and propagated in a flow-like
motion. The frontal plowing phenomenon is obvious in this landslide,
forming a ridge between the loess deposit and the gravel deposit (in-
dicated by the dark dashed line in Fig. 5). The original thickness of the
terrace is about 4 m, while that of the loess sliding mass is much thicker
with an average thickness of about 30 m. Therefore, the loess sliding
mass can easily plow into the terrace.
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Fig. 5. Panorama view of the Ximiaodian landslide. The terrace material of the Jing River was pushed forward by this loess landslide for about 100 m.

4.2. Simulation setup

The computational region is 505 m in length and 435m in width.
The length of each cell is 5m in both the x and y directions, so the
computational region is divided into 8787 cells. Three different situa-
tions are simulated by the proposed model to study the influence of
frontal plowing on the propagation of this landslide. In situation 1, the
frontal plowing effect is considered and simulated by the two-layer
model. In situation 2, the entrainment of the terrace is not considered,
so only the propagation of the loess sliding mass is simulated. In si-
tuation 3, both the terrace mass and the loess mass are regarded as the
sliding mass layer (layer 2). In situation 2 and 3, since the plowing mass
layer does not exist, the two-layer model is transformed into a tradi-
tional one-layer model. For situation 1, the rheological parameters of
the sliding mass and plowing mass take those of the loess and gravel,
respectively. However, for situation 2 and 3, the rheological parameters
take those of the loess in the loess zone and those of the gravel in the
terrace zone. The initial time step is 0.01 s in these simulations.

Table 1 gives the parameters used in these simulations. The density
of the gravel and loess are determined by in-situ and laboratory testing,
respectively. Four intact loess specimens were taken at the foot of the
backscarp of the landslide (about 15 m below the top of the tableland),
and these specimens were used to determine the effective frictional
angle and cohesion of the loess. The specimens of the gravel were taken
at the front part of the terrace about 1.5m below the ground, and the
effective frictional angle and cohesion of the gravel are determined by

Sl

40

20 4

Relative Elevation (m)

Table 1
Parameters used in simulating the Ximiaodian landslide.

Soil type Lateral Density Frictional Cohesion  Excess pore
pressure angle pressure
coefficient coefficient
k p(g/em® @ () c(kPa) r,

Loess 0.58 1.80 25.0 15.0 0.6

Gravel 0.52 2.00 29.0 5.0 0.9

ring shear tests. The lateral pressure coefficient k is set to be the static
lateral pressure coefficient. The excess pore pressure coefficient r,
(defined as a ratio between the total pore pressure and the total over-
burden pressure) is estimated according to the saturate degree of the
sliding mass and its drainage conditions. For the loess, r, has a relative
low value because part of the loess mass is unsaturated. While since the
terrace gravel is saturated in nature and the drainage condition is
probably undrained given the rapid propagation of this landslide, its r,
value is relatively high. One drawback of single-phase models is that
the r, value of the soil is an empirical parameter, which is kept constant
during the run-out process of a landslide. In comparison, the evolution
of the pore water pressure can be simulated by two-phase models
(Pudasaini, 2012), which represents the advantage distinguishing them
from single-phase models.

—— Sliding surface 2 Loess deposit l Legend

Pre-failure slope| ] Gravel deposit
—— Currentslope =& Gravel | Loess
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Fig. 6. Geological cross-section of profile I-I".
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Fig. 7. Comparison of the simulated final topography of the three situations with the measured topography. a Measured topography, b result of situation 1 by the
two-layer model, c result of situation 2 in which entrainment is not considered, and d result of situation 3 in which both loess mass and gravel are in the sliding mass

layer (layer 2).

5. Results and discussions
5.1. Comparison of the simulation results

The simulated final topography of these three situations is shown
and compared with the measured data in Fig. 7. It shows that the result
of the two-layer model agrees best with the measured result, while
those of the other two situations significantly overestimated the pro-
pagation area. As can be seen in Fig. 7a, the loess deposit has an
average thickness of 20 m, and the thickest part of the deposit is about
24 m, forming a bulb-shaped ridge between the loess deposit and the
gravel deposit. The simulated results of the two-layer model (Fig. 7b)
somehow reflect these features, and the bulb-shaped ridge is also cap-
tured well. However, in the other two situations, the landslide propa-
gate too far because lacking resistance from the frontal gravel mass, so
the final shape of the deposit becomes too flat.

On the other hand, it is also noted that the simulated lateral
spreading of the gravel mass is overestimated by the two-layer model.
This error is probably caused by the simplification made in this model
with respect to the two-layer interaction. In fact, the frontal plowing is
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Fig. 8. Simulated average velocity of the sliding mass in the three situations.
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Fig. 9. Simulated thicknesses of the loess mass and gravel mass at different propagation stages by the two-layer model.

a very complex physical phenomenon involving thrusting, shearing and
pushing of the frontal material (Crosta et al., 2017). It is almost im-
possible to account for such a phenomenon in a numerical model
without taking simplifications and assumptions. Therefore, this phe-
nomenon is simplified as shear and normal force acting on the interface
in the present study. Nevertheless, in comparison with the other tra-
ditional one-layer models (Sassa et al., 2010; Ouyang et al., 2013; Shen
et al., 2018a), the proposed two-layer model can basically reflect the

frontal plowing phenomenon. Therefore, the present two-layer model is
able to provide more reasonable and accurate simulation results for
these kinds of flow-like landslides.

The simulated average velocity of the sliding mass is also outputted
(Fig. 8). It shows that situation 1 has the shortest propagation time
(about 18.76s), while situation 3 has the longest one (about 29.48s).
This shows the same tendency with the propagation distance shown in
Fig. 7: the longer the propagation time, the larger the propagation
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distance. The turning point of situation 1 on the velocity-time curve is
also the earliest (t = 5.50s) and the lowest (v = 8.79m/s). Frontal
plowing impedes the movement of the sliding mass, so more energy is
consumed by the two-layer interaction. The proposed model can cor-
rectly reflect this principle. In comparison, since situation 2 and si-
tuation 3 do not consider frontal plowing, more potential energy will
transform into kinetic energy, resulting in a larger propagation area and
distance.

5.2. Propagation characters of the Ximiaodian landslide

The simulated results at three times (t = 2.00s, 7.47 s and 12.455s)
are selected to analysis the propagation characters of the Ximiaodian
landslide, as shown in Fig. 9. These three times represent the early,
middle and later stages of the propagation process, respectively. At
t = 2.00s, the landslide starts moving and propagating forward from
the rear part to the front. The average thickness of the loess mass is
about 25-30 m. The movement mainly occurs within the sliding mass,
and the gravel layer is undisturbed at this time. At t = 7.47 s, about half
of the loess mass propagates to the terrace and spreads forward in a
bulb shape. The average thickness of the loess mass decreases from
about 30 m to about 20 m and the thickest part of it reaches the terrace,
forming a ridge at the front. At the same time, the frontal part of the
loess mass plows into the gravel layer and pushes the gravel mass for-
ward. Part of the gravel mass accumulates on the loess ridge due to
inertia, forming a curved gravel belt with an average thickness of about
9 m on the terrace. Att = 12.45 s, most of the loess mass deposits on the
terrace, and the height of the ridge reaches about 29 m. The loess mass
keeps moving forward and laterally, but its velocity decreases quickly
due to the frontal plowing resistance. The gravel mass quickly propa-
gates forward like a water wave under the effect of the gravity and
plowing force, and the thickest part of the gravel mass (about 12 m) is
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in the middle of the gravel belt. According to the above analysis, the
frontal plowing process of this landslide can be divided into three
stages: 1) The loess landslide plows into the gravel layer and starts to
push the gravel mass forward. 2) The loess mass decelerates quickly
under the frontal plowing resistance caused by the gravel mass, forming
aridge in its frontal part. At the same time, the gravel mass accumulates
on this ridge since its velocity is lower than that of the sliding mass. 3)
The gravel mass propagates quickly forward in a wave-like motion
under the impacts of gravity and plowing force.

Fig. 10 shows the thicknesses of the loess mass and gravel mass in
profile I-I’ (Fig. 5) at the three times. Before frontal plowing occurs
(t = 2.00s), the shape of the loess mass is relatively smooth. In the
plowing process (t = 7.47 s and 12.45s), the velocity of the frontal part
of the loess mass decreases and forms a ridge under the resistance of the
gravel, and the shape of the loess mass in the middle part becomes
fluctuant under the impact of the frontal resistance, forming a valley in
the rear part. The frontal gravel accumulates at the ridge at 7.47 s, and
departs from the ridge at 12.45s.

The velocity of the loess mass and gravel mass at t = 7.47 s and
12.45s in the profile I-I’ is shown in Fig. 11. It shows that frontal
plowing has significant influence on the velocity of both the loess mass
and gravel mass. The velocity of the loess mass fluctuates and decele-
rates quickly due to the plowing resistance, which may contribute to
the formation of the frontal ridge. The velocity of the gravel mass is
about the same of the loess mass at 7.47 s (corresponding to the second
stage of the plowing process), while its velocity is larger than that of the
loess mass at 12.45s (corresponding to the third stage of the plowing
process). It indicates that the energy is transferred by the loess mass to
the gravel mass through this interactive process.

6. Conclusion

In this paper, a two-layer model is proposed to simulate the frontal
plowing phenomenon in flow-like landslides. The model is deduced
according to the momentum and mass conservations of the sliding mass
and erodible mass, and is solved by the finite difference method. A real
flow-like landslide in the Chinese loess plateau is analyzed by the
proposed model, and the simulation results are compared with the
traditional one-layer models. The following conclusions are obtained.

(1) The frontal plowing process in flow-like landslides can be divided
into three stages: 1) The sliding mass plows into the frontal erodible
mass and pushes it forward. 2) The frontal sliding mass decelerates
quickly and forms a ridge in the interactive area due to the plowing
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Fig. 11. Velocity of the loess sliding mass and the terrace plowing mass in profile I-I’ at t = 7.47 s and 12.45s.
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resistance, and the erodible mass accumulates on the ridge since it landslides, and can provide more reliable and accurate simulation
moves slower than the sliding mass. 3) The erodible mass accel- results.

erates under the influence of the gravity and plowing force, and

moves forward quickly in a flow-like way.

(2) The frontal plowing phenomenon has significant influence on the Acknowledgement
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Appendix A. Derivation of the momentum equations
The deducing procedures of the momentum equations in the x direction are presented here, and those in the y direction are similar. The sizes of

the soil columns are dx and dy in the x and y directions, respectively.
For layer 1, lateral pressure P,; can be written as

_ kapghdy
x1 — 2 (Al)
Assuming k; is constant. Substituting Eq. (A1) into the first term (pressure term) on the right side of Eq. (2) gives the following expression
—dPy _ -1 aPdex _ —klg%
m P dxdy ox ox (A2)

Similarly, the pressure term of layer 1 in the y direction can be written as

—dBy _ O

m 5y (A3)

Normal force of layer 1 can be obtained according to force equilibrium condition in the normal direction of the sliding surface. The unit normal
vector of the sliding surface of layer 1 is given by

_ (tanogi + tan B j + k)
JGi (A%)

where i, j and k are the unit vectors in the x, y and z directions, respectively. The equilibrium condition on the sliding surface is given by

n

Nu = ((dPai + dByj + WiK)en;)n;i (A5)
Therefore, the second term (normal force term) on the right side of layer 1 can be written as

Na _ (dPqtanoy + dPytan B, + mig) tan oy
m m G (A6)

Substituting Eqgs. (A2) and (A3) into the above equation gives the following expression

le _
m

tan o
G, (A7)

klg% tanoy + klg% tang, + g
ox dy

The sliding surface of layer 1 is the top surface of layer 2 (Fig. 1). Therefore, the direction of the resistance S; on the sliding surface of layer 1
should be opposite to the direction of the total relative velocity (which is assumed to be parallel to the sliding surface). The unit vector in the
direction of resistance is given by

_ ((Vxl - sz)i + (vyl - VyZ)j + vzlk)

s = 7
\/ (Vxl - Vx2)2 + (Vyl - Vy2)2 + Vzl2 (AS)
The third term (resistance term) on the right side of layer 1 can be written as
Sx1 = Syspei = — Vx1 =~ Vxa S
m \/ W — 12)? + 1 — 1y2)? + v M (A9)
Substituting Egs. (A2), (A7) and (A9) into Eq. (2) gives the following equation
S + V)cl% + v M1 _ —lag% + (klg% tanoy + klg% tan B, + g) tana _ Vxl — Vx2 S
ot dx dy dx ox dy G, \/(Vxl — V)2 + (W — V)2 + 1,2 M (A10)

Combining Egs. (A9) and (2) produces the momentum equation of layer 1 in the x direction (Eq.(4)), and that in the y direction (Eq. (5)) can be
obtained by applying similar procedures.
For layer 2, pressure Py, can be written as

lop,gh; dy
Do = kipoi8h hpdy + % (A11)

10
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Assuming both k; and k» are constant and substituting Eq. (A11) into the first term on the right side of Eq. (3) produce the following equation

—dBs _ -1 B, _ pl(h1%+%)_k ony

m phdddy ox o \max T ax )T Fax (A12)

Similarly, the pressure term of layer 2 in the y direction can be written as

—dB2 _ k pl(hl%_l_%)_k Shy

m . o lmay Tay) Py (A13)

The derivation procedures of the second term on the right side of Eq. (3) are similar to those of layer1, and its expression is given by

Ne _ klg&(ﬁ% + %) + g | tane + klg&(h% + %) + kzg%) tanf, + g |P0%
m, oo\ hy Ox ox ox 05\ hy dy dy oy G, (A14)

Due to the siding surface of layer 2 is static, the unit vector in the direction of the resistance S, is given by

(szi + vyli + v12k)

Sy =
A szz + Vy22 + szz (A]_S)
Therefore, the third term on the right side of Eq. (3) can be rewritten as
sz Vx2 &

—== = 5,85, = —

my [Ve2? + V)% + 102 M (Al6)

Substituting Egs. (A7) and (A9) into the last term on the right side of Eq. (3) produce the following expression

- Sih
(klg%hl tano + klghl% tan 8, + ghl) Ll zv’d V2 = R 27
ox oy G = vl + (1 — vp)? + v M (A17)

1(N_ S_) Al
m\m m P,y

Finally, the momentum equation of layer 2 in the x direction (Eq. (12)) can be obtained by substituting Eqgs. (A13), (A14), (A16) and (A17) into
Eq. (3) and then combining it with Eq. (1). The momentum equation of layer 2 in the y direction (Eq. (13)) can be deduced by adopting similar
procedures.

References sediment. Nat. Geosci. 4, 116-121.
Iverson, R.M., George, D.L., Allstadt, K., et al., 2015. Landslide mobility and hazards:
implications of the 2014 Oso disaster. Earth Planet. Sci. Lett. 412, 197-208.

Berti, M., Simoni, A., 2014. DFLOWZ: a free program to evaluate the area potentially Legros, F., 2002. The mobility of long-runout landslides. Eng. Geol. 63, 301-331.
inundated by a debris flow. Comput. Geosci. 67, 14-23. Leng, Y.Q., Peng, J.B., Wang, Q.Y., Meng, Z.J., Huang, W.L., 2018. A fluidized landslide
Cascini, L., Cuomo, S., Pastor, M., 2013. Inception of debris avalanches: remarks on occurred in the Loess Plateau: a study on loess landslide in south Jingyang tableland.
geomechanical modelling. Landslides 10, 701-711. Eng. Geol. 236, 129-136.
Christen, M., Kowalski, J., Bartelt, P., 2010. RAMMS: Numerical simulation of dense snow Liu, K.F., Li, H.C., Hsu, Y.C., 2009. Debris flow hazard assessment with numerical si-
avalanches in three-dimensional terrain. Cold Reg. Sci. Technol. 63, 1-14. mulation. Nat. Hazards 49, 137-161.
Crosta, G.B., Imposimato, S., Roddeman, D.G., 2003. Numerical modelling of large Mangeney, A., 2011. Geomorphology: landslide boost from entrainment. Nat. Geosci. 4,
landslides stability and runout. Nat. Hazards Earth Syst. Sci. 3, 523-538. 77-78.
Crosta, G.B., Imposimato, S., Roddeman, D., 2009. Numerical modelling of entrainment/ McDougall, S., 2006. A New Continuum Dynamic Model for the Analysis of Extremely
deposition in rock and debris-avalanches. Eng. Geol. 109, 135-145. Rapid Landslide Motion across Complex 3D Terrain. PhD thesis. University of British
Crosta, G.B., De Blasio, F.V., De Caro, M., Volpi, G., Imposimato, S., Roddeman, D., 2017. Columbia, Vancouver, B.C., Canada.
Modes of propagation and deposition of granular flows onto an erodible substrate: Mcdougall, S., Hungr, O., 2005. Dynamic modelling of entrainment in rapid landslides.
experimental, analytical, and numerical study. Landslides 14, 47-68. Can. Geotech. J. 42, 1437-1448.
Cruden, D.M., Hungr, O., 1986. The debris of the Frank Slide and theories of rockslide- Mergili, M., Fischer, J.T., Krenn, J., Pudasaini, S.P., 2017. r.avaflow v1, an advanced
avalanche mobility. Can. J. Earth Sci. 23, 425-432. open-source computational framework for the propagation and interaction of two-
Cuomo, S., Pastor, M., Cascini, L., Castorino, G.C., 2014. Interplay of rheology and en- phase mass flows. Geosci. Model Dev. 10, 553-569.
trainment in debris avalanches: a numerical study. Can. Geotech. J. 51, 1318-1330. Mergili, M., Emmer, A., Juficovd, A., Cochachin, A., Fischer, J.T., Huggel, C., Pudasaini,
Cuomo, S., Pastor, M., Capobianco, V., Cascini, L., 2016. Modelling the space-time S.P., 2018. How well can we simulate complex hydro-geomorphic process chains?
evolution of bed entrainment for flow-like landslides. Eng. Geol. 212, 10-20. The 2012 multi-lake outburst flood in the Santa Cruz Valley (Cordillera Blanca, Pert).
de Haas, T., van Woerkom, T., 2016. Bed scour by debris flows: experimental investiga- Earth Surf. Process. Landf. 43, 1373-1389.
tion of effects of debris-flow composition. Earth Surf. Process. Landf. 41, 1951-1966. Okada, Y., Ochiai, H., Kurokawa, U., Ogawa, Y., Asano, S., 2008. A channelised long run-
Evans, S.G., Roberts, N.J., Ischuk, A., Delaney, K.B., Morozova, G.S., Tutubalina, O., out debris slide triggered by the Noto Hanto earthquake in 2007, Japan. Landslides 5,
2009. Landslides triggered by the 1949 Khait earthquake, Tajikistan, and associated 235-239.
loss of life. Eng. Geol. 109, 195-212. Ouyang, C.J., He, S.M., Xu, Q., Luo, Y., Zhang, W.C., 2013. A MacCormack-TVD finite
Haque, U., Blum, P., da Silva, P.F., et al., 2016. Fatal landslides in Europe. Landslides 13, difference method to simulate the mass flow in mountainous terrain with variable
1545-1554. computational domain. Comput. Geosci. 52, 1-10.
Hou, X.K., Vanapalli, S.K., Li, T.L., 2018. Water infiltration characteristics in loess asso- Pastor, M., Blanc, T., Haddad, B., et al., 2014. Application of a SPH depth-integrated
ciated with irrigation activities and its influence on the slope stability in Heifangtai, model to landslide run-out analysis. Landslides 11, 793-812.
loess highland, China. Eng. Geol. 234, 27-37. Peng, J.B., Fan, Z.J., Wu, D., Zhuang, J., Dai, F., Chen, W., Zhao, C., 2015. Heavy rainfall
Huang, R., 2009. Some catastrophic landslides since the twentieth century in the south- triggered loess-mudstone landslide and subsequent debris flow in Tianshui, China.
west of China. Landslides 6, 69-81. Eng. Geol. 186, 79-90.
Hungr, O., Evans, S.G., 2004. Entrainment of debris in rock avalanches: an analysis of a Peng, D.L., Xu, Q., Liu, F.Z., et al., 2018. Distribution and failure modes of the landslides
long run-out mechanism. GSA Bull. 116, 1240-1252. in Heitai terrace, China. Eng. Geol. 236, 97-110.
Hungr, O., McDougall, S., 2009. Two numerical models for landslide dynamic analysis. Pirulli, M., Scavia, C., Tararbra, M., 2015. On the use of Numerical Models for Flow-like
Comput. Geosci. 35, 978-992. Landslide simulation. In: Lollino, G. (Ed.), Engineering Geology for Society and
Hungr, O., Leroueil, S., Picarelli, L., 2014. The Varnes classification of landslides types, an Territory. vol. 2. Springer, Cham, pp. 1625-1628.
update. Landslides 11, 167-194. Pudasaini, S.P., 2012. A general two-phase debris flow model. J. Geophys. Res. Earth Surf.
Iverson, R.M., Ouyang, C., 2015. Entrainment of bed material by earth-surface mass 117, F03010.
flows: review and reformulation of depth-integrated theory. Rev. Geophys. 53, Pudasaini, S.P., 2014. Dynamics of submarine debris flow and tsunami. Acta Mech. 225,
27-58. 2423-2434.
Iverson, R.M., Reid, M.E., Logan, M., LaHusen, R.G., Godt, J.W., Griswold, J.P., 2011. Pudasaini, S.P., Fischer, J.T., 2016. A Mechanical Erosion Model for Two-Phase Mass
Positive feedback and momentum growth during debris-flow entrainment of wet bed Flows. arXiv:1610.01806.

11


http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0005
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0005
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0010
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0010
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0015
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0015
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0020
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0020
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0025
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0025
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0030
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0030
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0030
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0035
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0035
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0040
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0040
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0045
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0045
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0050
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0050
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0055
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0055
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0055
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0060
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0060
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0065
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0065
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0065
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0070
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0070
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0075
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0075
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0080
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0080
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0085
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0085
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0090
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0090
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0090
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0095
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0095
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0095
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0100
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0100
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0105
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0110
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0110
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0110
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0115
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0115
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0120
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0120
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0125
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0125
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0125
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0130
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0130
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0135
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0135
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0135
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0140
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0140
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0140
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0140
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0145
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0145
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0145
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0150
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0150
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0150
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0155
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0155
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0160
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0160
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0160
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0165
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0165
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0170
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0170
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0170
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0175
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0175
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0180
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0180
https://arxiv.org/abs/1610.01806

W. Shen, et al.

Pudasaini, S.P., Hutter, K., 2007. Avalanche Dynamics: Dynamics of Rapid Flows of Dense
Granular Avalanches. Springer, Berlin, pp. 329-342.

Pudasaini, S.P., Miller, S.A., 2013. The hypermobility of huge landslides and avalanches.
Eng. Geol. 157, 124-132.

Sassa, K., Nagai, O., Solidum, R., Yamazaki, Y., Ohta, H., 2010. An integrated model
simulating the initiation and motion of earthquake and rain induced rapid landslides
and its application to the 2006 Leyte landslide. Landslides 7, 219-236.

Sassa, K., Dang, K., Yanagisawa, H., He, B., 2016. A new landslide-induced tsunami si-
mulation model and its application to the 1792 Unzen-mayuyama landslide-and-
tsunami disaster. Landslides 13, 1-15.

Scaringi, G., Fan, X.M., Xu, Q., et al., 2018. Some considerations on the use of numerical
methods to simulate past landslides and possible new failures: the case of the recent
Xinmo landslide (Sichuan, China). Landslides 15, 1359-1375.

Shen, W., Zhai, Z.H., Li, T.L., Zhao, Q.L., Wang, F.W., 2016. Simulation of propagation
process for the Dabaozi rapid long run-out loess landslide in the south bank of the
Jing River, Shaanxi Province. J. Eng. Geol. 24, 1309-1317 (in Chinese with English
abstract).

Shen, W., Li, T.L., Li, P., Guo, J., 2018a. A modified finite difference model for the
modeling of flowslides. Landslides 15, 1577-1593.

12

Engineering Geology 259 (2019) 105168

Shen, W., Li, T.L., Li, P., Shen, Y.Q., Lei, Y.L., Guo, J., 2018b. The influence of the bed
entrainment-induced rheology and topography changes on the propagation of flow-
like landslides: a numerical investigation. Bull. Eng. Geol. Environ. https://doi.org/
10.1007/s10064-018-01447-1.

Wang, G.H., Sassa, K., 2003. Pore-pressure generation and movement of rainfall-induced
landslides, effects of grain size and fine-particle content. Eng. Geol. 69, 109-125.

Wang, G.H., Sassa, K., Fukuoka, H., 2003. Downslope volume enlargement of a debris
slide-debris flow in the 1999 Hiroshima, Japan, rainstorm. Eng. Geol. 69, 309-330.

Wang, G.H., Zhang, D.X., Furuya, G., Yang, J., 2014. Pore-pressure generation and flui-
dization in a loess landslide triggered by the 1920 Haiyuan earthquake, China: a case
study. Eng. Geol. 174, 36-45.

Xing, A.G., Wang, G.H., Yin, Y.P,, et al., 2014. Dynamic analysis and field investigation of
a fluidized landslide in Guanling, Guizhou, China. Eng. Geol. 181 (1-14).

Xu, L., Dai, F.C., Tham, L.G., et al., 2011. Field testing of irrigation effects on the stability
of a cliff edge in loess, north-West China. Eng. Geol. 120, 10-17.

Zhang, D.X., Wang, G.H., 2007. Study of the 1920 Haiyuan earthquake-induced landslides
in loess (China). Eng. Geol. 94, 76-88.

Zhang, D.X., Wang, G.H., Luo, C.Y., Chen, J., Zhou, Y.X., 2009. A rapid loess flowslide
triggered by irrigation in China. Landslides 6, 55-60.


http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0190
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0190
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0195
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0195
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0200
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0200
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0200
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0205
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0205
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0205
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0210
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0210
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0210
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0215
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0215
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0215
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0215
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0220
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0220
https://doi.org/10.1007/s10064-018-01447-1
https://doi.org/10.1007/s10064-018-01447-1
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0230
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0230
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0235
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0235
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0240
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0240
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0240
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0245
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0245
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0250
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0250
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0255
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0255
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0260
http://refhub.elsevier.com/S0013-7952(18)31704-6/rf0260

© 0o N O

10
11
12
13
14
15
16
17
18
19
20

21

22

3. PAPER 2

The influence of slope gradient and gully channel on the run-out behavior of

rockslide-debris flow: an analysis on the Verghereto landslide in Italy

Wei Shen’, Matteo Berti®, Tonglu Li**, Andrea Benini*, Zhitian Qiao'"
*Correspondence author

1 Department of Biological, Geological and Environmental Sciences, University of Bologna, Italy, 40126
2 Department of Geological Engineering, Chang'an University, Xi‘an, China, 710064
3 Water Cycle and Geological Environment Observation and Research Station for the Chinese Loess Plateau,Ministry
of Education, Gansu 745399, China
4 Servizio Tecnhico Bacino Romagna Regione Emilia-Romagna

Paper submitted to “Landslides” for review and possible publication

49



23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Abstract:

Rockslide-debris flow is a hybrid type of mass movement occurring when a rockslide transforms
into a debris flow. This type of mass movement may cause catastrophic damages because of its high
speed and long run-out distance. To achieve a better understanding toward the run-out behavior of
this type of landslide, a recent rockslide-debris flow occurred in Verghereto (Northern Apennines of
Italy) is studied through field investigation and numerical simulation. The run-out process of this
landslide is simulated by an improved depth-averaged model, paying special attention to analyzing
the influence of slope gradient and gully channel. The results show that the depth-averaged model
can correctly simulate the entrainment and deposition characteristic of this landslide by adopting
different basal friction strengths for rockslide region and debris flow region. Entrainment occurs in
both high and low slope gradient zones. However, entrainment can only be observed in the high
slope gradient zones, while in the low gradient zones the post-failure topography shows
accumulation and deposition. Numerical modelling also demonstrates that the presence of a gully
channel is a key factor in determining landslide mobility and run-out distance. In comparison to a
landslide with similar size and geological settings but without a gully channel, the run-out distance

is much less and the landslide does not develop into a flow.

Keywords: Rockslide-debris flow, Numerical simulation, Solid-fluid transformation, Run-out

analysis, Bed entrainment
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1. Introduction

A rockslide may transform into a debris flow when it disintegrates and propagates along a confined
channel, and this hybrid mass movement is named as rockslide-debris flow. The term “debris flow”
indicates partially or fully saturated flow-like movement propagating in gully channel (Hungr et al.
2014) and is distinguished from “rock avalanche” which describes the flow-like movement of
essentially dry debris on unconfined slope. A rockslide-debris flow is typically characterized by the
presence of a gully channel on the run-out path and it is renowned for the solid-fluid transformation
(SFT) occurring during the run-out process. The SFT contributes to the high mobility of these types
of landslides. Several factors, such as the disintegration of rock mass (Bowman et al. 2012, Crosta
et al. 2007, Davies and McSaveney 2009), entrainment (Aaron and McDougall 2019, Dufresne and
Geertsema 2020, Hungr and Evans 2004), and excess pore pressure (Collins and Reid 2019, Sassa
and Wang 2005, Wang et al. 2002), have been identified as the possible reasons for the SFT, but the

mechanism is still largely elusive because of the complexity of the geo-materials.

Numerous rockslide-debris flows have been reported around the world. Some typical events, such
as the Ponti Peak landslide in India (Shugar et al. 2021), the Dujiangyan landslide (Yin et al. 2016)
and Jiweishan landslide in China (Xu et al. 2010), and the Mount Meager landslide in Canada
(Guthrie et al. 2012), have caused serious economic losses or death tolls to the local communities.
Rockslide-debris flows tend to have catastrophic consequences because they are commonly
characterized by extremely high speed (a few to tens of meters per second) and long run-out
distance (several to tens of kilometers). These catastrophic events remind us the significance of
making accurate risk assessment for the potential rockslide-debris flows, and this goal can be
achieved only if we have a correct understanding of and can make accurate predictions for the

run-out process of these landslides.

Numerical simulation is an efficient tool for the run-out analysis and prediction of rockslide-debris

flow, and a variety of physically-based models have been adopted to simulate the run-out process of
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real landslide events. The models generally in use belong to three categories: 1) depth-averaged
models based on the finite difference method (FDM) (O'Brien et al. 1993, Ouyang et al. 2013, Sassa
et al. 2010, Shen et al. 2019, Shen et al. 2018), finite volume method (FVM) (Christen et al. 2010,
Mangeney et al. 2003, Xia and Liang 2018), or smoothed particle hydrodynamics (SPH) (Hungr
and McDougall 2009, Pastor et al. 2009); 2) discrete models originated from the discrete element
method (DEM) (Gao et al. 2021, Wu et al. 2018); and 3) three-dimensional models formulated
according to the SPH (Dai et al. 2017, Ghatanellis et al. 2021), particle finite element method
(PFEM) (Zhang et al. 2015, Zhang et al. 2020) or material point method (MPM) (Li et al. 2021,
Soga et al. 2016, Xu et al. 2018). Among these models, the depth-averaged models are probably the
most sophisticated and frequently-used in the run-out analysis of real rockslide-debris flow events,
mainly because they are more time efficient. Specifically, the depth-averaged model can easily
consider entrainment (Cuomo et al. 2016, Iverson and Ouyang 2015, McDougall and Hungr 2005)
which is an important phenomenon in rockslide-debris flow modeling. The main difficulty in
modeling rockslide-debris flow is how to account for the SFT process. As mentioned above, the
mechanism of SFT is still quite elusive, so nearly no existing models can reflect the real physical
process of this phenomenon as far as we concerned. However, ignoring the influence of SFT may
lead to a wrong prediction of landslide mobility. A simple approach has been adopted in some
depth-averaged models to account for the influence of SFT by adopting different rheological models
for rockslide and debris flow (Gao et al. 2017, McDougall et al. 2006), and this strategy performed
well in improving the simulation results. Due to the above reasons, the depth-averaged models

should be more suitable choices for the run-out analysis of the rockslide-debris flow in this study.

Although many studies have analyzed the run-out processes of real rockslide-debris flow events
around the world (Gao, et al. 2017, Liang et al. 2020, McDougall, et al. 2006, Xing et al. 2014), few
of them have investigated the influence of the geomorphological factors such as slope gradient and
gully channel. Moreover, most of these studies did not provide in-depth analysis on the performance

of the models according to field measurements of entrainment and deposition.
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In this paper we investigate a rockslide-debris flow event recently occurred in the Northern
Apennines of Italy (the Verghereto landslide). The landslide was surveyed soon after the failure and
a detailed map of entrainment and deposition was obtained from drone surveys. These data allow
validating an improved depth-average model capable of reproducing the complex behavior of the
landslide. The model considers entrainment and the influence of SFT is taken into account by
changing the basal frictional strength. The influences of slope gradient and the presence of a gully

channel on the run-out behavior are discussed, and some insightful conclusions are obtained.

2. The Verghereto landslide

2.1 Geological settings

The Verghereto landslide is located in the Northern Apennines of Italy, approximately 40 km to the
south of Cesena City. The area is characterized by steep slopes and deeply incised valleys carved by

rivers, with altitudes ranging from 600 m to 900 m above the sea level (Fig. 1).

The bedrock consists of deep marine flysch deposits belonging to the Marnoso-Arenacea Formation.
The Marnoso-Arenacea Formation is a turbidite succession representing the filling of the Miocene
Apennine foredeep complex, which deposited between the Langhian and the Tortonian (Lucchi and
Valmori 1980). It consists of alternating sandstones and marls layers in variable proportion (Fig. 2a).
In the study area, the ratio between coarse and fine strata is about 1/3 and the average bed thickness
varies from 0.5 m to 2 m. Both sandstones and marls are strong rocks characterized by high
resistance to compression (the uniaxial compressive strength of intact rock specimens typically
ranges from 40 MPa to 60 MPa) and high resistance to weathering. When the bedding planes are
horizontal or dip into the slope, the high strength of the rock mass ensures the stability of the slopes
and supports subvertical cliffs (Fig. 2b). Instead, large failures may occur when the strata dip out of

the slope. In this case the rock mass can slide along one controlling bedding plane generating
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.:IMarnoso-Arenacea Fm [

[ ]oid landslide
Verghereto landslide |/ '
Savio river

14\ Bedding planes

Fig. 1 Geological map of the study area and the locations of the Verghereto rockslide-debris flow

and a giant old rockslide-avalanche adjacent to this landslide

Rockslides are the predominant form of instability in the area and are very common on cataclinal
slopes where bedding dip is less than slope angle. These failures can occur on bed gradients less
than 10< which is approximately equal to half of the fully-softened angle of shearing resistance of
the marls (Berti et al. 1994, Berti et al. 1996). In most cases the failed mass moves as a nearly intact
block for a few tens of meters, retaining the original appearance and succession. Less commonly,
the failed mass collapses generating dangerous flow-like landslide. In the study area both cases are

present. The large landslide shown in the map of Fig. 1 is an old rockslide that did not turn into a
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flow, as suggested by the rectangular shape of the deposit and by lack of a transportation channel.
Instead, the Verghereto landslide (in red) mobilized into a flow that advanced down a gully to the

foot of the slope.

Fig. 2 Alternating sandstone and marls layers which consist of the sliding mass of the Verghereto

rockslide-debris flow

2.2 The landslide

The Verghereto landslide occurred around 5:00 a.m. in the morning of May 13, 2019. A rock mass
with a volume of nearly 40,000 m® detached from the upper part of the slope sliding along a gently
dipping bedding plane. The toe of the failed mass came out the slope, disintegrated into rock debris,
and transformed into a debris flow that traveled downslope for about 300 m reaching the main river
(Fig. 3a). The landslide destroyed a local road, 2.4 hectares of forest, and threatened the pylons of

the highway that passes on the valley floor.
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The map in Fig. 4 shows the three geomorphological zones that were identified in the field soon
after the event. Zone A is the source area of the landslide. It consisted of a rockslide that moved
essentially as a rigid block. Apparently, the slide did not acquire enough momentum to carry all the
rock mass beyond the foot of the slope, and about one third of the mass stopped at 30-40 m from the
detachment scarp. Sliding took place at a depth of about 10 m below the ground surface, at the top
of a marlstone layer dipping 15°to southwest (Fig. 3b). The rock exposed on the sliding surface
was fresh and stiff and we did not notice any appreciable difference with the other marls layers
outcropping on the trench walls. The lack of previous landslides indicated that the slide was a

first-time failure.

The front part of the rockslide collapsed and dropped about 28,000 m* of fragmented rock to the
slope below (zone B in Fig. 4; Fig. 3d). Just below the source area, the slope is very steep (over 35°
degrees). Here the landslide stripped the vegetation and the soil cover over an area of about 4500 m?,
leaving evident scratches on the rock surface. Further downhill the slope angle decreases to less
than 30 “allowing some crushed rocks and coarse debris to accumulate loosely in the lower part of

the zone.

Part of the landslide material then entered a small, ephemeral gully incised in colluvium and
mobilized into a debris flow (zone C in Fig. 4). Along the steep reach of the gully the debris flow
showed significant bulking by scouring and erosion and created a channel 15 m wide and 2-3 m
deep (Fig. 3c). As the gradient decreased to 2025< the flow started to deposit within the channel
and came to rest at the foot of the slope. In the accumulation lobe the debris was on average 1-3 m
thick with an overall volume of approximately 15,000-20,000 m®. The presence of scouring, lateral

levees, and trees damaged by the impact with debris indicate that the flow was extremely rapid.
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185  Fig. 3 a) Top view of the rockslide, b) the trench exposed in the source zone after the occurrence of
186  the rockslide, c) debris deposit in the channel, and d) the steep slope below the source zone
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189  Fig. 4 Characteristics of the deposit in different regions of the landslide influenced zone and the
190 three geomorphological zones identified after the event. A is the source area of the landslide, B is
191  the transformation zone, and C is the debris flow zone
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3.1 Numerical model

An improved finite difference model (Shen, et al. 2018) is adopted to simulate the run-out process
of the Verghereto landslide. This model is built in a global Cartesian coordinate, with the positive
direction of z axis parallel to the opposite direction of gravity. Similar to the typical depth-averaged
models, this model consists of one mass balance equation and two momentum balance equations,

which are given by:

@_F%_F@:_%:—Tb_re (1)
ot OX ay ot Le ’VXZ +Vy2
0Q, N Q2 /h N oQ,Q, /h __6kxgh2/2 N (Ag +B)htana _ 7,Ahv, @)
ot OX 6y OX tan’c + tan2ﬁ+1 m NXZ +Vy2 +V12
Q, QQ/h QS /h_ ok,gh®/2 , (Ag+B)htang ANV, @)

ot OX oy oy tan2a+tan2ﬂ+l m ’VXZ +Vy2 +Vz2

where: h is flow depth; Qx = vxh and Qy = vyh are mass fluxes in x and y directions; vy, vy and v, are
depth-averaged velocities in X, y and z directions; ky and ky are lateral pressure coefficients in x and
y directions determined according to soil state (Ouyang et al. 2015); g is gravitational acceleration;
A and B are terms related to static and centrifugal/centripetal normal forces on bed; « and g are dip
angles in x and y directions; 1, is the basal shear stress of flow; z is the shear stress in erodible
mass; pe is the bulk density of entrained mass; Ay is the bottom area of a control volume; m is the

mass of flow in the control volume. The expressions of A, B, Ay, 7, and z are given by:

2 ok h?/2
A:lJrakx—h/Ztanour—y / tan S (4)
OX oy
2 C 2

B: Cx ( Vx J_i_ y ( Vy ] (5)

cosa \ CoSa cos g\ cos
A, = AxAy\[tan’a +tan? B +1 (6)
7, =o(l-r,)tang, +c, @)
r,=c(l-r,)tang, +C, (8)
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in which: Cy and C, are bed curvatures in X and y directions; Ax, Ay are the sizes of a control
volume in x and y directions; ¢ is the normal stress on bed; ry, and ry are the pore pressure
coefficients (the ratio of the pore pressure to the total normal stress) in flow bottom and erodible
mass; ¢’ and ¢’ are effective frictional angle and cohesion. The subscripts b and e refer to flow

bottom and erodible mass, respectively.

A finite difference scheme is utilized to solve the above governing equations, and the details of the

numerical scheme could be found in Shen, et al. (2018).

3.2 Simulation setup

The pre-failure digital elevation model (DEM) of the landslide area was available by the Regional
Technical Map with a 5 m resolution, while the post-failure DEM at 1 m resolution has been
obtained through unmanned aerial vehicle (UAV) survey. Within the area we selected a region
which covers the whole run-out zone of the landslide as the computational domain. The size of this
domain is 522 m in x direction (N-S) and 291 m in y direction (E-W). Uniform computational grids
3 m long in both x and y directions are adopted in the present study, and the maximum time step is

0.02s.

According to the landslide characteristic described in Section 2, we divided the computational
domain into two regions (Fig. 5). The first region is the area above the gully head (x < 270 m),
which include the source zone of the rockslide and the steep slope below (zones A and B in Fig. 3).
The second region is the zone below the gully head, where the rockslide turned into a debris flow
(zone C in Fig. 3). According to our field observations, the landslide essentially moved like a solid

in the first region and like a flow in the gully.

Although the transformation of rockslide and debris flow is gradual rather than sudden, in order to

simulate the complex behavior of the Verghereto landslide with a single-phase model, we must
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necessarily assume different material properties in the two regions. A simple way to do it is to
assign a high frictional strength in region 1 (where the landslide moved like a slide) and a low
frictional strength in region 2 (where the landslide moved like a flow). Different values of the
frictional strength were obtained by adopting different values of the pore pressure coefficient ry in
the two regions. In particular, we used a pore pressure coefficient of zero to simulate the high
frictional strength at the base of the landslide, and a pore pressure coefficient of 0.3 to simulate low

frictional strength.

This assumption is basically reasonable, since the basal pore pressure is usually higher when a
landslide is in fluid state than in solid state. All the other model parameters (density, friction and

cohesion) were assumed to be identical in the whole domain.

Based on these assumptions, three groups of simulation were conducted using the parameters listed
in Table 1. According to field investigation, the thickness of erodible soil cover was set to be 1.5 m
in the whole region except in the source zone of the rockslide where the bedrock outcrops. The
erodible mass is required to have a higher pore pressure than the sliding mass in order to be
entrained. Here, erodible mass is assumed to have the same effective strength parameters (¢’and ¢°)

as the sliding mass, while its pore pressure coefficient r,. takes a higher value (r,=0.8).

Table 1 Parameters for simulating the Verghereto landslide

S1 0.0 0.0 5 30
S2 0.3 0.3 5 30
S3 0.0 0.3 5 30

Notes: R1 and R2 refer to Region 1 and Region 2, respectively.
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4. Results

4.1 Depositional characteristics

In Fig. 5, we illustrate the difference between the pre-failure and post-failure topography obtained
from simulations (a-b-c) and measurements (d). The analysis S1 simulates a landslide with high
frictional resistance at the base (r,=0 in the whole domain). In this scenario, the landslide stops in
the upper part of the slope and reaches a much smaller run-out distance than that observed in the
field. However, the computed depositional pattern agrees well with the survey data in Zone A and B
(comparing simulation results with Fig. 4 and Fig.3d). As mentioned above, in region 1 the
landslide caused erosion on steep slopes and deposition on gentle slopes. The model captures this
spatial variability, showing entrainment on the steep slopes right below the source zone (negative
DEM difference ranges from -1.0 m to -1.5 m) and deposition on the gentle slopes further downhill

(positive DEM difference ranges from 4.0 m to 5.0 m).

By assuming low frictional strength in the whole domain (r,=0.3; simulation S2) the model predicts
a larger mobility of the landslide (Fig. 5b). In this case, the landslide spreads over a much broader
region than the measured one, leading to a significantly inaccurate prediction of the run-out. In
particular, the landslide runs downslope laterally rather than flowing into the gully (Fig. 5b). These
results indicate that in region 1 the frictional strength at the base of the landslide should be

relatively high, so that most of the fragmented material can come to rest in this area.

This is confirmed by the results of simulation S3, which provides the best agreement with reality.
By adopting a high friction in region 1 and a low friction in region 2 simultaneously, part of the
material stops below the source area and part continues downslope as a flow. With this combination
of r, the model can simulate the debris flow (zone C in Fig. 4) and the landslide reaches a run-out

distance similar to the measured one (Fig. 5d). Moreover, the model correctly predicts erosion in the
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upper reach of the channel and deposition in the lower reach, where the slope becomes gentle (Fig.
5¢). The above analysis indicates that friction change caused by the SFT plays a significant role in
the run-out behavior of this landslide. And we may not be able to correctly simulate the run-out
process if the SFT is neglected. Additionally, although the single-phase model cannot actually
depict the complicated physical process of the SFT, the above simple method could improve the
simulation results of those landslides involving such a complex SFT phenomenon by adopting

frictional strengths for the sliding mass under the two different states (solid and fluid states).
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landslide zone obtained from simulations and field survey

4.2 \elocity and entrainment

The total average velocity and entrainment time curves of the landslide in the three simulations
(S1-S3) are illustrated in Fig. 6. The four turning points shown on the average velocity curve of
simulation S3 (Fig. 6a) indicate the first velocity peak (t;), the turning point between the first
deceleration stage and the second acceleration stage (t,), the second velocity peak (t3), and the time
when the motion of the landslide basically stops (t;). From 0 s to t;, the landslide accelerates rapidly
after it detaches from the bedrock and propagates to the steep slope just below the detachment area.
Then the landslide reaches a low slope gradient area (lower part of zone B, Fig. 4), resulting in a
dramatic drop of the average velocity from t; to t,. The landslide enters the gully head at around t,.
Here the model predicts a second slight acceleration stage (from t, to t3) which should be attributed
to both SFT and the steep topography in the downstream part of the gully head. Finally (from t; to t,)
the landslide comes to rest gradually. The difference between simulations S1 and S3 is that the
second acceleration stage does not exist in S1, since in this case the reduction in frictional strength
IS not taken into account. Therefore, in S1 the landslide stops quickly after entering the gully
showing a small run-out distance. By contrast, in S2 the landslide runs too fast and too distant, and

the predicted velocity and entrainment are clearly overestimated.

The total volume curve of simulation S3 (Fig. 6b) indicates that the landslide is likely to have
entrained a large amount of loose soil before reaching to the gully head. This extra volume from
entrainment may potentially generate the source material for the mass flow in the gully. The volume
of the landslide probably doubled (from approximately 28,000 m* to around 56,000 m®) through

entrainment.

The thickness and entrainment distributions of the landslide (in group S3) at the above four

moments (t;-t4) are presented in Fig. 7. The thickness distributions at the four moments support our
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330 above analysis toward the velocity change process of the landslide. By contrast, the entrainment
331  distribution characteristic of the landslide is relatively simple (Fig. 7), indicating the landslide may
332  entrain almost all the superficial loose mass on the slope wherever the landslide runs over.
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when the landslide has the highest kinetic energy, t; is the time when part of the landslide starts to enter the gully
head, t3 is the time when the landslide reaches the second velocity peak, and t, corresponds to the time when the

Fig. 7 Thickness and entrainment distributions of the landslide at four moments in S3. t; corresponds to the time

4.3 Influence of topography

landslide basically comes to rest.

46  Four numerical gauge points (P1-P4) in the landslide area are selected to analyze the influence of
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topography (slope gradient and gully channel) on the simulated dynamic characteristics (thickness,
velocity and Froude number) of the landslide at four different locations, and the simulation results
of group S3 is used to conduct this analysis. The locations of these gauge points are shown in Fig.
5c. P1 and P2 are located in region 1 where the landslide is in ‘solid state’, while P3 and P4 are
points located in region 2 where the landslide has transformed into a debris flow. P1 and P3 are
approximately in the middle part of the steep slope gradient zones in region 1 and region 2 (in
gully), respectively. For comparison, P2 and P4 are selected from the low slope gradient zones in

region 1 and region 2, respectively. The flow thickness h and depth-averaged velocity v are directly
available from the simulation results, while the Froude (Fr) number is calculated using Fr =v/\/§.

Fr number is a dimensionless variable reflecting the relationship between flow inertia and gravity.
At P1 and P3 where the slopes are steep, the thickness of the landslide (Fig. 8a) increases fast when
the front of the landslide arrives, and then decreases gradually to less than 1 m. The final DEM
differences (net change in elevation) in these zones are less than zero, so the deposit there has an
appearance of entrainment. However, at P2 and P4 the sliding mass accumulates and finally stops
propagating, demonstrating an opposite appearance of deposition. Actually, entrainment should
occur in both steep and gentle slope gradient regions, but the apparent entrainment is only revealed
in steep slope zones. The thickness of the landslide at P3 remains at a relatively stable and thin level
(about 1.5 m) which lasts for around 15 s after the arrival of landslide front, while at P1, the
thickness decreases quickly after the arrival of landslide front. These different thickness curves
indicate that on the steep slopes in Region 1 (P1) the landslide propagates like a surge wave, while
on the steep slopes in Region 2 (P3), the landslide probably behaves like a plug flow due to the
confinement of lateral propagation from the gully channel. The velocity curves (Fig. 8b) illustrate
that the velocity of landslide is generally higher when it propagates on steep slopes than on gentle
slopes (Fig. 8b). And the peak velocity of landslide on steep slopes (around 8.0 to 9.0 m/s) is about
twice of the peak value on gentle slopes (approximately 4.0 to 5.0 m/s). The Fr number curves at P2
and P4 are similar. At P2 and P4, the Fr number peaks at the arrival of landslide front, and then

decreases quickly because the sliding mass accumulates and comes to rest on the gentle slopes. By

68



374
375
376
377
378
379
380
381
382
383
384
385
386
387

contrast, the Fr numbers at P1 and P3 show some different tendencies. At P1 and P3, the Fr number
peaks when the landslide front arrives, and then the number drops quickly until it rises up again.
After reaching at the first valley value, at P1 the Fr number increases rapidly to a second peak larger
than the first one, and then the number slumps to a low value. However, at P3 the Fr number
increases only slightly until reaching at a relatively steady value (around 1.5) which lasts
approximately 10 s, and then gradually decreases to a low value. These difference tendencies on Fr
number between P1 and P3 is probably caused by the presence of the gully channel and its
influence on the dynamic process of a landslide. This influence from gully will be discussed in the
Discussion section. In summary, the topography on the path has a significant influence on the
dynamic characteristic of this landslide. At locations on steep slopes, the landslide passes over
quickly and finally shows entrainment. Conversely, at low slope gradients regions, the landslide
comes to rest fast and eventually produces deposition. The existence of a gully channel also alters

the dynamic characteristic of the landslide.
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Fig. 8 Time curves of thickness, velocity and Froude (Fr) number of sliding mass at four locations
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P1 to P4. P1 is on the steep slope of Region 1, P2 on the low slope gradient zone in Region 1, P3 on

the steep slope at the gully head and P4 on gully outlet.

5. Discussion

As mentioned above, the existence of a gully channel may play an important role in determining the
dynamic characteristic of a landslide. In field, we observed an interesting phenomenon that the
existence of a gully seems to increase the final run-out distance of a rockslide. In rockslides with
similar geological setting, those rockslides have a gully on the slope, similar to the Verghereto
landslide in this study, tends to have a larger run-out distance which usually extends to the slope toe,
while the rockslides without a gully normally deposit in the middle part of the slope which is far

away from the slope toe.

To illustrate the influence from channel, in this section we simulate the Verghereto landslide in the
condition of without a channel. Then four imaginary numerical tests (S1-nTnG, S2-nTwG,

S3-wTnG and S4-wTwG) are conducted to investigate the generalized scenarios.

The simulation setups of the Verghereto landslide without the presence of a channel are the same as
those in S3 expect for the topography. In this simulation, the channel on the slope is artificially
removed by adjusting the elevation around the gully. The result is present in Fig. 9, which obviously

shows a reduction in the run-out distance due to the absence of a channel.
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Fig. 9 Simulation result of the Verghereto landslide in the condition without the presence of a

channel on the slope

The simulation setups for the other four generalized numerical tests are listed in Table 2. The
schematic diagram of these numerical tests is shown in Fig. 10. In these tests, a 10 m thick, 80 m
wide and 60 m long rock block is assumed to detach from the bedrock in a rock scarp and forms a
rockslide. Then the rockslide propagates on a 25<slope next to the rock scarp. The landslide area is
divided into two regions similar to what we have done in the simulation of the \erghereto landslide.
The slope above the gully head (x > 200 m) is region 1, while the slope below the gully head is
region 2. The pore pressure coefficients in these two regions have different combinations in

different groups (Table 2).

Table 2 Parameters for simulating ideal soil collapse experiments

S1-nTnG No 0.25 0.25 5 30
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30

0.25 0.25

S2-nTwG  Yes

30

0.40

0.25

S4-wTnG No

30

0.25 0.40

S4-wTwG  Yes
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landslide may reach to the slope toe if there is a channel (Fig. 11d). These results indicate that SFT
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distance of a landslide may simply because the gully constrained the lateral spreading of the
landslide. When the landslide propagates on a relatively uniform slope (Fig. 11a and 11c), it
propagates forward and laterally simultaneously. The lateral spreading process will consume part of
the kinetic energy, so the deposit has a smaller run-out distance but a larger lateral spreading area.
Conversely, the channel reduces the lateral spreading and the energy consumption caused by it, so
the landslide reaches a larger run-out distance but a much smaller lateral spreading area. This
conclusion could be helpful for us to conduct a quick prediction on the risk of potential rockslides
similar to the Verghereto rockslide. Those with a gully channel on the slope may pose higher risk on
the infrastructures in the gully outlet (slope toe), while the potential rockslides without a gully on
slope mainly endanger the properties in the middle part of the slope. The average velocity curves of
these numerical tests agree with the above analysis (Fig. 12). The existence of a channel can reduce

the rate of deceleration and produce a larger run-out distance.
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Fig. 11 Average velocity-time curves of the collapsed soil in the four simulation conditions. From

S1 to S4 the mobility of the sliding mass increases gradually

6. Conclusions

The run-out process of a rockslide-debris flow in a layered rock slope is studied by an improved
finite difference model. Field investigation and numerical simulations on this landslide are

conducted to interpret the propagation process, and we obtain the following conclusions.

(1) The run-out process of the Verghereto landslide can be divided into three stages. In the first
stage, the landslide detached from the bed rock sliding on the relatively gentle surface in the source
zone. Then in the second stage, the landslide descended quickly in the steep slope zone next to the
source zone before slumping heavily on the low slope gradient zone, and in the meantime, the
volume of the landslide increased by entraining the loose mass on the slope and the rock mass
disintegrated quickly. In the final stage, the disintegrated rock mass converged into the gully and
transformed into a debris flow, and then the flow propagated along the gully until it stopped at the

outlet of the gully.
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(2) Simulation results show that the frictional strength change produced by the SFT process
probably performs an important role in determining the dynamic characteristics of this landslide.
The run-out behavior and depositional characteristic of the landslide can be correctly simulated if
we properly consider this friction strength change of sliding mass. The depth-averaged single-phase

model adopted in this study performs well in the simulation of the Verghereto rockslide-debris flow.

(3) Topography may have a dominant impact on the depositional characteristic of the Verghereto
landslide. In the landslide area where the slope is relatively steep, the final digital elevation
difference shows entrainment. By contrast, in low slope gradient zones, the deposit shows
accumulation and deposition. However, bed entrainment should occur on both steep and gentle
slopes. Additionally, the existence of a gully channel on the slope could enlarge the run-out distance
of the landslide. In the potential rockslides similar to the Verghereto landslide, those with a gully on

the slope may pose higher risk to the infrastructures in the outlet of the gully (at slope toe).
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Abstract Bed entrainment plays a significant role in the
formational process of a debris flow. Thus the influence of bed
entrainment may be an important factor which cannot be
neglected when assessing the prevention effect of check dams.
However, since few studies have investigated the interaction be-
tween check dams and debris flows with considering bed entrain-
ment, the interactive effect of check dams on the dynamic and bed
entrainment processes of debris flows remains unclear. Therefore,
in this paper, an improved depth-averaged model is proposed to
overcome this weakness. In the improved model, the impeding
effect of a check dam is simplified as a rigid constraint, and a new
computational scheme is adopted to improve the simulation effi-
ciency. Using this model, the dynamic and bed entrainment pro-
cesses of the catastrophic 2010 Hongchun gully debris flow are
analyzed, and the effects of check dams on this debris flow are
studied. The results show that the present model can properly
depict the dynamic and bed entrainment processes of the
Hongchun gully debris flow. Without bed entrainment, the flow
quantity tends to decrease gradually from the upstream to the
downstream, while the flow quantity will show an opposite ten-
dency if bed entrainment is considered. The check dams can
largely reduce the bed entrainment scale and flow quantity of this
debris flow. Additionally, the prevention effect of check dams
tends to be better when they are constructed at the upper part of
the gully by constraining bed entrainment.

Keywords Disaster prevention - Debris flow - Numerical
simulation - Check dam - Bed entrainment

Introduction

Debris flows are saturated poorly sorted two-phase flows. These
flows are usually characterized by high velocity, huge impact force,
and long run-out distance, making them one of the most danger-
ous landslide types (Jakob and Hungr 2005). As world-wide haz-
ardous phenomena, debris flows can occur in any mountainous
areas with steep terrain, channelized path, and sufficient rainfall.
Additionally, they are distinct from other types of landslides by
periodically occurring in the same channels (Hungr et al. 2014).
Due to the above characteristics, debris flows have caused enor-
mous economic loss and casualties to human communities around
the world (Evans et al. 2009; Garcia-Martinez and Lépez 2005; Ren
2014; Takahashi 2009).

Generally, debris flows fall into two categories according to
their initiation mechanisms, namely landslide-induced debris
flows (Iverson et al. 1997; Scott et al. 2001) and runoff-induced
debris flows (Berti and Simoni 2005; Hu et al. 2016). For runoff-
induced debris flows, apart from intensive rainfall, abundant loose
material is also a prerequisite for their formations. The huge
earthquake happened in Wenchuan County of China in 2008
triggered thousands of landslides, with a total volume of more
than five billion cubic meters (Parker et al. 2011). These landslide
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deposits became the main source of loose materials of the runoff-
induced debris flows in the earthquake impacted area (Huang and
Li 2014; Tang et al. 2012a). As a consequence, the frequency and
magnitude of debris flows increased dramatically in this area,
while in the meantime the precipitation threshold for triggering
a debris flow decreased significantly (Tang et al. 2011; Xu et al.
2012). More seriously, more than 2000 people died or disappeared
in some huge debris flow events after the earthquake (Tang et al.
2012a). To mitigate this situation, millions of dollars were allocated
by the Chinese government to construct countermeasures such as
check dams in some gullies (e.g., the Wenjia and Hongchun
gullies). Despite all of these efforts, catastrophic debris flows still
occurred due to the inadequate effect of some of these mitigation
measures (Chen et al. 2015). Furthermore, since in this area debris
flows are expected to occur frequently in 5-15 years after the
earthquake (Cui et al. 2011), the risk of occurring catastrophic
debris flows is still very high. Therefore, it is an urgent mission
and of great importance to develop some useful methods for
effectively designing and assessing these mitigation measures.
Currently, experiment and numerical simulation are the two
main approaches for studying the dynamics of debris flows. Many
experiments (most are flume tests) have been conducted in the
past few decades. These tests were mainly utilized in illustrating
the initial mechanism (Hu et al. 2016), the dynamic characteristics
(Iverson et al. 2010) and the impact forces of debris flows
(Armanini 1997; Cui et al. 2015; Wang et al. 2018). Experiments
are very useful method in terms of helping scientists understand
some basic physics of debris flows, but their drawbacks are also
obvious, such as having size effect, being expensive, and being
time-consuming. These disadvantages limit their applications in
assessing the effect of mitigation measures when the prototype
debris flow is huge. In comparison, numerical simulation does not
suffer from these weaknesses, making them more suitable for
mitigation measure design and assessment. Plenty of numerical
models have been proposed for simulating the dynamic process of
flow-like motions like debris flows (Crosta et al. 2009; Huang et al.
2015; Hungr and McDougall 2009; Liu and Huang 2006; Liu et al.
2016; Ouyang et al. 2013; Pastor et al. 2009; Pitman and Le 2005;
Sassa et al. 2010; Shen et al. 2018a). Additionally, since the sub-
stantial influence of bed entrainment on the mobility of flow-like
landslides is gradually recognized by researchers in this field
(Hungr and Evans 2004; Iverson 2012; Iverson and Ouyang 2015),
a growing number of models start to consider bed entrainment
either by adopting empirically based or mechanically based en-
trainment methods (Cuomo et al. 2016; Frank et al. 2015; Liu and
He 2016; McDougall and Hungr 2005; Ouyang et al. 2015; Pirulli
and Pastor 2012; Shen et al. 2018b). Specially, for runoff-induced
debris flows, bed entrainment contributes greatly to their forma-
tions. Sometimes most mass in a debris flow may come from
entraining loose materials along the path, so under such a circum-
stance bed entrainment cannot be neglected. Although many
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progresses have been made in bed entrainment modeling as men-
tioned above, these previous studies simulated the bed entrain-
ment process of debris flows in a green field (i.e., without barriers
along the path), and few studies considered bed entrainment when
assessing the prevention effect of check dams on debris flows.
More recently, some researchers have implemented numerical
models in studying the effects of artificial barriers on flow-like
landslides (Chen et al. 2019; Cuomo et al. 2019; Dai et al. 2017; Gao
et al. 2017; Kattel et al. 2018; Liu et al. 2013). These studies mainly
focused on exploring the mechanical impacts of debris flows on
the structures or the impeding effect of artificial barriers. On the
other hand, almost none of them considered bed entrainment in
their studies and its interactive influences with debris flow dynam-
ics under the effect of check dams. Therefore, some aspects remain
unclear in this field, for instance, how check dams affect the bed
entrainment process (which will alter debris flow dynamics in
turn), and how to quantify and consider their influence when
designing check dams in a debris flow gully with obvious bed
entrainment phenomenon, etc.

Based on the above analysis, this paper aims at proposing a
simple but efficient method for assessing the effect of check dams
on the dynamics of debris flows with taking bed entrainment into
account. The present study highlights in extending the application
of the depth-averaged models from risk assessment of debris flows
on green field to the design of mitigation measures (e.g., check
dams). The improved model is able to provide more reasonable
guides for constructing check dams in debris flow gullies. In the
following sections, the basic principles of the improved method
are introduced first. Then it is applied in modeling the dynamic
process of the catastrophic Hongchun gully debris flow in south-
west China. Totally 20 groups of simulations representing different
scenarios are conducted to explore the influences of check dams
on the bed entrainment and dynamic processes of this debris flow.
Afterwards, the simulation results are presented and discussed in
detail, and finally, conclusions are drawn according to the results.

Basic principles of the method

Governing equations

The governing equations adopted in this paper consist of one
continuity equation and two momentum equations. These equa-
tions are deduced according to the mass and momentum conser-
vations of a small rectangular soil column in a Cartesian
coordinate system. Bed entrainment is incorporated into these
equations as a source term. For simplicity, these equations are
only briefly introduced here, and detailed derivations can be
found in Shen et al. (2018a). The governing equations are given by.

oh 0Q, 0Q, _

at Ty 70 ()
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where h is the thickness of the debris flow, Q,=v,h and Q, =
vyh are the flow quantities in the x and y directions, respectively, v,
and v, are the flow velocities in the x and y directions, respectively,
E, is the entrainment rate, k, and k, are the lateral pressure
coefficients in the x and y directions, respectively, which evolve
according to the pressure state (active state or passive state) of the
soil (Ouyang et al. 2013; Savage and Hutter 1989), g is the gravita-
tional acceleration, A and B are the parameters related to the static
and centrifugal supporting forces, respectively, a and (3 are the dip
angles of the sliding mass in the x and y directions, respectively, 7,
is the basal shear stress, A is the area of the bottom surface of the
soil column, and m is the mass of the soil column. The expressions
of A, B and A, are given by.

Oh  h Ok, oh  hok,
A= o S22y
1+ (k o + " ax)tanoz + (ky P + 2 3y tang (4)
CerveNr G v\
b= cosa (cosa) * cosﬂ<cosﬁ) )
Ap = dxdy+/tan?a + tan?§ + 1 (6)

where C, and C, are the curvature of the bed in the x and y
directions, respectively, dx and dy are the sizes of the soil column
in the x and y directions, respectively.

In some models, two additional momentum production terms
(E;vpx and E,v,,) may appear in the momentum equations (Egs.
(2)-(3)). However, since the erodible mass are usually assumed to
be static (vyx = vy = 0) before being entrained, these momentum
productions terms are removed from the momentum equations in
this paper.

Rheological law and entrainment model

The governing equations are not closed before E, and 7, are deter-
mined by some kinds of models. The widely used Voellmy model is
adopted to calculate the basal shear stress of the debris flow.

sz + Vy2

£ (7)

Tp = o(1—tp)tang, + p,g

where o is the normal stress on the bed, r,, is the pore water
pressure coefficient on the bed, ¢; is the effective friction angle of
the debris flow, p; is the bulk density of the debris flow, and £ is the
turbulence coefficient. To determine E,, a mechanically based
model proposed by Fraccarollo and Capart (Fraccarollo and
Capart 2002) is adopted given it has clear physical meaning
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where Z is the elevation of the bed, 7, is the resistant shear stress in
the erodible mass, and p, is the bulk density of the erodible mass.
T, is calculated according to the Mohr-Coulomb model

Te = 0(1-1y.)tand, + c. (9)

where r,, is the pore water pressure coefficient in the erodible
mass, ¢, is the effective friction angle of the erodible mass, and c,
is the cohesion of the erodible mass. Substituting Eq. (7) and (9)
into Eq. (8), the following entrainment model can be obtained

Equation (10) is utilized to determine the entrainment rate in
this paper. This equation is similar to the entrainment model
adopted in Ouyang et al. (2015), and it takes advantages of both
the Voellmy model and the Mohr-Coulomb model.

Constraint of check dams and computational scheme

To reflect the restraining impact of check dams on debris flows,
check dams are taken as a kind of rigid constraint, as shown in
Fig. 1. Therefore, the failure of check dams is not considered in the
present study. Those computational cells with a dam inside are
marked, and their neighboring cells are also identified. Assuming
the height of the dam is h,, and the thickness of the debris flow in
an cell next to the dam (at the upstream side, see Fig. 1b) is h;, then
the following velocity constraint is imposed to the upstream cells
next to the dam

E, = _9z o(1-7u)tang, + vty —0(1=Tye ) tang,—c _r v= { lcul, o I Zf hhi <—h]v‘: (11)
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Fig. 2 Dynamic computational cells used in the model to reduce computational consumption
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Equation (11) implies that when the thickness of the debris flow
is lower than the height of the dam, it will not be able to flood over
the top of the dam. In this situation, the debris flow will accumu-
late behind the dam, until it becomes thick enough to surpass the
dam to a certain extent. By this way, the impeding effect of the
dam can naturally be reflected. Figure 1 also schematically illus-
trates the importance of considering bed entrainment. The out-
comes are likely to be totally different when considering or not
considering bed entrainment. As illustrated by Fig.1, the outcome
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without considering bed entrainment shows that the check dam
succeeds in preventing the debris flow (Fig. 1b), while the result of
that considering entrainment is totally opposite (Fig. 1c). There-
fore, it is necessary to take bed entrainment into account when
assessing the effect of check dams.

Noticeably, debris flows usually propagate along long, narrow and
meandering gullies. Therefore, only a small area in the channels is
occupied by the debris mass. However, when simulating the dynamic
process of a huge debris flow, a large rectangular computational region



Hongchun Gully Catchment

Fig. 4 Panorama of the Hongchun gully catchment

which should contain all the debris flow gullies is usually selected for
conducting the simulation. This means that most cells in the compu-
tational region are empty and theoretically unnecessary to participate
in calculation. In the traditional computational scheme (Ouyang et al.
2013; Shen et al. 2018a), most of these cells still involve in calculation,
resulting in a large waste of computational resources and times. To
make the model more suitable for simulating huge debris flows, an
improved computational scheme is adopted in this paper, as shown in
Fig. 2. In the new scheme, the computational cells evolve automatically

Legend

Catchment
boundary

Hongchun Gully

sssseess Dashui Gully

according to the propagation of a debris flow. Only those cells with
debris mass inside participate in the simulation. This method could
reduce the computational effort to almost the minimum level, and it
can easily achieve by applying the following logical condition

skip
calculate

if h(i,j) = o and with empty neighbors
if otherwise

condition = {

(12)

Legend

o=
£y
AT,

Initial sources

§¢ 77
Elevatip, (r

- Flow direction

05,
’y

N Deposition zone

Fig. 5 3D digital elevation model, coordinates setup and initial debris mass distributions in the simulation
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Fig. 6 Locations of the check dams and the profiles for monitoring flow quantity

Equation (12) indicates that all those empty cells whose all
neighbors are also empty will be skipped in the calculation.

The constraint of the check dam and the new computational
scheme are incorporated into a modified finite difference code
developed by Shen et al. (2018a, b) to formulate an improved
depth-averaged model. This improved model is designed for
modeling long run-out debris flows with accounting for the influ-
ences of bed entrainment and check dams, and it is applied in
modeling the following debris flow case.

Modeling of the Hongchun gully debris flow

Introduction of the Hongchun gully debris flow

The Hongchun gully is a debris flow gully about 500 m to the
northeast of the Yingxiu Town — the epicentral zone of the 2008
huge Wenchuan earthquake, as shown in Fig. 3. The outlet of the
gully is next to the Mingjiang River, and the Yingxiu Town is
located at the west bank of the river.

During August 12 to 14, 2010, this region experienced a heavy
rainfall event with an accumulative precipitation of 162.1 mm (Xu
et al. 2012). This rainfall finally triggered hundreds of channelized
debris flows (Tang et al. 2012b) near the Yingxiu Town. Among
them, the Hongchun gully debris flow occurred on August 14 at
3 a.m. may be the most disastrous one in terms of its huge scale
and serious consequence. This debris flow was initiated by the
runoff erosion of the landslide deposits in the three branch chan-
nels of the Hongchun gully. An estimated total volume of 700,000-
800,000 m’ of debris mass involved in this event, and about half of
the debris mass (350,000-400,000 m?) rushed out the outlet of the
gully and blocked the Mingjiang River. As a consequence, the
Mingjiang River changed its course, causing a flood in the newly

Table 1 Locations of check dams

Dam location

reconstructed Yingxiu Town (Tang et al. 2011) and the deaths or
disappearances of 17 people.

Figure 4 is the panorama of the Hongchun gully catchment. The
total area of this catchment is 5.35 km?, and the length of the main
gully is about 3.6 km. The elevation of the gully is between 880 m
and 1700 m, and it has an average slope gradient of about 36%. The
upstream of the Hongchun gully consists of three branch channels.
They are the Ganxipu gully, the Dashui gully and the Xindianzi
gully from west to east, respectively. All these gullies involved in
the August 14 event (Ouyang et al. 2015), and the initial volumes of
the debris mass in these three gullies were 112,000 m® (Ganxipu
gully), 39,000 m* (Dashui gully), and 32,000 m? (Xindianzi gully),
respectively. Therefore, the initial total volume of this debris flow
was estimated to be about 183,000 m?, and about 517,000-
617,000 m® of debris mass was entrained along the path. Field
survey shows that the phenomenon of bed entrainment is very
obvious along the gully, and a maximum entrainment depth of
about 20 m occurred in this gully (Ouyang et al. 2015).

Simulation set-ups

A digital elevation model (DEM) with a resolution of 10 m is built
up according to the surveying data. The DEM, coordinates setup,
and initial distributions of debris mass in the simulation are
illustrated in Fig. 5. The computational region is 2700 m in the x
direction and 1550 m in the y direction. The sizes of cells in both
the x and y directions are 10 m. The maximum time step for
simulating this case is 0.02 s.

To study the influence of check dam location on the dynamic
and entrainment processes of the Hongchun gully debris flow, five
locations along the main gully are selected as the possible loca-
tions for constructing check dams. These locations represent five

X=1500 m
Y=780m

X=1250 m
Y=740m

Center coordinates

X=1000 m
Y=>580m

X=750m
Y=620m

X=500m
Y=570m
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Table 2 Locations of profiles for monitoring flow quantity

Profile

Location X=1350 m

X=1150 m

X=850m X=650 m

different scenarios of check dam setups: constructing at upper
gully, upper and middle gully, middle gully, middle and lower
gully, and lower gully, respectively. Four profiles are selected to
monitoring the changes of flow quantity under the effect of check
dams. The locations of check dams and monitoring profiles are
illustrated in Fig. 6, and their coordinates are given in Tables 1 and
2, respectively.

Totally 20 groups of simulations are conducted, and the simu-
lation setups for all these groups are listed in Table 3. Among
them, NE and WE represent the situations before constructing
check dams, and they are used to calibrate the rheological param-
eters and analyze the influence of bed entrainment on the August
14 debris flow event. All other groups represent the situations with
imaginary check dams, and they are utilized to explore the possi-
ble influences of check dams on the dynamic and entrainment
processes of this debris flow.

The parameters adopted in these simulations are given in
Table 4. Among these parameters, the value of the basal frictional
angle, turbulent coefficient (its value here corresponds to a Chezy
coefficient value of 12), internal frictional angle and bulk density of
the Hongchun gully debris flow are given according to Ouyang
et al. (2015). The erodible mass is assumed to have similar property

Table 3 Setups in different simulation groups

with the debris flow, so its basal friction angle and bulk density
values take the same values as those of the debris flow. The pore
pressure coefficient r, represents the ratio of the pore pressure to
the total stress in the soil. However, the pore pressure in a debris
flow is usually much larger than the static pore water pressure
because excess pore water pressure will generate in the rapid
motion. The value of the pore pressure coefficient takes 0.8 for
the debris flow, which is a typical value according to debris flow
experiments. A relatively higher pore pressure coefficient value is
allocated to the erodible mass given it tends to be in undrained
condition under rapid shear action. In addition, a small cohesion
value is given to the erodible mass to prevent materials on steep
slopes being entrained (Ouyang et al. 2015).

Simulation results
Simulation results of the August 14 event

The simulated run-out processes of the debris flow in group NE
and WE are shown in Fig. 7. The simulated distributions of debris
mass at two times are compared. These two times represent the
middle and final stages of the debris flow motion, respectively. At
t=100 s, the run-out distance in WE is obviously larger (about
200 m) than that in NE, indicating than bed entrainment

Simulation groups Entrainment Dam numbers Dam height Dam position
WE Yes 0 = =

GO No 1 20m S2

Gl Yes 1 10m S1

G2 Yes 1 10m S2

G3 Yes 1 10m S3

G4 Yes 1 10m S4

G5 Yes 1 10m S5

G6 Yes 1 20 m S1

G7 Yes 1 20m S2

G8 Yes 1 20m S3

G9 Yes 1 20 m S4

G10 Yes 1 20m S5

G11 Yes 2 20m S1 and S3
G12 Yes 2 20m S1 and S4
G13 Yes 2 20m S1 and S5
G14 Yes 2 20m S2 and S4
G15 Yes 2 20m S2 and S5
G16 Yes 2 20m S3 and S5
G17 Yes 3 20m S1, S3, and S5
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Table 4 Parameters used in simulating the Hongchun gully debris flow

Basal friction
angle

Parameters Pore pressure

coefficient

Turbulent
coefficient

Internal friction
angle

Basal
cohesion

Bulk density p
(g/cm’)

Debris mass 0.8 12 2850 - 35 2.02
Erodible 0.95 12 - 2.1 - 2.02
mass

significantly facilitates the motion of this debris flow. In addition,
the thickness of the debris flow along the main gully in WE (Fig.
7¢) is also much thicker than that of NE (Fig. 7a), which means that
a noticeable expansion of the scale of the debris flow occurs due to
entrainment. At t=1000 s, the main propagation process has
finished in both WE and NE, but the simulated final deposits of

them show totally different characters. Although the debris flow
rushes out from the outlet in both situations, the volume of the
rushing out debris mass in WE (about 349,000 m>, see Fig. 7d) is
about ten times as much as that in NE (about 35,000 m?, see Fig.
7b). Without considering bed entrainment, the debris flow turns
out to be incapable of blocking the Mingjiang River. In
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1400 Thickness M
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Fig. 7 Simulated deposition and entrainment processes without check dams. a and b are the thicknesses of debris flow at =100 s and 1000 s without considering
entrainment (NE), respectively, c and d are the thicknesses of debris flow at =100 s and 1000 s considering entrainment (WE), respectively, and e and f are the

entrainment depths at £=100 s and 1000 s, respectively
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Fig. 8 Simulated flow quantities at four profiles along the gully without check dams, WE: considering bed entrainment, NE: without bed entrainment

comparison, the simulated final deposit considering bed entrain-
ment matches quite well with the measured data in terms of run-
out distance, covering area, and the shape and thickness (about 5-
10 m) of the debris dam. The entrainment depths in WE at the two
times are also presented in Fig. 7. It shows that the peak entrain-
ment depth (about 20 m) appears at the bottom of the main gully,
while the entrainment depth decreases gradually from the gully

bottom to the lateral slopes. According to field observation, the
most apparent bed entrainment occurred in the middle section of
the main gully, with an average thickness of 6-10 m and the
maximum depth about 20 m (Ouyang et al. 2015), while the
entrainment depth in the three branch gullies are relatively insig-
nificant with an average thickness of only 1-2 m. The simulated
entrainment distribution (Fig. 7d) shows good accordance with

1(a) GO

Y (m)
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15.00
10.00
5.000
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Fig. 9 Comparison of the prevention effect of check dam between GO (with a 20 m check dam at S2 and without entrainment) and G7 (with a check dam 20 m high at S2

and considering entrainment)
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Fig. 10 Comparison of the flow quantities at four profiles between GO (not considering entrainment) and G7 (considering entrainment)

this observation. The final volume of the debris flow reaches
763,000 m?, this value also agrees well with the estimated final volume
0f 700,000 m? to 800,000 m?. The above analysis indicates the improved
model adopted here can properly depict the entrainment process of the
Hongchun gully debris flow, and the simulation accuracy is quite good.

The simulated flow quantities at the four monitoring profiles in
these two groups are compared in Fig. 8. The results of the two
groups show totally opposite patterns. When considering bed en-
trainment, the peak flow quantity values increase gradually from
upstream to downstream. This is because the thickness of the debris
flow grows quickly by entraining loose materials. However, the peak
values show a decreasing tendency when without obtaining new
mass by entrainment, because in this situation the thickness of the
debris flow is likely to become thinner at downstream. In general, it
illustrates that bed entrainment boosts the magnitude of the flow
quantity by 3 (P1) to 6 (P4) times in this gully. Additionally, in WE the
arrival times of the debris flow at the four profiles are also earlier
than their counterparts in NE, which means the debris flow will run
faster under the influence of bed entrainment.

Simulation results with the effect of check dam

The results of G7 and Go are compared first to check the influence
of check dam on the dynamic process of this debris flow in the
situations considering and not considering bed entrainment. In G7
and Go, a check dam (20 m high) is built up at the upper and
middle gully (S2). The results show that in both groups the check
dam has an obvious impeding effect on the debris flow, but their
outcomes are different. When neglecting bed entrainment (Go, see
Fig. 9a), the check dam is shown to perform quite well in
preventing the debris flow. Although a small volume of debris
mass overrides the dam, almost no debris mass rushes out the
outlet. However, an opposite conclusion is illustrated by the result
of considering entrainment (Gy). In spite of a large amount of the
debris mass has been resisted by the dam, the rest debris mass
surpassed the dam still turns into a relatively large debris flow by
entrainment. The results above indicate that the prevention effect
of a check dam is likely to be overestimated if the bed entrainment
is not taken into account, which may result in the inadequate
design of prevention measures.

2210 | Landslides 16 * (2019)

The flow quantities at the monitoring profiles in Go and Gy are
compared in Fig. 10. The results show that check dam can signif-
icantly reduce the flow quantity of the debris flow at the down-
stream side of the dam in both situations. In Gy, the flow quantity
of the debris flow decreases sharply first when it passes the dam
under the hindering effect, and then its value increases gradually
after surmounting the dam due to entrainment. This explains why
the final scale of the debris flow is still big despite a great amount
of debris mass has been stopped by the dam. However, the results
of Go show that the flow quantity continuously decreases after
overriding the dam.

To further investigate the influence of the locations of check
dams on the dynamic and bed entrainment processes of this debris
flow, the simulation results of different situations with single dam
and multiple dams constructing at different locations are analyzed
and presented (Fig. 11).

Figure 11a-c are the results of the situations with one check dam
of 20 m high located at S1 (upper gully), S3 (middle gully) and Ss
(lower gully), respectively. The performance of the check dam is
best when it is located at downstream. Two factors are likely to
contribute to this result. The first one is that the velocity of the
debris flow at downstream is relatively smaller than that at up-
stream. Another reason is that the topography at downstream is
wider and plainer, so the volume capacity of the check dam islarger
than that at upstream. The result of G8 is the worst. This is because
the volume capacity of the check dam reservoir at the middle
stream is not big, while at the same time the velocity of debris flow
is relatively high. In comparison, the check dam achieves a modest
effect because it constrains the entrainment scale of the debris flow
by reducing the flow quantity at an early stage.

The results of multiple dams (Fig. 11d-h) show similar patterns.
When the check dams are constructed at relatively upper parts of the
gully (G11 and G14), the prevention effect tends to be better than other
situations (G16 and Gi3) due to the scale of bed entrainment is
effectively constrained by the dams. In contrast, the prevention effects
of check dams constructing at relatively lower parts of the gully (G16
and Gi13) is relatively weak, since the scale of the debris flow has
already boosted by entraining the loose materials at upstream.

In order to show the impact of check dam on the final entrain-
ment scale of the debris flow, the simulated entrainment depths in



G6, G10, and Gu1 are presented in Fig. 12. The results agree with the  quantity of this debris flow (Fig. 13). In these situations, the
above analysis that constructing check dam at upstream performs constraining effect of check dam significantly reduces the magnitude
better in controlling the final entrainment scale. of the flow quantity at the downstream of the dam. This reducing effect

The flow quantities at the monitoring profiles in G6, G8, G10, and  tends to be stronger when the dam is located at upstream (Fig. 13c)
G4 are compared to reveal the influence of check dam on the flow rather than at middle stream (Fig. 13b) and downstream (Fig. 13a).
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Fig. 11 Simulated final thickness of the debris deposit under the influence of check dam in several different situations
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Fig. 12 Simulated entrainment depths in the catchment in G6, G10, and G11

Apart from that, this constraining effect delays the arrival time of the
debris flow at downstream (P4), and it shows that the arrival time
tends to be later when the check dam is constructed at upstream
instead of at downstream. For example, the arrival time at P4 in G6
is 150.3 s, while those in G8 and G1o0 are 141.1 s and 16.1 s, respectively.

Some simulated characteristic data in all these simulation
groups, including the entrainment volume, volume of the
deposit rushing out the gully, and peak flow quantities and
arrival times of the debris flow at the monitoring profiles, are
provided in Table 5. These data agree well with the above
analysis regarding to the simulation results with the effect of
check dam.

Finally, the total volume evolution processes of the debris flow under
the effect of bed entrainment in several different groups are compared in
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1500
X (m)

Fig. 14. It also shows that the dam does have great influence on the
entrainment rate of the debris flow. The groups constructing the check
dams at the upper gully tend to have a smaller total volume of final
debris deposit. In addition, the data in Table 5 show that those groups
with less bed entrainment volume (or total volume) tend to have less
debris mass rushing out the outlet of the gully.

Discussions

Twenty groups of simulations with different bed entrainment and
check dam setups are conducted by using the improved model pro-
posed in this paper. The debris flow event occurred in the Hongchun
gully in 2010 is analyzed by the model, and the results of considering
and not considering bed entrainment are compared. It shows that bed
entrainment has a dominant influence on the final scale and dynamics
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Fig. 13 Influence of check dam on the flow quantities at four profiles

of this debris flow. Without bed entrainment, this debris flow could
not develop into a huge catastrophic event which blocked the
Mingjiang River. The simulation result of considering bed entrainment
matches quite well with the field data, demonstrating that the model
performs well in modeling this debris flow. In addition, the scale of this
debris flow and its flow quantity in the gully expand violently by
entraining loose materials along the gully, so it is necessary to account
for bed entrainment when designing check dams in this gully. Other-
wise, the prevention effect of a check dam may be significantly
overestimated, thus leading to an inadequate design of prevention
measures. The results of those groups with check dams inside the gully
indicate that the check dams can obviously alter the bed entrainment
character and the dynamic process of this debris flow. The flow
quantity at the downstream of the dam and the entrainment scale will
be reduced greatly due to the impeding effect of the dam, while the
arrival time at downstream of the gully will be delayed.

In the improved model, the effect of dam is taken as a velocity
constraint which is imposed on the upstream cells next to the dam
(EqQ. (11)). Actually, the interactive process between a debris flow
and a dam is much complicated. During the first few seconds when
the debris flow impacts on the wall of the dam, it may produce a
vertical jet-like bulge (Armanini 1997), or even be reflected back by
the wall, turning the flow into a very complex turbulence. This
phenomenon is important for analyzing the mechanical impact of
the debris flow on structures (Wang et al. 2018), and need to be
accounted when designing the structure strength of the check

dams. However, the main purpose of this paper is to study the
prevention effect of check dam and its interactive influences with
bed entrainment and the dynamics of a debris flow, so the check
dams are simply taken as a rigid body here. Furthermore, although
the vertical surging process may transport part of the debris mass
over the check dam, the amount is quite limited because this
process is usually very short. The main body will accumulate
behind the dam until surpassing the top of the dam. Therefore,
the rigid constraint assumption about the check dam is reasonable
for the present study, and it shows a good numerical effect in
reflecting the impeding effect of the check dams according to the
simulation results. Comparing with some other widely used depth-
averaged models (Hungr and McDougall 2009; Ouyang et al. 2013;
Pastor et al. 2009; Sassa et al. 2010), our model is similar to them in
terms of the basic governing equations for depicting the run-out
process of debris flows. However, these models are mainly de-
signed to simulate and assess the run-out processes of rapid flow-
like landslides on green field without artificial barriers, and the
impeding effect of check dams cannot be properly reflected by
them. By contrast, the improved model here introduces a rigid
constraint condition to account for the effect of check dams,
expanding the application range of the depth-averaged models
from risk assessment to the design and assessment of check dams
in debris flow gullies. Additionally, although a few other previous
studies (Chen et al. 2019; Cuomo et al. 2019; Dai et al. 2017; Liu
et al. 2013) have accounted for the effect of artificial barriers on the
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Fig. 14 Simulated total volume evolution curves of the debris flow in different groups
dynamics of flow-like landslides, they did not consider bed entrainment  Conclusions

or did not account for its interactive effects with check dams. Therefore,
this paper is also helpful in better understanding the effects of check dams
on the bed entrainment and dynamic processes of debris flows. Another
improvement adopted in this paper regarding computational scheme
performs well in promoting computational efficiency. In some models
(Sassa et al. 2010), the computational region is a fixed rectangular area
with debris flows run inside it, while in some other models (Liu and
Huang 2006; Ouyang et al. 2013; Shen et al. 2018a) the computational
region is a dynamic rectangular area whose size changes with the prop-
agation of debris flows. In both cases, plenty of empty cells will involve in
the calculation, resulting in the waste of a great amount of computational
time. In comparison, the improved computation method adopted here
only calculates the cells with debris mass in them, so that it can greatly
reduce the computational cost. The total computational time for calcu-
lating 50,000 time steps in simulating the present debris flow (cell
numbers are 41,850) is about 3 h and 15 min, while the time consumption
is more than 6 times (20 h and 40 min) of the new scheme if the old
scheme (Ouyang et al. 2013, Shen et al. 2018a) is adopted. These two
improvements make the new model more suitable for modeling the
dynamic process of a long run-out debris flow with obviously bed
entrainment phenomenon and check dams in the gully. The current
simulations were conducted on an ordinary desktop with a CUP pro-
duced by Intel (Intel (R) Core (TM) i7-4770 @ 3.40 GHz). The computa-
tion time can be further reduced by adopting high-performance server
with better CPU or adopting parallel computing techniques, which will
not be addressed this paper.

On the other hand, since the interaction between debris flows and
check dams is a very complex phenomenon, it is still far from being
fully understood currently. For instance, it is possible that the property
(i.e., bulk density, components, and rheology) of a debris flow will
change after surpassing a check dam. Such a complex process is very
difficult to consider in a numerical model, so in the present study it is
neglected for simplicity. The phenomena such as the property change
of a debris flow due to the filtering effect of check dams are out of the
scope of this paper, while further researches about them are needed in
the future in order to improve the applicability of this model.

An improved numerical model is proposed in this paper to study
the influence of check dams on the dynamic and bed entrainment
processes of debris flow. The run-out process of the 2010 cata-
strophic Hongcuan gully debris flow is simulated by the new
model, and the effects of check dams on the dynamic and bed
entrainment processes of this debris flow are analyzed. The simu-
lation results are presented and discussed, and following conclu-
sions can be obtained.

(1).

(2).

(3).

(4).

Bed entrainment plays a dominant role in the formational
and run-out processes of the Hongchun gully debris flow.
Without bed entrainment, this debris flow could not evolve
into a huge debris flow that blocked the Mingjiang River. The
simulation results of the debris flow when considering bed
entrainment agree well with the field data, indicating that the
improved model has good numerical accuracy in modeling
this debris flow.

Bed entrainment significantly alters the flow characters of
this debris flow. Without bed entrainment, the peak value of
flow quantity tends to decrease gradually from the upstream
of the gully to the downstream, while the peak value will
show an opposite tendency if bed entrainment is significant.
Therefore, bed entrainment should be considered in
assessing the prevention effect of check dams to prevent
inadequate design of them.

Check dams can greatly change the dynamic and bed en-
trainment processes of this debris flow. They reduce the flow
quantity and bed entrainment scale of the debris flow at the
downstream side of the check dam, delaying the arrival time
of the debris flow at downstream. Additionally, by effectively
constraining the bed entrainment scale, the prevention effect
of check dams tends to be better when they are constructed
at the upper part of the gully.

The improved model is shown to be able to properly reflect
the impeding effect of check dams, and the new computa-
tional scheme adopted in this model can significantly
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improve the computation efficiency. These improvements
make the present model more suitable in assessing the pre-
vention effect of check dams on huge debris flows with
obvious bed entrainment phenomenon.
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Abstract

To mitigate potential damage from debris flows, numerous check dams have been constructed in thousands of debris flow gullies
all over the world. However, the efficiencies of these check dams are largely unknown because they are normally designed based
on empirical methods. This paper presents an assessment of the impeding effect of check dams constructed in the Hongchun
debris flow gully in Sichuan Province, China by using an improved finite difference model. Compared with other models, the
improved model can consider both the impeding effect of check dams and bed entrainment. We analyzed the impeding effect of
these check dams on different initial scales of debris flows. The results show that these check dams perform quite well in
constraining bed entrainment downstream of the gully. The average velocity, peak discharge, and final scale of a debris flow
in the gully can be substantially reduced by constructed check dams. The impeding effect is sufficient when the initial volume of
the debris flow is less than 1.5 times that of the catastrophic debris flow event that occurred in this gully on 14 August 2010. This
study improves our understanding of the influence of check dams on the dynamic and bed entrainment processes of debris flows.
The model adopted in this study can be a robust tool to quantify the efficiencies of existing check dams and provide reasonable

guidance in the design of check dams in debris flow gullies.

Keywords Natural hazards - Numerical simulation - Debris flow - Check dams - Bed entrainment

Introduction

Debris flows are poorly sorted two-phase geophysical flows
that occur frequently in mountainous areas. Distinct from oth-
er types of flow-like landslides (e.g., rock avalanches, mud-
flows, earthflows etc.), debris flows occur suddenly and peri-
odically in established channels and tend to have higher mo-
bility and destructive power (Hungr et al. 2014; Iverson 1997;
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Takahashi and Das 2014). The formation of a debris flow
usually requires three basic conditions: sufficient precipita-
tion, abundant loose materials, and steep topography. In re-
gions meeting these conditions, debris flows occur frequently
and can seriously impact the local community (Garcia-
Martinez and Lopez 2005; Sidle and Chigira 2004; Tang
et al. 2011a; Wieczorek et al. 2001). Natural debris flows
generally have three origins. Some debris flows are triggered
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by the erosion of loose material from runoff (Berti and Simoni
2005; Breien et al. 2008), while some are directly transformed
from a landslide (Guthrie et al. 2012; Iverson et al. 1997).
Additionally, the failure of a landslide dam can also trigger a
catastrophic debris flow (Fan et al. 2019; Ouyang et al. 2019;
Takahashi and Das 2014; Zhou et al. 2013). A distinct char-
acteristic of runoff-induced debris flows is that most of the
debris mass may come from entraining loose material along
the path. As such, bed entrainment has been identified as a
dominant factor determining the mobility of this type of debris
flow (Hungr et al. 2005; Iverson et al. 2010b; Shen et al.
2019b). This needs consideration when designing counter-
measures in debris flow gullies (Shen et al. 2019c).

There have been a lot of advances in debris flow research in
recent decades. A variety of field monitoring techniques were
developed to obtain field data of debris flows and provide
instant early warning information (Berger et al. 2011; Berti
et al. 2000; Cui et al. 2018). Plenty of flume tests were con-
ducted to understand the physics of debris flows (Iverson et al.
2010a; Iverson et al. 2010b; Wang et al. 2018). Various nu-
merical models have also been utilized to analyze the propa-
gation processes of debris flows (Berti and Simoni 2014;
Huang et al. 2015; Koo et al. 2017a; Kwan and Sun 2006;
Mergili et al. 2017; Nakatani et al. 2008; Ouyang et al. 2013;
Sassa et al. 2010; Shen et al. 2018). Nonetheless, the mitiga-
tion of debris flows is still a critical challenge in practice.
Many engineering countermeasures have been developed to
mitigate debris flow disasters, including check dams, slit
dams, channel works, and wire nets etc. (Ikeya 1989;
Mizuyama 2008; Takahashi and Das 2014). Check dams
may be the most widely used countermeasure, with numerous
check dams having been constructed in thousands of debris
flow gullies around the world to prevent potential disasters.
However, these check dams are usually designed using em-
pirical methods, and their actual efficiencies remain uncertain
until a debris flow event occurs. As it turned out, the efficiency
of many check dams did not meet the design intent and they
failed to prevent some debris flow events (Chen et al. 2015;
Mizuyama 2008; Tang et al. 2011a). This design inadequacy
is a waste of public resources and poses a considerable public
safety risk to local residents. Therefore, it has become increas-
ingly critical to improve the accuracy and efficiency of the
methods for the design and assessment of check dams.

The rapid development of numerical modeling methods
enables quantitative assessment of the efficiencies of debris
flow countermeasures. Currently, both single-phase (Hungr
and McDougall 2009; Iverson and Ouyang 2015; Ouyang
et al. 2017; Pastor et al. 2009; Sassa et al. 2010; Shen et al.
2019a; Shen et al. 2018) and two-phase depth-averaged
models (HeB et al. 2019; Tai et al. 2019) have been success-
fully applied in simulating flow-like movements such as de-
bris flows. In addition, a growing number of depth-averaged
models have begun to incorporate bed entrainment into their
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equations as the importance of bed entrainment on the mobil-
ity of debris flows has been acknowledged (McDougall and
Hungr 2005; Ouyang et al. 2015; Pirulli and Pastor 2012).
Depth-averaged models are very efficient in terms of compu-
tational cost, and can achieve satisfactory simulation results.
As such, they remain the most commonly used tools in debris
flow simulations. However, most of these models did not con-
sider the effect of check dams as they were originally designed
for simulating flow-like movements which propagate on nat-
ural topography. This drawback limits their application.
Recently, investigative researches have been conducted on
the interaction between debris flows and artificial structures
(Choi et al. 2014; Cuomo et al. 2019; Dai et al. 2017; Kattel
et al. 2018; Kwan et al. 2015; Kwan et al. 2018; Liu et al.
2013; Xiong et al. 2016). These studies improved the tech-
niques for the design of debris flow prevention work.
However, few of them considered bed entrainment when
assessing the impact of artificial barriers. When bed entrain-
ment is not considered, the assessment results tend to be ques-
tionable as bed entrainment has a substantial influence on the
final magnitude and mobility of a runoff-induced debris flow.

This paper presents an assessment of the impeding effect of
the check dams in the Hongchun debris flow gully, Sichuan
province, China using an improved depth-averaged single-
phase model (Shen et al. 2019¢). Compared to other models,
the single-phase model used in this research considers bed
entrainment and the impeding effect of check dams, making
it more suitable for this study. The debris flow event of interest
in this study occurred in the Hongchun gully on 14 August
2010. It was studied by Ouyang et al. (2015) under the con-
dition of green ground. More recently, Shen et al. (2019c¢)
discussed the dynamic and bed entrainment characteristics of
the debris flow event in the Hongchun gully under the influ-
ence of imaginary check dams. However, these studies did not
consider the actual engineering layout of the check dams and
the influence of debris flow magnitude. As such, the efficien-
cy of the check dams in this gully is still unknown. To address
these gaps, this study analyzed the efficiency of the check
dams in the Hongchun gully by considering the actual engi-
neering layout and debris flow magnitude simultaneously.

This paper has been structured into four sections: (1) back-
ground and context on the Hongchun debris flow gully; (2)
basic principles of the numerical model and the simulation
settings; (3) presentation of simulation results and discussion
of results; and (4) final conclusions.

Introduction of the Hongchun debris flow
gully

On 12 May 2008, a catastrophic earthquake of M 8.0 occurred
in Wenchuan County, Sichuan Province, China. The earth-
quake triggered more than 15,000 geo-hazards, including
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landslide types such as rock avalanches, rockslides, and debris
flows (Cui etal. 2011). There were thousands of casualties and
widespread damage to infrastructure as a direct result of these
landslides. Additionally, these landslides produced more than
five billion m> of loose deposit (i.e., a mixture of boulder,
gravel, silt etc.), magnifying the frequency and magnitude of
debris flow disasters. In the ten years after the earthquake,
massive catastrophic debris flows occurred in the
earthquake-impact areas. For instance, on 24 September
2008, a heavy rainstorm triggered 72 debris flow events in
Beichuan County, leading to 42 deaths and serious damage
to reconstructed infrastructure (Cui et al. 2011). On 14 August
2010, another intense rainfall induced 21 debris flow events in
Yingxiu Town, near the epicenter of the earthquake. Out of the
14 August 2010 debris flow events, the huge debris flow that
occurred in the Hongchun gully was catastrophic as it blocked
the Mingjiang River, changing the course of this river (Tang
etal. 2011b). This caused flooding which inundated the newly
reconstructed Yingxiu Town and led to 17 fatalities.

An acrial view of the Hongchun gully catchment is shown
in Fig. 1. The Hongchun gully is located at the east bank of the
Mingjiang River, and the outlet of this gully is approximately
500 m away from the eastern outskirt of the Yingxiu Town.
This catchment has a total area of 5.35 km? (Xu et al. 2012),
and Hongchun gully is the primary gully with a length of
approximately 3.6 km. Upstream of Hongchun gully are three
tributaries; from west to east there is the Ganxipu gully,
Dashui gully, and Xindianzi gully. Prior to the 2008
Wenchuan earthquake, only two small-scale debris flow
events occurred in this gully sometime in the 1930s and in
1962, no damages were reported for either of these events.
After the earthquake, the loose material in this catchment

N\

Mingjiang ﬁyer «

L

Fig. 1 Aerial view of the Hongchun gully catchment (N 31°04'01.1", E 103°29'32.7", from Google Earth)

increased dramatically from about 1000,000 to 4000,000 m’
(Gan et al. 2012; Tang et al. 2011b; Xu et al. 2012). As a
result, the magnitude of debris flow in this gully increased
dramatically. The 14 August 2010 debris flow may have been
the largest that has ever occurred in this gully.

All three tributaries contributed to the 14 August 2010
debris flow event (Ouyang et al. 2015). The initial total vol-
ume of mobilized debris mass was approximately 183,000 m>,
in which 112,000, 39,000, and 32,000 m> originated from
Ganxipu gully, Dashui gully, and Xindianzi gully, respective-
ly. Additionally, an estimated 500,000-600,000 m> of loose
material along the path was entrained by the debris flow, and
approximately half of the debris (350,000-400,000 m>)
flowed out of the gully outlet, forming a 100 m wide and
350-400 m long dam that blocked the Mingjiang River.
Based on field observations (Ouyang et al. 2015), the entrain-
ment mainly occurred in Hongchun gully, averaging a depth
between 6 and 10 m with a maximum entrainment depth of
approximately 20 m in the middle and lower streams of the
gully. The entrainment extent in the three tributaries was
smaller, approximately 1-2 m.

After the 14 August 2010 event, the volume of the loose
material that could be mobilized in the catchment had reduced
to an estimated 3100,000 m> (Li et al. 2012). However, it was
still a much larger volume than that prior to the earthquake.
Thus, the risk of catastrophic debris flow events reoccurring is
still very high. To address this, the Chinese government allo-
cated millions of dollars to construct engineering countermea-
sures in the catchment. The prevention project in this catch-
ment mostly consisted of the installation of four check dams in
the middle and upper streams of the main gully in conjunction
with several small check dams in the three tributaries. Figure 2

MG is Hongchun Gully
G1 is Ganxipu Gully

G2 is Dashui Gully
G3 is Xindianzi Gully ,
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Fig. 2 Locations of the four
check dams in Hongchun gully
and the discharge monitoring
profiles. CD1-CD4 represents the
four check dams. P1-P4 is the
four profiles selected to monitor
discharge during simulation
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illustrates the locations of the four check dams in the main
gully, and Table 1 details their engineering layouts. These four
check dams are marked CD1-CD4 (downstream to upstream).
CD4 was designed to capture debris mass flowing out from
the Dashui and Xindianzi gullies, while the other dams were
intended to control the movement of the remaining debris
mass from the three tributaries. We have only considered these
four dams in the simulations as they are designed to play a
major role in preventing debris flows in Hongchun gully
catchment. Their impeding effect is checked by the improved
model.

Table 1 Locations and engineering layouts of the check dams in
Hongchun gully

Dam labels CD1 CD2 CD3 CD4
Center coordinates ~ X=910  X=1070 X=1440 X=1910
(m) Y=600 Y=690 Y=800 Y=890
Height (m) 20 18 10 8

Length (m) 105 68.5 43 41

Width (m) 1.5 1.5 1.5 1.5
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Principles of the numerical model
Governing equations

The governing equations in the model consist of one mass
balance equation and two momentum equations, representing
the mass and momentum conservations in a control volume,
respectively. The detailed derivations of these equations are
provided in Shen et al. (2018). The governing equations are
given by

oh o0 00,
=4 = F 1
o Oox Oy " (1)
2 002 /h N 20.0,/h  ok.gh*/2 ~ (Ag+B)  TpAphv, 2
ot ox oy ox tan’fa+5+1 /vf T vﬁ 2
a0, N 80.0,/h N 00} /h okygh?/2 (Ag+B)  mAw,
ot ox v oy tana + tan?3 + 1 m\/v2 242
X y z
(3)

where /4 is the flow depth in the control volume; Q, = hv, and
O, = hv, are the mass fluxes in the x and y directions,
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Fig. 3 Schematic diagram of Flow direction
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respectively; vy, v,, and v, are the depth-averaged velocitiesin ~ Their expressions are given by
the x, y, and z directions, respectively; E,. is the entrainment s
rate; k, and k,, are the lateral pressure coefficients in the x and y ' v+ Yy
LT Y . . .. 7p = o(1=ry)tand + pg (8)
directions, respectively, related to the internal frictional and 3
basal frictional angles and evolve with the pressure state of 4 '
g p Te = o(1-ry)tang, + ¢, )

the debris mass (Ouyang et al. 2015); A and B are the terms
related to the static and centrifugal normal forces on the basal
flow boundary, respectively; g is gravitational acceleration; v
and 3 are the dip angles of the sliding mass in the x and y
directions, respectively; 7, is the shear stress of the debris flow
on the basal boundary; A, is the bottom area of the control
volume; and m is the mass. Expressions for A, B, A,, and E,
can be given as

Ok h? /2 Ok, h? /2
A=1+4215 e L 4
+ 5y tana + 2 an/3 (4)
Co r w2 C, [ v :
B =
cosa (cosa) * cos3 (cosﬂ )
Ap, = dxdy/tan?a + tan?3 + 1 (6)
oz Th—Te
=== (7)

E=—=—F7+++—
ot De /V,ZCJer

where C, and C, are the bed curvatures in the x and y direc-
tions, respectively; dx and dy are the sizes of the control vol-
ume in the x and y directions, respectively; Z is the elevation of
the bed; p, is the bulk density of the entrained debris; and 7, is
the resistant shear stress in the static bed material. To calculate
the basal shear stress in debris flow 7,, we use the Voellmy
model; the Mohr-Coulomb model is adopted to determine 7.

Table 2 Locations of discharge monitoring profiles in simulation
Coordinate P1 P2 P3 P4
X (m) 750 1000 1250 1850
Y (m) 600 580 750 850

where r,;, and r,,, are the pore pressure coefficients of debris flow
and bed material, respectively; ’, and ¢’, are the effective fric-
tional angles of debris flow and bed material, respectively; p; is
the bulk density of the debris flow; ¢ is the turbulent coefficient;
and ¢’, is the effective cohesion of bed material.

Equation (7) is a physically based entrainment model de-
scribing the momentum conservation of the bed material. This
equation is adopted in this numerical study as it has clear
physical meaning compared with empirical models (Iverson
and Ouyang 2015; Ouyang et al. 2015; Shen et al. 2019b;
Shen et al. 2019c¢).

Effect of check dams and numerical scheme

This study’s primary focus is to investigate the impeding ef-
fect of check dams on debris flows. Therefore, the effect of
check dams is simplified as a rigid constraint here, and failure
of the check dam is not considered. The computational cells
containing the check dams are marked as check dam cells
(CDCs). The cells upstream and close to these check dam cells
are identified as velocity constrained cells (VCCs). If the flow
depth in a VCC (%) is less than the height of the dam in the
adjoining CDC, then the debris in the VCC will remain static
until its flow depth surpasses the height of the dam (Fig. 3).
This enables the accommodation of the impeding effect of a
check dam (Shen et al. 2019¢).

To ensure debris flows move within the outside computation-
al boundary, a rectangular computational region which is usually
larger than the debris flow impact area will be typically adopted
in simulation. This treatment simplifies the complexity of deal-
ing with a boundary condition but may increase the computa-
tional cost. Debris flows usually move in a long, narrow, and
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Table 3 Simulation conditions in

different groups Group names WD Vi=V Vi=15V Vi=2V Vi=3V Vi=4V
Initial volume (m®) 183,000 183,000 274,500 366,000 549,000 732,000
Check dam No Yes Yes Yes Yes Yes

meandering gully; therefore, its impact area is generally consid-
erably smaller than the computational region. Including empty
cells within the computational region would result in large com-
putational time. As such, only cells that contain debris mass are
included in simulation to save computational cost.

We adopted an improved finite difference code that had
incorporated the above check dam constraints and numerical
scheme to assess the impeding effect of the check dams in
Hongchun gully.

Simulation settings

The computational region was a rectangular area, with a width
0f 2700 m (x direction) and a length of 1550 m (y direction).
The coordinates for this region are shown in Fig. 2. Field
survey data were used to generate a digital elevation model
(DEM) of the computational region. Computational cells were
10 m in the x and y directions. The maximum time step in
simulation was 0.02 s. Four cross-sections (P1-P4) down-
stream of each check dam were selected to monitor the influ-
ence of these dams on debris flow discharge. The locations of
these cross-sections within the computational region are given
in Table 2. Six groups of simulations were conducted to in-
vestigate the impeding effect of the check dams on debris
flows of different scales. Table 3 provides details on the setups
of these simulations. In group WD (see Table 3), check dams
were not present, and the initial volume of the debris flow was
equivalent to the initial volume from the 14 August 2010
debris flow event. The setups of check dams in the main gully
were the same for the remaining five groups, and the config-
uration of these dams are given in Table 1. To investigate the
influence of debris flows of different magnitudes, different
initial debris volumes were used in these five groups.

Table 4 details the values of parameters required in these
simulations. The values of the effective friction angle, turbu-
lent coefficient, internal friction angle, and the bulk density of
the debris flow were assigned as per Ouyang et al. (2015). The

Table 4  Parameters for simulating the Hongchun gully debris flow

effective friction angle and bulk density of the bed material
were assumed to be equivalent to those of the debris flow. The
rup value of debris flow was 0.8, which was the typical value
assigned based on the results of flume tests. A higher bed
erodible material 7, value was assumed to be entrained by
the debris flow. A small cohesion value was allocated to the
erodible mass to prevent the debris flow from entraining ma-
terial on steep slopes (Ouyang et al. 2015). The above param-
eters were determined after several trials so that the simulation
results representing the 14 August 2010 event (i.e., the simu-
lation results of WD) matched the field observations (Ouyang
et al. 2015; Shen et al. 2019c¢).

Results and discussions
Impeding effect analysis

Figure 4 illustrates the simulated thickness distributions of the
final deposit in the six groups. It indicates that the check dams
in the main gully have a clear impeding impact on the move-
ment of debris flow. These check dams perform well in
preventing a debris flow with an initial volume less than 1.5
times the volume of the 14 August 2010 event. The first three
dams upstream are successful in the prevention of a debris
flow with an equivalent magnitude to the 14 August 2010
event (V;=V), and virtually no debris is able to reach CD1.
In this simulation, the average thickness of debris flow de-
posits trapped behind CD2-CD4 is approximately 5-10 m.
When the magnitude of the debris flow increases to 1.5 times
that of the 14 August 2010 event, part of the debris flow will
surmount CD2, but no debris mass is able to flow over CD1.
In V; = 1.5V, the average thickness of the deposit captured by
each dam increases to approximately 15-20 m. If the initial
volume of the debris flow is larger than twice that of the 14
August 2010 event, the debris flow will rush out from the
outlet of the gully, and there will be a very high risk of
blocking the Mingjiang River. If debris flow has an initial

Parameters Pore pressure  Effective friction ~ Turbulent coefficient ¢  Effective cohesion ¢’ Internal friction angle ¢;  Bulk density p
coefficient ,  angle ¢’
- ° - kPa ° glem’

Debris mass 0.8 12 2850 - 35 2.02

Erodible mass  0.95 12 - 2.1 - 2.02
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Fig. 4 Thickness distribution of the final debris deposit for different simulation groups

volume larger than three times that of the 14 August 2010
event, the impeding effect of the check dam will be inade-
quate, and the debris flow will certainly block the Mingjiang
River. Figure 4 also demonstrates that the thickness of the
deposit captured by each dam increases with the magnitude
of debris flow. This is likely to be due to the increased entrain-
ment extent with debris flow magnitude.

The corresponding final entrainment depths for different
simulation groups are illustrated in Fig. 5. The figure shows
that these check dams can substantially reduce the total extent
of entrainment. The entrainment extent is less than that of the
14 August 2010 event when the initial volume of debris flow
is less than 1.5 times this event. However, these check dams
will no longer be able to control the entrainment extent of
debris flow if the initial scale of debris flow is greater than
2-3 times that of the 14 August 2010 event. The check dams
in the gully also drastically change the entrainment distribu-
tions in the gully. Prior to the construction of these check
dams, the entrainment extent in the middle and downstream

areas of this gully is much larger than those upstream.
Following the installation of these check dams, the entrain-
ment extent downstream will substantially decrease, while the
regions behind the dams will be subject to extreme bed en-
trainment. This is because these check dams increase the
thickness of debris mass captured behind the dam.

The discharge curves for the four monitoring profiles are
illustrated in Fig. 6. This figure illustrates that peak discharge
will increase upstream to downstream without the influence of
check dams (Fig. 6a). However, the reverse will occur in the
absence of entrainment (Shen et al. 2019¢). A comparison be-
tween Fig. 6 a and b indicates that the constructed check dams
can largely reduce discharge in the gully and delay the arrival
time of the debris flow. In V; =V, the peak discharges at P3 and
P4 reduce to less than half those of the 14 August 2010 event
due to the resistance of the check dams. There is hardly any
debris mass passing through P1 and P2. The peak discharge at
each profile increases with debris flow magnitude. When the
initial volume of debris flow increases to 1.5 times that of the
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Fig. 5 Final entrainment depth distributions in the gully for different simulation groups

14 August 2010 event (Fig. 6¢), the peak discharges at P3 and
P4 almost recover to pre-check dam levels. However, the peak
discharges downstream are still lower than those prior to check
dam construction. Until the initial volume of the debris flow is
three times that of the 14 August 2010 event, the peak dis-
charge downstream (P4) recovers to the corresponding dis-
charge value prior to check dam construction. These results
suggest that these check dams perform very well in reducing
peak discharge in the gully. Previous researches investigating
the impeding effect of multiple barriers without considering
bed entrainment also reported similar results in terms of the
time delay of debris flow (Kwan et al. 2015).

Propagation and entrainment processes of the debris
flow

Three points of time (¢=50, 150, and 250 s), representing the

early, middle, and later stages of debris flow movement are
selected to analyze the propagation and entrainment
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characteristics. In the early stage, the debris flow primarily
propagates in the three tributaries. In contrast, the debris flow
converges in the main gully during the middle stage, while
most debris mass deposits in the accumulation zone during the
later stage. As the result of group V; = 1.5 Vis similar to that of
V=V, and the results of groups V;=3 Vand V;=4 Vare sim-
ilar to that of V; =2 V; only the results of groups WD, V,=V,
and V; =2 Vare presented for simplicity. In these groups, WD
represents the no check dam scenario, V; =V represents a sce-
nario where the check dams succeed in impeding the debris
flow, and V; =2 Vrepresents a scenario where the check dams
fail in impeding the debris flow.

Figure 7 shows the simulated thickness distributions of
debris flow in groups WD, V;=V, and V;=2 V at the three
aforementioned points of time. At the early stage (=50 s),
the debris flow arrives at CD3 and CD4 in WD and V;=V,
while a large volume of debris flow has already been captured
by CD3 in V;=2 V. This is because propagation is typically
faster for a larger debris flow compared with a small debris
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Fig. 6 Simulated discharge process curves at the four monitoring profiles for different simulation groups
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Fig. 7 Propagation characteristics of the debris flow at three points in time for groups WD, V;=V,and V;=2 V

flow. At the middle stage (#= 150 s), the debris flow in WD  debris mass has been successfully captured by these check
has reached the outlet of the gully. The debris flows in V;=V  dams. The corresponding entrainment processes of the debris
and V;=2 V have only arrived at the middle section of the  flow in these three situations are shown in Fig. 8. The results
main gully, with a growing amount of debris mass accumulat-  also demonstrate that the check dams are able to reduce the
ing behind the dams. This is due to the impeding effect of the ~ entrainment extent downstream but may also increase the en-
check dams. At the later stage (#=250 s), the deposition pro-  trainment extent behind the dams.

cess is almost complete for each group. At this stage, the The simulated average velocities of the debris flow in the
debris flow in WD forms a fan-shaped dam that can block  six situations are presented in Fig. 9. The average velocity of
the Mingjiang River. In contrast, for V;=Vand V;=2 V, most  debris flow experiences two peaks in WD. The first peak is
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Fig. 9 Average velocity curves of debris flow for the six different
simulation groups

produced as the debris flow moves through the steep source
zone at the early stage. During this time, the gravitational
potential of the debris flow consistently transfers into kinemat-
ic energy. The acceleration stage ends when the debris flow
arrives at the transportation zone that has a gentler gradient.
The second peak may be caused by bed entrainment, as
entraining saturated loose material will reduce basal resis-
tance. In scenarios where check dams are present in the gully,
the peak average velocity of the debris flow increases with the
initial magnitude of debris flow. However, the average veloc-
ity will remain considerably lower than a scenario with no
check dams due to the impeding effect of the check dams.
These results indicate that check dams in this gully are able
to reduce the average velocity of the debris flow by
constraining the extent of bed entrainment to the downstream
area of the gully. Previous experimental studies have also

Legend
2500 —==Vi=V ——Vi=15V
—><—=Vi=2V Vi=3V
——Vi=4V —— WD AEBRRERRRE0

reported on the attenuation effect of check dams on velocity
of debris flow (Koo et al. 2017b).

The total debris flow volumes in these simulations are
shown in Fig. 10. The results demonstrate that check dams
can greatly constrain the total entrainment volume in the gully.
Howeyver, the entrainment control effect of these dams will
decrease when the initial debris flow volume increases. If this
initial volume increases to more than twice that of the 14
August 2010 event, these check dams are likely to have little
impact on controlling the final magnitude of bed entrainment.

Table 5 details the simulated final entrainment volumes,
deposition volumes (i.e., the volume of the debris exiting the
outlet of the main gully), and the peak discharges at the four
monitoring profiles for the six different simulation groups.
The total entrainment volume increases with the magnitude
of the initial mobilized debris flow. The entrainment volume
in V;=2 Vs essentially equivalent to that of WD, while the
deposition volume in V;=2 Vs only about half that of WD.
This suggests that these dams can effectively minimize the
consequence of a debris flow and reduce the risk of damming
the Mingjiang River. The value of peak discharge at each
profile increases with the initial magnitude of debris flow,
but these dams can substantially reduce the discharge in the
gully. Additionally, the dams can change the discharge char-
acteristics of the debris flow in this gully. The peak discharge
increases consistently as it travels upstream to downstream in
the absence of check dams. In contrast, the peak discharge
with the influence of check dams does the reverse, indicating
that these check dams have a clear impeding effect on the
propagation of a debris flow.

Conclusions

The impeding effect of check dams in the Hongchun debris
gully was assessed using an improved finite difference model.
Based on the results of this assessment, the following conclu-
sions can be made:

Total Volume (103 m3)

0 50 100 150 200 250

Elapsed Tiime (s)

Fig. 10 Total volume bulking curves of debris flow for the six different
simulation groups

1)

2)

The check dams in Hongchun gully perform well in con-
trolling the bed entrainment extent in the downstream part
of the gully, which helps to reduce the average velocity,
peak discharge, and final magnitude of debris flow. These
check dams can successfully prevent a debris flow with
an initial volume less than 1.5 times that of the 14 August
2010 event. However, these dams may lose their efficacy
if the initial debris flow volume exceeds 23 times that of
the 14 August 2010 event.

These check dams change the bed entrainment character-
istics of Hongchun gully. Prior to check dam construction,
the largest entrainment extent occurs in the middle and
downstream sections of the main gully, whereas there is
only a slight entrainment extent upstream. Following
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Table 5 Simulated entrainment

volumes and deposit volumes of Simulation Entrainment volume Deposition volume Peak discharge (m’/s)

debris flow, and the peak groups (10° m*) (10° m’)

discharges at the four monitoring Pl P2 P3 P4

profiles for the six different

simulation groups WD 580 349 4298 3710 2943 1324
Vi=V 141 0 0 19 1205 558
Vi=15V 329 0 0 896 3279 1272
Vi=2V 586 185 1221 2749 5046 1909
Vi=3V 1105 643 4250 5926 8885 4999
Vi=4V 1495 1012 6543 7275 13,344 8378

check dam construction, the entrainment extent behind
the dams is found to be the highest, while the entrainment
extent downstream is largely reduced.

3) The model adopted here performs well in assessing the
impeding effect of check dams in Hongchun gull. As
such, it may be an effective tool to guide the construction
and assessment of check dams in debris flow gullies.
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6. CONCLUSIONS

In this thesis, we have investigated three key phenomena (frontal plowing, bed entrainment and landslide-check
dam interaction) related to flow-like landslides using three improved depth-averaged models. The following

conclusions are obtained:

In Chapter 2 (Paper 1), we proposed a new two-layer depth-averaged model for the simulation of frontal plowing.
The landslide mass and the frontal displaced mass were assumed to be two separate materials (layers), and the
governing equations for each layer were formulated according to the mass and momentum conservation principles.
The interaction between the landslide mass and the frontal displaced mass were simplified as the shear and normal
forces acting on the interface of the two layers. The two-layer model was then used to simulate the Ximiaodian
loess landslide which has obvious frontal plowing phenomenon indicating by the obvious dividing line between the
loess landslide and the terrace material. We derived that:

*  The frontal plowing process of the Ximiaodian landslide could be divided into three stages: 1) The landslide
plowed into the frontal terrace mass and pushed it forward. 2) The front part of the landslide decelerated
quickly and formed a ridge in the interactive area due to the plowing resistance, and the displaced mass
accumulated on the ridge since it moved slower than the landslide. 3) The displaced mass accelerated under
the influence of the gravity and plowing force, and moved forward quickly in a flow-like way.

*  Frontal plowing had a dominant influence on the run-out behavior of the Ximiaodian landslide and the
geomorphological characteristics of the deposit. Without considering its effect, the propagation velocity,
distance and duration of a flow-like landslide are likely to be overestimated, while the thickness of the final

deposit tends to be underestimated.
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* In comparison with the traditional one-layer models, the proposed two-layer model was shown to be more
suitable for the simulation of the frontal plowing phenomenon in flow-like landslides, and could provide more

reliable and accurate simulation results.

In Chapter 3 (Paper 2), we investigated the influence of slope gradient and gully channel on the run-out behavior of
the Verghereto rockslide-debris flow. An improved depth-averaged model was adopted to study the run-out,
entrainment, and deposition processes of this landslide. The digital elevation difference between the pre-failure
topography and the post-failure topography was obtained through field and drone survey to illustrate the
entrainment and deposition characteristics of this landslide and to validate the simulation results. The conclusions
highlighted that:

* According to field investigation, we divided the run-out process of the Verghereto landslide into three stages.
In the first stage, the landslide detached from the bed rock sliding on the relatively gentle surface in the source
zone. Then in the second stage, the landslide descended quickly in the steep slope zone next to the source zone
before slumping heavily on the low slope gradient zone, and in the meantime, the volume of the landslide
increased by entraining the loose mass on the slope and the rock mass disintegrated quickly. In the final stage,
the disintegrated rock mass converged into the gully and transformed into a debris flow, and then the flow
propagated along the gully until it stopped at the outlet of the gully.

e Our simulation results suggested that the frictional strength change produced by the solid-fluid transformation
process probably played an important role in determining the dynamic characteristics of this landslide. The
run-out behavior and depositional characteristic of the landslide could be correctly simulated when this
friction strength change of sliding mass is properly considered. The depth-averaged single-phase model

adopted in this study performed well in the simulation of the Verghereto rockslide-debris flow.
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Topography had a dominant impact on the depositional characteristic of the Verghereto landslide. In the

landslide area where the slope is relatively steep, the final digital elevation difference showed entrainment. By

contrast, in low slope gradient zones, the deposit showed accumulation and deposition. However, bed

entrainment occurred on both steep and gentle slopes.

Additionally, the existence of a gully channel on the slope could enlarge the run-out distance of the landslide.

In the potential rockslides similar to the Verghereto landslide, those with a gully on the slope may pose higher

risk to the infrastructures in the outlet of the gully (at slope toe).

In Chapter 4 (Paper 3), we proposed an improved depth-averaged model which is capable of simulating bed

entrainment and the impeding effect of check dams. In this model, the check dams were treated as rigid bodies, and

the impeding effect was imposed by adding a velocity constraint to the upstream neighboring computational cells

of the check dam cells (the computational cells occupied by check dams) when the thicknesses of flow in these

upstream cells were smaller than the height of the dam. An improved computational scheme was adopted to speed

up the simulation. The run-out process of the 2010 catastrophic Hongcuan gully debris flow was simulated by the

new model, and the effects of check dams on the dynamic and bed entrainment processes of this debris flow were

analyzed. We concluded that:

The results indicated that bed entrainment played a dominant role in the formational and run-out processes of

the Hongchun gully debris flow. Bed entrainment significantly altered the flow characters of this debris flow.

Without bed entrainment, the peak value of flow quantity would decrease gradually from the upstream of the

gully to the downstream, while the peak value would show an opposite tendency while bed entrainment was

dominating. Therefore, bed entrainment should be considered in assessing the prevention effect of check dams

to prevent inadequate design.
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e Check dams could greatly change the dynamic and bed entrainment processes of this debris flow. They
reduced the flow quantity and bed entrainment scale of the debris flow at the downstream side of the check
dam, delaying the arrival time of the debris flow at downstream.

*  Additionally, by effectively constraining the bed entrainment scale, the prevention effect of check dams tended
to be better if they were constructed at the upper part of the gully.

In Chapter 5 (Paper 4), the improved model was further applied in assessing the efficiency of the real check dams

in the Hongchun debris flow gully. We obtained the following conclusions:

*  The results showed that these check dams could perform quite well in constraining the bed entrainment
downstream of the gully.

*  The average velocity, peak discharge, and final scale of a debris flow in the gully could be substantially
reduced by constructed check dams.

*  The impeding effect would be sufficient when the initial volume of the debris flow is less than 1.5 times that

of the catastrophic debris flow event that occurred in this gully on 14 August 2010.

In summary, these improved depth-averaged models effectively enhanced the applicability of the traditional
single-phase depth-averaged models in the simulation of rapid flow-like landslides and the related phenomena like
frontal plowing, bed entrainment, and landslide-defense structure interaction. They can provide more reliable and

accurate simulation results in comparison with the original depth-averaged models.

On the other hand, the present study has several limitations which need to be addressed in the future. For instance,
although the two-layer model can depict the frontal plowing phenomenon to some extent, the current model cannot

simulate the deformation in the landslide and the plowed material. In the field, we observed obvious compression
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ridges in the terrace material. However, the two-layer model cannot reproduce this phenomenon. There are also

many difficulties associated with the modeling of bed entrainment. The physically-based model adopted in the

depth-averaged model can predict bed entrainment generally satisfactorily, but it is still very difficult to determine

the distribution of erodible mass in the field. The physically-based model is a great simplification of the real bed

entrainment process which is mechanically much more complex. Additionally, it is still an open question on how to

simulate the rheological changes caused by bed entrainment and solid-fluid transformation. In terms of simulating

the interaction process between defense structures and rapid flow-like landslides, the improved depth-averaged

model proposed in this thesis can only be used to evaluate the impeding effect of the structures, while the complex

interaction process like collision, runup and pill-up of the flow cannot be simulated by this model. To overcome the

above limitations, more advanced models may be necessary, and further investigations on the mechanisms of these

phenomena should be crucial.
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Appendix B: Derivation of the depth-averaged model

In this section I introduce the basic derivation of the depth-averaged model proposed by us in Shen
et al. (2018). The model is the foundation of the improved models in Paper 2, Paper 3 and Paper 4
presented in this thesis.

A global Cartesian coordinate system is adopted (as shown in Fig. Ala). The landslide is assumed
to have a three-layer structure, consisting of a movable sliding mass, a thin erodible sliding zone
and a fixed sliding surface (Fig. Alb). In nature, the erosion depth is limited, and the thickness of
the erodible layer should be determined by field surveying.

(a) (b)

N\ Sliding mass

Erodible sliding zone

Fixed sliding surface

Sliding surface

Profile of the landslide

X

Fig. A1. (a) Coordinate setup in the landslide zone. (b) The assumed three-layer structure profile of
the landslide.

Momentum equations

The governing equations can be deduced in a soil column. As shown in Fig. A2, the following
assumptions are made regarding the forces acting on the column: (1) The bottom of the column is
assumed to be a plane. The supporting force N is normal to the plane, and the resistance force S is
parallel to the plane and opposite to the average velocity of the soil column. (2) The parallel
resistance forces on the lateral surfaces are neglected. (3) The lateral pressure is assumed to increase
linearly with soil depth. The second assumption is similar to the shallow water condition used in
many depth-integrated models, and is reasonable because the width and length of the flow-like
landslides are usually much larger than the depth.
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Fig. A2. Forces acting on the sliding mass column (P is the lateral pressure, W is the gravity, N is
the supporting force, and S is the resistance force).

The momentum equations are deduced based on the momentum conservation of the soil column in
the x and y directions. The following derivation takes the x direction as an example; this derivation
is similar for the y direction. Based on the abovementioned assumptions, the equilibrium equation
in the x direction is given by

_ —dP, +N, —S,

a = x" % (A.1)
m

where ay is the acceleration in the x direction, dP, describes the resultants of the lateral forces in the

x direction, Ny is the projection of the supporting force N in the x direction, Sy is the projection of
the resistance force S in the x direction, and m is the mass of the soil.

Supposing that the horizontal velocities along the column are identical, then a, on the left side of Eq.
(A.1) can be written as
ov

a, = X+VX5'VX+V o, (A2)
ot ox oy

where vy and vy are the average velocities in the x and y directions, respectively.

Pressure term
The first term on the right side of Eqg. (A.1) can be written as

dP,  oh _heok
— X _ kg___4_g.____

A3
m oX 20X (&3)

where k is the lateral pressure coefficient, h is the thickness of the sliding mass, and g is the
gravitational acceleration. In Eq. (A.3), k is the function of position and time, unlike the constant
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applied in most other models. k is determined based on the state (i.e., active, static or passive state)
of the sliding mass, as suggested by Savage and Hutter (1989):

k 2
pas L — 1+, /1—cos’p (1+ tan? )—1 A4
km} Coszcoi( ‘/ d ) A9

where g is the internal friction angle, ¢, is the apparent basal friction angle, and Kpas and kac: are the
passive and active lateral pressure coefficients, respectively.

Eq. (A.4) is used by Ouyang et al. (2013) based on the assumption that the sliding mass is either in
a passive or active state, which is determined by the instantaneous strain rate of the soil. A strain-
dependent k is widely used in Lagrangian methods (Hungr and McDougall 2009) but is not easily
implemented in Eulerian methods. Therefore, k is taken as a discontinuous function of strain rate in
some Eulerian methods, possibly resulting in a significant fluctuation of the numerical solution. To
solve this problem, a modified approach is adopted here. k in the x direction is given by

N,
Kpas x
v,
[aX /gj(kpas I(0)—’_k0 —-£<—2<0
k, = N (A.5)
ko—[_X/—gj(ko—kact), 0<Zx<s
kact’ 6VX >e
OX

where kg is the static soil pressure coefficient. Eq. (A.5) suggests that when the strain rate exceeds a
threshold ||, the soil reaches either a passive state or an active state. When the strain rate is positive,
the sliding mass shows a divergent tendency, so k would be lower than ky. Otherwise, the sliding
mass would show a convergent tendency. This approach is similar to that adopted by Ouyang et al.
(2013). However, when the strain rate is lower than the threshold, instead of setting k equal to ko, a
linear interpolation method is used here. Therefore, k is a continuous function of the strain rate,
creating continuous lateral pressure. The approach mentioned above is in agreement with the fact
that the sliding mass is not always in a passive or active state but more often between these two
states.

The sign of the strain rate reflects only the (convergent or divergent) tendency of the soil mass. |¢| is
used to estimate the magnitude of the strain rate that may cause the soil column to reach a passive
or an active earth pressure state. However, it is difficult to determine the value of |¢| in an Eulerian-
based method because the strain in the soil column cannot be determined. Here, the following
equation is proposed to estimate |g|:

k

pas _kO

DAt

¢ =

(A.6)

where At is the time step and D is a dimensionless stiffness adopted in the strain-based method. In
this paper, D=200 is adopted, as suggested by Mcdougall et al. (2004). Eqg. (A.6) indicates that if the
strain rate exceeded |¢|, k could change from ko to Kpas O Kace Within one time step.

Supporting force term
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The second term on the right side of Eqg. (A.1) can be written as

Nx _ Nsx + ch

m m

(A7)

where Nsx and Ny are the projections of the static supporting force Ns and centrifugal supporting
force N¢ in the x direction, respectively. The centrifugal effect is taken into account by N.

If a sliding mass is moving on a flat surface, no additional force normal to the surface would be
produced by the sliding mass. When the surface is curved, the forces must change. An additional
force pointing in the direction normal to the surface must exist due to the basic centrifugal
movement principle. The additional force caused by the curvature is the centrifugal force, which has
not been properly considered by the former researchers.

The static supporting force N and centrifugal supporting force N are determined by
N,-F =ma, =0 (A.8)
N, =ma,, = mCv’ (A.9)

where ag, and ac, are the static and centrifugal accelerations in the direction normal to the sliding
surface, respectively, C is the curvature of the sliding surface, and v is the average velocity of the
sliding mass. According to Eq. (A.8), Nsis equal to F,, which is the projection of the resultant force
of the other external forces in the direction normal to the sliding surface.

Angle (i,i+1) :

i-1 i i+1 P i-1 i i+1

> X

Fig. A3. Schematic diagram of the estimation of the curvature of the sliding surface in the x
direction.

The curvature of the sliding surface in a specific column is interpolated by the curvature of the two
nodes of the column, as shown in Fig. A3 for the x direction. In Fig. A3, the curvature of a column
‘1’ in the x direction is assumed to be the average value of the curvature in nodes B and C, and the

value of N is assumed to be the sum of N and Ngy. Then, Eq. (A.7) can be rewritten as
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N tana
—~X=(Ag+B)—— A10
—=(Ag+B)— (A.10)

where « and S are the parameters related to the dip angle of the sliding surface in the x and y
directions, respectively (as shown in Fig. A2a), G is the geometric parameter, and A and B are
parameters related to Ns and N, respectively. The expressions of G, A and B are given by Egs.
(A.11-A.15):

G =tan’a+tan’B+1 (A.11)
A=l+(k6—h+na—k)tana+ k6—h+2% tan g (A.12)
oX 20X oy 20y
. C v, Y
oS [ Yy )+ I (A.13)
COS \ COS cos B\ cos
CX=E t, 1 (A.14)
2 Rxl Rx2
c =1{L+Lj (A15)
2(R, R,

where Ry and Ry, are the curvature radii of the nodes on either side of a column in the x direction,

as shown in Fig. A3, and Ry; and Ry, are the corresponding radii in the y direction. The sign of the
curvature radius is determined by the angle (i, i+1) as depicted in Fig. A3. If this angle is greater
than 180< the corresponding radius of curvature Ry, is negative, and vice versa. The magnitude of
the curvature radius of a node is determined by the two line segments nearby the node. For example,
the perpendicular bisector of segment BC and that of segment CD intersects at a point, and the
curvature radius at node C (Ry) is obtained by connecting this point with node C.

Resistance force term

The third term on the right side of Eq. (A.1) can be written as

S _DS (A.16)
m m
where Dy is the parameter related to the direction of velocity and is given by
Do % (A.17)

X 2 2 2
JV, +V,° +V,

where v, (v.=vitana+vytanp) is the average velocity in the z direction because the average velocity of
the sliding mass is parallel to the sliding surface.

In Eq. (A.16), S can have different formulations based on the constitutive relations adopted. The
commonly used constitutive relations in flow-like landslide simulation are the Mohr-Coulomb
criteria and the VVoellmy model. The Manning model is also widely used to simulate viscous
shallow water problems.
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The Mohr-Coulomb criteria is given by

S = Ntang, +cdxdy~/G (A.18)
where c is the cohesion of the sliding surface soil.

The Voellmy friction model is given by

2

pg(v’+v,?)

= dxdy~/G (A.19)

S = Ntang, +

where C, is the Ch&y coefficient. The second term on the right side of Eq. (19) reflects the
influence of the air drag, turbulence and all other velocity-dependent resistances.

The Manning model is given by

~ pgn’ (vx2 +vy2)

s o

dxdy+/G (A.20)

where n is Manning’s roughness.

Substituting Egs. (A.2), (A.3), (A.10), and (A.16) into Eq. (A.1), the following momentum equation
in the x direction is obtained:

av*+vx av*+vy%z—(kga—h+ghﬁj+(Ag+B)taﬂ—% (A.21)
ot X oy X 20X G m

and similarly, that in the y direction can be written as:
ov ov ov D,S
v, Ly, L =— kga—h+gnﬁ +(Ag+8)w— L (A.22)
ot ox oy oy 20y G m

Continuity equation

The continuity equation is deduced based on mass conservation within a column. The sliding mass
is assumed to be incompressible, so mass conservation can be expressed by volume conservation, as
shown in Fig. A4. Then, the continuity equation is given by

0
a—h+®+&—E:O (A.23)
ot ox oy
where E=-0Z/t is defined as the entrainment rate, the positive direction of E is the positive
direction of the z axis; Z is the relative elevation of the sliding surface and varies due to entrainment;
and Q,=vxh and Qy=vyh are flow quantities in the x and y directions, respectively.
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Fig. A4 Schematic diagram of a soil column for the derivation of the continuity equation.

Estimation of the entrainment rate E

Different methods were proposed to estimate the value of entrainment rate E. Iverson and Ouyang
(2015) published a detailed review of landslide entrainment. According to their review, in existing
models, the equations for entrainment rate E are formulated either by empirical methods or
theoretical methods. The empirical equation proposed by McDougall and Hungr (2005) is simple
and efficient and is widely used, but the equation lacks explicit dependence on boundary tractions
(Iverson and Ouyang 2015). In contrast, a theoretical equation proposed by Fraccarollo and Capart
(2002) accounts for the boundary traction and is thus more reasonable. According to Fraccarollo
and Capart (2002), the equation for entrainment rate E is given by

ot oV

E:

(A.24)

where V is the average velocity of the sliding mass, V:(vX2+vy2)1’2 is adopted in this paper, z, is the

shear stress exerted by the sliding mass on the erodible layer, and z, is the resistant shear stress of
the erodible layer. Eq. (A.24) indicates that if z, is greater than z;, entrainment will occur. The value
of E is also related to the velocity of the sliding mass V, reflecting the availability of momentum.

In summary, the governing equations are given by Egs. (A.21-A.23).

Initial and boundary conditions

A flow-like landslide usually starts from a static state. It can move only if the gravity and pressure
gradient overcome the basal resistance. Taking the x direction as an example, the starting condition
can be written as
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This initial condition should be applied in the region where the sliding mass is static.

The boundary conditions of this model can be classified into two categories, namely, the static
boundary and moving boundary. The position of the boundary between the moving sliding mass

and static sliding mass (or the dry bed) changes gradually due to the propagation of the flow-like
landslide. This boundary is the moving boundary, and the velocity of the sliding mass along this
boundary is set to zero (vx=v,=0). When a dry bed is present, the thickness should also be zero (h=0).
A static boundary, such as the wall of a container, does not move during the calculation, and the
velocity of the fluid in the direction normal to this boundary is set to zero (v,=0). Another kind of
static boundary is the zero-pressure boundary at which the lateral pressure is set to zero (i.e., h=0).

As in all depth-integrated models, the free surface boundary does not need to be determined by
other techniques such as the volume of fluid (VOF) or level-set techniques because it is determined
automatically from the calculated thickness across the sliding mass.
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