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ABSTRACT

Catastrophic debris flow, characterized as rapid, gravity-driven heterogeneous
mixtures of viscous fluid and solids, are complex in terms of material composition
and exhibit unpredictable spatiotemporal evolution. These phenomena pose one of
the greatest threats to human society due to their high flow velocity, extreme impact
force, and extensive run-out distances. Due to their complex physical nature, the
prediction, modelling, and theoretical description of debris-flow physical processes
remain acknowledged as open and multidisciplinary challenges in earth science.
This thesis addresses the major unresolved issues in the numerical analysis of debris
flows by developing and applying advanced numerical simulation methods.

Smoothed particle hydrodynamics (SPH) is widely used in hydrodynamic
problems and geotechnical engineering due to its superior ability to handle large
deformations, free surface flows, and post-failure scenarios. The discrete element
method (DEM), on the other hand, offers unparalleled insight into the discontinuous
and heterogeneous nature of granular materials. These particle type simulation
models have great potential to solve several open questions in numerical soil flow
analysis. The first major issue is the modeling of erosion, entrainment, and
deposition, which are the primary processes in debris flows. These processes exhibit
morphological changes, and phase changes from solid to fluid, and vice versa.
Erodible beds can then increase the total mass and momentum of debris. This
phenomenon is referred to as positive feedback of debris flow and can be negative
in the case of dry sediments. Positive and negative feedbacks of debris flow are
secondary major issues. By addressing the open questions in modeling debris flows,
this paper proposes a two-layer multiphase smoothed particle hydrodynamics
(TLMP-SPH) model for simulating viscous debris flows. In addition, a coupled
SPH-DCDEM scheme is also developed by combining the DEM for boulder-rich
debris flows. Finally, the application of these advanced simulation models to field-
scale disaster prediction is discussed.

In this thesis, these issues are discussed in detail and appropriately addressed.



The contents of this study are organized as follows:

Chapter 1 presents the background, scope, and objectives of the study, along
with an outline of the thesis organization. It details the classification and triggers of
debris flows and emphasizes the threats posed by debris flows and the associated
disaster chains. Additionally, it briefly discusses the methodologies available for
analyzing these disasters.

Chapter 2 offers a detailed review of debris-flow prediction and numerical
simulation methods. It then concentrates on the research frontiers, engineering
application, and existing issues of SPH and DEM. Furthermore, it introduces the
fundamental theories of the SPH and SPH-DEM coupled methods utilized in this
study.

Chapter 3 develops a Two-Layer, Multi-Phase SPH (TLMP-SPH) model to
simulate the rheological characteristics and dynamic processes of viscous debris
flows, including erosion, entrainment, and deposition. It begins with a
comprehensive introduction to various rheological models of debris flows and their
implementation in the SPH scheme. The Herschel-Bulkley-Papanastasiou (HBP)
rheological model is integrated with different yield criteria to capture complex
processes such as erosion and entrainment. To ensure stable phase transitions on
steep terrains, a specific phase transition model is developed. Finally, several
numerical tests are conducted for verification. This study offers an innovative
paradigm based on multiphase flow particle modeling, potentially informing better
analysis and prediction.

Chapter 4 pioneers a hydro-poro-mechanics-based pore water pressure
algorithm embedded within the TLMP-SPH scheme to simulate the pore pressure
response and flow momentum growth of debris flows on beds with varying wetness.
To address scale effects, this method is rigorously tested and validated through a
series of large-scale flume experiments conducted by the United States Geological
Survey (USGS). The findings reveal that the model proficiently captures and
replicates the intricate dynamics of flow momentum growth, reflected in erosion-
induced variations in volume and mobility. Our methodology establishes a

definitive link between volumetric water content and pore pressure response,
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further emphasizing its ability to characterize levee-channel and deposition
morphology. This study represents the first attempt to model debris flow on beds of
varying wetness from a particulate perspective.

Chapter 5 constructs a two-way resolved SPH-DCDEM coupling scheme for
dynamic simulation of boulder-rich debris flows. In this approach, fine-grained
materials and viscous fluid are generalized to a viscoplastic flow following the HBP
non-Newtonian flow dynamics. The DCDEM represents irregular boulders with
much larger particle scales, explicitly defining the interaction forces between fluid
and solids, and among solid particles. Similarly, numerical tests on the collapse of
multi-layered aluminum columns and debris-flow impacting on varying sloping bed
are conducted. The results indicate the capability of the applied approach in both
solid-solid and solid-fluid systems.

Chapter 6 extends the proposed method to field-scale hazard prediction,
applying it to real-world cases, including the 2010 Yohutagawa debris-flow event
in Japan and the 2010 Hongchun Gully debris-flow event in China. The first
example is simulated using TLMP-SPH for the viscous-type debris flow, while the
second simulation utilizes the two-way resolved SPH-DCDEM. These simulation
results successfully reproduce the dynamic processes of both events, particularly
depicting the deposition morphology on the alluvial fan. By adjusting the water
content of the bed sediment, the entrainment volume in the Yohutagawa event is
calibrated. This study demonstrates the potential of the proposed TLMP-SPH
multiphase flow model for practical engineering applications.

Chapter 7 summarizes the conclusions of the study and proposes

recommendations for future research.
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CHAPTER

INTRODUCTION

1.1. BACKGROUND

The term “debris flow” embraces a large variety of phenomena, including
“debris slides”, “debris torrents”, “debris floods”, “mudflows”, “mudslides”, “mud
spates”, “lahar flow”, “debris avalanche” and “Yama-tsunami” (Pierson and Costa
1987; Iverson et al. 1997; Takahashi 2007; Han 2015). As rapid, gravity-driven
heterogeneous mixtures of viscous fluid and solids (Iverson et al. 2010; Pudasaini
and Fischer 2020), debris flows are distinct from related events such as rock
avalanches, turbidity currents, and sediment-laden water floods based on two
fundamental characteristics: (i) both solid and fluid forces strongly influence the
motion, and the momentum transfer between each phase synergistically sustain the
type of motion (Iverson et al. 1997; Takahashi 2007), and (ii) they exhibit poor
sortability with a variety of material compositions. As depicted in Figure 1.1,
geophysical flows are characterized by their multiscale nature (rock, debris, mud,
water, snow, and ice), and multiphase composition (solid, fluid, air) (Pudasaini and
Mergili 2019); however, a genuine multi-phase model capable of quantifying and
modeling those hazardous phenomena is still lacking. On one hand, such unsteady
and inhomogeneous flows, complex in their spatiotemporal evolution, are difficult
to reproduce in the laboratory due to heterogeneity and scale effects (Iverson et al.
2010; Mangeney et al. 2010; Iverson et al. 2011; Iverson 2015; Haas and Woerkom
2016; Delannay et al. 2017). On the other hand, because the nonlinear coupling and



feedback mechanisms of erosion, deposition, and phase transition remain poorly
understood, the evolving volume, run-out extent, and impact force of these flows

are often largely underestimated (Pudasaini and Krautblatter 2021).
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Figure 1.1 Various gravity-driven geophysical flow disasters and their material

compositions.

1.1.1. CATASTROPHIC DEBRIS FLOWS IN RECENT DECADES

Debris flows are among the most hazardous geophysical phenomena, posing
substantial threat to human society due to their rapid flow velocity, extreme impact
force, and extensive run-out distances (Hiirlimann et al. 2019; Ma et al. 2023). Such
events transpire in partial or complete liquefaction beds prone to erosion, play a
significant role in the global sediment cycle (Syvitski et al. 2022) and landscape
evolution (Stock and Dietrich 2003; Berger et al. 2011b; Iverson et al. 2011; Perron

2017). Given the increased landscape exploitation and climate instability, along



with a recent estimate that about 8.2% of the global population live in landslide-
prone regions (Jia et al. 2021), an escalation in debris-flow disasters is anticipated

(Gariano and Guzzetti 2016; Mondini et al. 2023).
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Figure 1.2 Statistics on debris flow disasters in China over the past decade

(Source: Ministry of Natural Resources, PRC, www.mnr.gov.cn).

Over the last two decades, debris flow and process chains have caused more
than 700 billion yen in damage and 525 fatalities in Japan (Shinohara and Kume
2022). In China, 6,370 catastrophic debris flow events were reported from 2013 to
2023, accounting for 5 to 10 percent of all geological disasters each year, as detailed
in Figure 1.2. Many hazardous debris-flow events, which have resulted in
catastrophic and economic losses, have been reported in recent decades. For
instance, a recent study (Zhang and Zhang 2017) indicates that in the Wenchuan
earthquake-affected area, the volume of active landslides has decreased by over 70%
in recent years. However, debris flow frequency fluctuated with rainfall, causing
several major events. Notable examples include the September 2008 event in
Beichuan (Tang et al. 2009; Zhang and Zhang 2017), the August 2010 events in
Yingxiu (Figure 1.3a), Dujiangyan, and Qingping (Tang et al. 2012; Xu et al. 2012;
Yu et al. 2013), and the August 2019 event in Wenchuan (Chen et al. 2021; Xiong
et al. 2021). These events have become a persistent threat in active fault regions
after earthquakes, with debris-flow activity potentially lasting up to 30 years before
returning to pre-earthquake levels (Cui et al. 2011; Yang et al. 2023). Another recent



event (Figure 1.3b) occurred in Atami, Japan, causing 27 deaths and destroying 136
buildings (Zhang et al. 2022). Additionally, the 2024 Noto Peninsula earthquake
induced at least 281 landslides that cut off roads and isolated villages, greatly

increasing the number of casualties (Gomez 2024).

1 , <
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Figure 1.3 (a) Image of the 2010 Yingxiu debris-flow event in China. Modified
from Ma et al. (2023). (b) Image of the 2021 Atami debris-flow event, data from

www.straitstimes.com/global.

As the world population and urbanization continue to increase, the overall
impacts of debris flows are expanding on a global scale. As of 2011, a total of 230
events with 77,779 fatalities have been recorded (Dowling and Santi 2014), and

susceptibility to such events is still increasing (Kurilla and Fubelli 2022). To sum



up, the potential threat of debris flows and their associated hazard chain processes
will persist, underscoring the urgent need for more comprehensive research into
their dynamic mechanisms, prevention and control measures, and predictive

modeling techniques.

1.1.2. TYPES OF DEBRIS FLOW AND TRIGGERING FACTORS

Debris flows typically consist of a heterogeneous mixture of fine particles
(clay, silt, and sand) and coarse materials (gravel, cobbles, and boulders) with
varying amounts of pore fluid (Winter et al. 2005; Pudasaini and Mergili 2019).
Various classifications of debris flows have been proposed. Among these schemes,
the one proposed by Takahashi (2007) is widely recognized, who developed a
classification scheme and existence criteria for debris flows in a broader sense based
on the concentration of coarse particles, distinguishing between: (i) the quasi-static
debris flow, where Coulomb friction stress dominates, and (i1) dynamic debris flows.
Further, dynamic debris flows can be sub-classified into “stony-type”, “turbulent-
muddy-type”, and “viscous-type” based on the dominant stresses, as illustrated in
Figure 1.4. These three flow regimes are dominated by particle collision stress,
turbulent mixing stress, and viscoplastic stress, respectively. The more general case
corresponds to a “hybrid-type” where these three stresses combine to form the total
inner shearing stress. When the concentration exceeds the threshold value of 0.50,
as recommended by Campbell (1990)), the quasi-static Coulomb stress becomes
dominant, causing the flow to transition into quasi-static motion. Considering that
both collision and turbulent stress are caused by inertial motion, Takahashi (2009)
further included the stony, hybrid, and turbulent-muddy debris flows under the
category of “inertial debris flow”, where inertial stress dominates the flow
dynamics and the Bagnold number (Bagnold 1954) is large. By contrast, the
viscous-type contain large amounts clay or mud slurry, which occur in areas with a
low Reynolds number is defined as “hyper-concentrated flow” (Pierson 1980;
Major and Pierson 1992), with plastic strength resulting from interstitial viscous
fluid. For each specific type of debris flow, different rheological models typically

adopt one of the two aforementioned mechanisms.
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Figure 1.4 Classification of debris-flow types based on concentration of coarse

particle and dominant stresses, modified from Takahashi (2007).

Based on the topographic and geological characteristics of occurrence
locations, Winter et al. (2005) distinguished between two forms of debris flows:
hillslope (open-slope) debris flows and channelized debris flows. The former
primarily occurs on hillsides or steep slopes, forming sheet tracks or merging into
existing ditches (Cruden 1996). These flows may move rapidly and are often
accompanied by large amounts of soil, rock, and vegetation; however, their flow
paths are usually shorter. In contrast, the flow dynamics of channelized type follow
the topographic features and therefore more directly affected by the morphology of
the valley or gully. These flows are characterized by higher density and erosivity,
exhibiting enhanced mobility (Berger et al. 2011a).

Classifications based on triggering factors and occurrence processes offer an
alternative perspective. It is widely recognized that gravitational flows are closely
related to climatic, volcanic, and seismic activities, thereby serving as proxies for
the temporal changes in these activities (Hibert et al. 2011; Hibert et al. 2014;
Delannay et al. 2017). Consequently, these risks are particularly pronounced in
scenarios involving geologically active and climate-driven activities, which include,
but are not limited to, post-seismic collapses (e.g., Tang et al. 2011b; Tang et al.
2012; Kawamura et al. 2019; Gomez 2024), high-intensity rainfall (e.g., Tang et al.
2011b; Lee et al. 2021; Zhang et al. 2022), dam breaching or lake failure (e.g.,
Clague et al. 1985; Li et al. 2011; Chen et al. 2022), volcanic eruption (e.g., Scott
etal. 1996; Cas et al. 2011; Lube et al. 2020), post-wildfire (e.g., Jakob et al. 2005a;
Cannon and DeGraff 2009; Raymond et al. 2020), and accelerated snowmelt (e.g.,



Walter et al. 2020; Chiarle et al. 2021).

Table 1.1 Summary of the triggering factors for debris flow initiation.

Types Preparatory factors Direct triggering factors

Pore water pressure, poor )
Groundwater washing, pore water
Internal ~ drainage, weak jointed rocks,
‘ pressure, permeability of soils,
causes low vegetation cover, slope
freezing and snowmelt,
ripening and soil development

Land use and construction
o _ ' Earthquakes and tremors,
activities, weathering (physical
External landslides, shocks and vibrations,
or chemical), surface run-off
causes ‘ . rainfall and storm, wildfire, dam
flow, steep terrain, superficial
. collapse,
deposits, rock mass source

Fundamentally, Landslides occur when gravitational force surpasses the
strength of the soil and rock that forming the slopes (Winter et al. 2005). Relatively,
as landslides transition into debris flows, this change occurs gradually, with the key
distinction lying in the effects of pore water, which imparts fluid-like deformation
to debris flows and enables even boulder-rich debris to move through winding
channels, over gentle slopes, and around obstacles (Iverson et al. 1997). Based on
the duration and operation pattern (internal or external causes) of triggering factors,
Winter et al. (2005) categorized the causes of debris flows into two types: (i)
preparatory factors, which make the slope increasingly susceptible to failure
without actually initiating it, and (i1) direct triggering factors, which initiate
movement, as detailed in Table 1.1. This research focuses on the propagation phase
and numerical analysis, while the study of initiation mechanisms is another crucial

problem at the heart of geophysical studies that would require a paper in itself.

1.1.3. MULTI-HAZARD CHAINS INDUCED BY DEBRIS FLOWS

The typical “earthquake-landslide-debris flow disaster chain” has received

widespread attention because multi-hazard chains often lead to more serious



damage and losses than single events (Delmonaco et al. 2006; Tarvainen et al. 2006;
Marzocchi et al. 2009; Zhu et al. 2021; Zheng et al. 2023a). As illustrated in Figure
1.5, debris flows and their subsequent hazards can occur as part of a sequence
triggered by earthquakes or independently, such as from a typhoon storm. The direct
risks of single events are evident, including extensive run-out extent (high mobility),
erosion-induced excessive volume, and significant impact force. While previous
studies have primarily focused on individual hazards, a systematic study on the
chain process is still lacking. Recently, some progress has been made in
understanding co-seismic landslides and their subsequent cascade effects (e.g., Ma
and Xu 2019; Han et al. 2021a; Zhou et al. 2022). However, predicting and
modeling multi-hazard chains induced by debris flows remains a significant
challenge due to the nonlinear coupling processes among landslides, debris flows,
erodible beds, dams, dammed lakes, and even dam-breach floods (Zhu et al. 2021).
These secondary hazards can substantially amplify the damage, involving the
interaction of multiple physical fields, such as fluid dynamics, solid mechanics, and

thermodynamics.
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Figure 1.5 Schematic of debris-flow disaster chains in mountain regions.



In recent years, improvements in the seismic capacity of housing have made
casualties due to building collapses virtually non-existent (Bilham 2009). However,
post-earthquake and heavy rainfall-induced debris flows, and their secondary
hazards are still catastrophic. As aforementioned, seismic events loosen the soil
mass on slopes resulting in a considerable amount of unstable material on steep
slopes in the catchment (Ma et al. 2023). In the five years since the Wenchuan
earthquake, more than 500 debris flows have occurred (Guo et al. 2016). In these
cases, landslide (or debris) dams and their associated outburst floods often form in
succession. For example, in the 2010 Zhouqu incident, debris flows truncated two
rivers and formed a dammed lake, ultimately causing a horrific tragedy in which
1,557 people died (Tang et al. 2011a). In summary, the analysis and modeling of
debris flow disasters should not only focus on the individual event but also consider
the geological conditions, topography, sedimentary beds, and other factors
throughout the watershed. The numerical modeling and analysis theory presented

in this paper is formally based on this foundation.

1.2. KEY ISSUES AND EXISTED PROBLEM

As previously noted, the mobility and disruptive of debris flows are associated
with erosion-induced excessive volume, material properties, and topography
(Pudasaini and Krautblatter 2021). They are characterized by enormous impact
force, exceptional travel distance, and extensive inundation area. Accordingly,
estimating key parameters of the flow dynamics, including flow volume, velocity,
flow depth, travel distance, and impact area, is crucial for assessing debris-flow
hazards, designing protective structures, and implementing mitigation measures
(Rickenmann 1999; Dowling and Santi 2014; De Haas et al. 2020). Moreover, the
material properties of debris flows, including grain sorting, density, and moisture
content, significantly affect their rheological behavior and dynamic characteristics,
ultimately altering their depositional patterns (Takahashi 2007; Iverson et al. 2010;
Delannay et al. 2017; Pudasaini and Mergili 2019; Zheng et al. 2021). Table 1.2
summarizes these parameters and presents their influence on debris-flow magnitude,

mobility, and destructive potential.



Table 1.2 Summary of the critical parameters for debris-flows prevention and

mitigation, refer from Hungr et al. (1999), Han (2015), and Wong et al. (2018).

Key parameters Manner of influence
Volume (V) Represent debris-flow magnitude
Velocity (v) Determine potential momentum
Flow Flow depth (%) Influence erosivity and impact force
dynamics
Travel distance (L) Indicate impact area
Impact force (F) Determine potential damage
Grain size distribution Influence flow dynamics
Density (p)
Viscosity (¢)
Material Water content () Influence sediment strength and flow
properties  Porosity (n) mobility
Shear strength
Cohesion (c)
Internal friction angle (¢)
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Figure 1.6 Schematic of the dynamic process and behaviors of debris flow.

To investigate the time-space variation of these key parameters during debris-
flow moving, the dynamic behaviors, including initiation, erosion, entrainment, and
deposition process, along with their underlying mechanisms and interrelationships,
should be rigorously scrutinized (Figure 1.6). It should be noted that, although the
terms “‘erosion” and “‘entrainment” are used interchangeably in much of the

historical literature (e.g., Pierson 1980; Stock and Dietrich 2003; Mangeney et al.
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2010; Berger et al. 2011a; Iverson et al. 2011; Haas and Woerkom 2016), recent
studies distinguish between these two distinct processes based on their objects of
action, sequential order, and energy balance (Pudasaini and Krautblatter 2021).
Specifically, erosion is the process by which overlying flow (water and suspended
particles) cuts and removes surface materials (e.g., soil, rock, and plant).
Entrainment, on the other hand, refers to the incorporation of these eroded materials
into the debris flow mixture. In addition, the term “scour” is frequently used in a
similar context (e.g., Theule et al. 2015; Haas and Woerkom 2016; Zheng et al.
2023b), and is considered a specific type of erosion, though it is more commonly
associated with river engineering involving pure water or minimal sediment. Based
on the geotechnical framework of Schofield and Wroth (1968), McCave (2006)
identified four distinct modes of erosion: entrainment, floc erosion, surface erosion,
and mass erosion. This categorization was similarly used by Jacobs et al. (2011)
and Winterwerp et al. (2012), differentiating erosion patterns based on the
contributions of turbulent water movement and dynamic pressure to bed failure. In
this sense, floc erosion occurs when flow-induced peak bed shear stresses dislodge
individual flocs from the bed surface. Surface erosion corresponds to the drained
bed-failure process, which occurs when the mean bed shear stress exceeds the mean
erosion threshold. In contrast, mass erosion, also referred to as entrainment by
Winterwerp et al. (2012), is an undrained process during which bed external stress
greatly exceeds the local shear strengthen resulting from pore water pressure
gradients. Both surface and mass erosion can be defined as mass failures (Takahashi
2007; McCoy et al. 2012) entrained along the bed sediment interface. On this basis,
Haas and Woerkom (2016) examined the various factors influencing erosion
patterns, such as channel slope, flow velocity, flow depth, discharge, material
composition, and shear stress. Their experiments observed variations in spatial bed
scour patterns, with bed particles being entrained both grain by grain (i.e.,
progressive scour, as illustrated in Figure 1.7a and en masse. In most instances, the
failure of bed sediments during passage of the flow front is considered to follow a
progressive slab-by-slab manner, also defined as mass movement or progressive

entrainment (Iverson et al. 2011; Iverson 2012; McCoy et al. 2012; Iverson 2015;
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Zheng et al. 2021), as depicted in Figure 1.7b. The erosion front progresses from
the flow-bed interface downward through a series of failures, each with thicknesses
of many particle sizes but with depths smaller than the total sediment thickness

(McCoy et al. 2012; Haas and Woerkom 2016; Zheng et al. 2023b).
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Figure 1.7 Illustration of the erosion mode in debris flow. (a) Progressive grain-
by-grain scour pattern; (b) mass failure follows a slab-by-slab manner. Modified

from Zheng et al. (2023Db).

As described in Chapter 1.1.2, frequent interparticle contact dominates the
friction behavior of debris flow in typical geographical contexts, a feature referred
to as the grain-inertia regime (Bagnold 1954; Armanini et al. 2009). In this thesis,
the processes of erosion and entrainment are defined and studied separately. Erosion
encompasses scouring, surface erosion, and mass erosion, implying interaction
between the overlying flow and the erodible bed sediment. Initiation processes,
including how a landslide evolves into a debris flow, are not the focus of here. The
key processes of debris-flow dynamic behaviors are listed as follows:

- Initiation: refers to the process in which materials such as soil, rock, and
water transition from a stationary state to a flowing state under specific conditions
(Iverson 1997).

- Erosion: refers to the process in which debris flows, through the physical
action of overlying fluids and particles, cut and remove materials from the surface
or bed sediment during flow (Stock and Dietrich 2003).

- Entrainment: refers to the process in which debris flows incorporate eroded
particles into the fluid and move them along with the flow (Major and Pierson 1992).

- Deposition: refers to the process in which particulate matter in debris flows

12



separates from the fluid and deposits onto the surface when the flow stops or slows
down (Takahashi 1981).

Another critical problem in debris-flow dynamics is deposition. The
deposition process occurs as the gravitational driving force decreases with the
reduction in slope and base friction increases, leading to a gradual deceleration and
cessation of the mass flow. In simpler terms, deposition arises from the external
shear resistance exerted by the basal boundary (Gassen and Cruden 1989; Iverson
2012). Numerous studies have corroborated that mechanical deposition is the
reverse process of erosion (McDougall and Hungr 2005; Iverson 2012; Pudasaini
and Fischer 2020). However, the physical description of this inverse process has
been debated due to the explosively sputtering response, also known as the
rocketing effect (Pudasaini and Fischer 2020), observed in some cases (e.g., Issler
2014). A pivotal recent study (Pudasaini and Fischer 2020) showed that deposition
begins not when the sliding mass starts to decelerate, but as soon as the bed's
frictional resistance exceeds that of the flowing materials During erosion, the flow
gains mass, whereas during deposition, the basal substrate gains mass. The
deposited material becomes denser, grains interlock, and effective friction rises as
the mass transitions from a dynamic to a static state (Pudasaini and Hutter 2007).
Moreover, gravitational force is reduced during the transition and run-out phases.
All these factors collectively contribute to the deceleration and eventual deposition
of mass flows. These deposited materials also alter the terrain and ultimately
become part of the substrate, participating in subsequent gravity flow activities.

Deposition typically occurs unevenly due to variations in flow properties and
topographical effects, which cause some materials to halt while others continue
moving (Delannay et al. 2017). Consequently, the deposition area may contain
channels and levees. It is widely accepted that polydispersity-related segregation
processes greatly impact the depositional morphology of geophysical flows (e.g.,
Félix and Thomas 2004; Johnson et al. 2012; Kokelaar et al. 2014). Typical
examples include the levee-channel morphology of self-channeling flows (e.g.,
Mangeney et al. 2007; Iverson et al. 2010; Johnson et al. 2012) and the dewatering
of alluvial fans (e.g., Pastor et al. 2023).
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In general, the propagation phase, including erosion, entrainment, and
deposition, is a dominant and complex mechanical processes that is still poorly
understood in debris flows (Pudasaini and Fischer 2020; Pudasaini and Krautblatter
2021). This problem can be explained in part by two key issues, (i) flow-momentum
growth and feedback effects of debris flows are unclear and hard to quantify when
bed sediments are overridden and progressive entrained; (ii) multi-phase modelling
of debris-flows dynamics, including viscous fluid and large boulders, remains

absent.

1.2.1. KEY ISSUE 1: FLOW-MOMENTUM GROWTH AND FEEDBACK EFFECT OF THE

UNDERLYING BED SEDIMENT ON THE EROSION PROCESS

The concept of flow-momentum growth and transmit in debris flows was first
defined in Iverson (1997) and further emphasized by Iverson et al. (2011),
highlighting the critical impact of volumetric water content in erodible bed. This
concept encompasses the combined spatiotemporal effects of change in (i) flow
mass (volume) and (ii) flow velocity resulting from the interactions between the
intrusive flow and the underlying basal or bed sediment. Field and laboratory
studies consistently indicate that erosion, entrainment, and deposition processes
(EEDPs), associated with the flow-substrate feedback effects, greatly influence the
flow depth and velocity (Zheng et al. 2021), in turn, determine the mobility of debris
flows and the topography of valleys (Mangeney et al. 2010; Berger et al. 2011a;
Iverson et al. 2011; Gregoretti et al. 2019; Vicari et al. 2022a). In certain cases,
erosive debris flows exhibit significantly higher mobility and considerable volume
amplification. Conversely, other instances show a reduction in mobility, with little
to no increase in volume, or potentially even a decrease. The extent of this effect
depends on whether the bed deposits facilitate or impede the overall movement of
the debris flow. We refer to the former as “positive feedback™ and the latter as
“negative feedback”. Iverson et al. (2011) first observed the feedback effects of
debris flows on beds with varying configurations during typical full-scale

entrainment experiments, as depicted in Figure 1.8.
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Figure 1.8 Photographs of the USGS debris-flow flume experiment. (a) Debris

flow on a dry erodible bed; (b) debris flow on a wet erodible bed. Figures
modified from Logan and Iverson (2007).

Despite considerable efforts (e.g., Iverson 1997; Iverson et al. 2011; Haas and
Woerkom 2016; Pudasaini and Krautblatter 2021; Zheng et al. 2021) to explain the
mechanisms of EEDPs in the recent decades, research on momentum growth and
feedback effects of debris flow remains absent, and most previous studies have
focused on a single aspect, such as erosion-induced excessive volume or mobility
variation. On one hand, the magnitude and destructive potential of debris flows can
increase dramatically by side collapse and entraining bed materials as they traverse
steep slopes and channels (Jakob et al. 2005¢c; Iverson et al. 2011; Haas and
Woerkom 2016; Pudasaini and Krautblatter 2021). For instance, a typical debris-
flow event occurred in Hunnedalen, Norway, on June 2, 2016, following intense
rainfall, which initially measured about 2,000 m?* but grew to 20,000 m* due to
entrainment, ultimately burying a regional road (Vicari et al. 2021). On the other
hand, the erosion and entrainment process, in turn, impact the deposition pattern
and run-out extent. As previously noted, these dynamic processes are not separate
but may occur simultaneously and mutually influence each other. The quantification

of these processes is based on key parameters such as flow velocity, volume, and
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flow depth. Changes in flow momentum and feedbacks, which integrate variations

in these parameters, are defined and measured in detail in the following sections.

1.2.2. KEY ISSUE 2: MULTI-PHASED MODELLING OF DEBRIS FLOWS: VISCOUS-

TYPE AND VISCOUS-STONY-TYPE

One of the significant characteristics that distinguishes debris flows from other
gravity-driven mass flows is their dual nature, exhibiting attributes of both solids
and fluids. Their rheological features and flow behaviors vary depending on the
material composition, particularly the percentage of coarse grains (Takahashi 2007,
Takahashi 2009). As shown in Figure 1.4, coarse particle content is a crucial factor
in classifying debris flow types. By contrast, the interstitial fluid provides high
fluidity, enabling the transport of large boulders. Such cases are extensively
documented in the literatures (e.g., Larsen et al. 2006; Suwa et al. 2009; Pierson
2020; Wang et al. 2022). This thesis focuses on the two most common types of
debris flow in mountainous areas: viscous-type and viscous-stony type (referred to
herein as hybrid type). Turbulent-muddy-type debris flows contain a large amount
of water, silt, clay, and mud, which gives them both the high viscosity of viscous
debris flows and a significant turbulent characteristic due to the high-water content.
Therefore, they are more similar to sediment-laden floods in river engineering and
are beyond the scope of this thesis.

Viscous-type debris flows primarily consist of fine-grained materials (such as
clay, silt, and fine sand) and water, with their fluid behavior and rheological
characteristics mainly influenced by viscous forces (Major and Pierson 1992;
Iverson 1997; Parsons et al. 2001). Due to their relatively homogeneous and
uniform material composition, they are often described using continuum models,
and previous studies have mostly been based on the single-phase flow paradigm.
As the water content increases, these debris flows can potentially transform into
flood disasters containing a large amount of sediment. The debris flows in the
Jiangjia Gully, China, are renowned examples of viscous-type (Jakob et al. 2005b).
Other typical examples can be found in Hiibl and Steinwendtner (2001) and Wang

et al. (2005). Moreover, there is another type of debris flow composed of a mixture
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of water and non-cohesive particles (Armanini et al. 2009). Although it contains
some solid particles, these grains are generally small in size and relatively well-
sorted. In this paper, they will be collectively referred to as viscous-type debris
flows. Despite extensive studies in the past decades focusing on single-phase and
single-layer models, there is an urgent need for a model that comprehensively
considers the interactions between the overlying debris flow and the underlying
sedimentary bed, as mentioned above, to more accurately understand their physical
mechanisms and design prevention measures. This topic will be elaborated upon in
Chapter 3 and 4.

The viscous-stony (hybrid) debris flow is a complex type that combines the
characteristics of both viscous and stony flows, we can also regard this as a scenario
of a viscous debris flow carrying large boulders. Its material composition includes
coarse particles such as gravel, stones, and boulders, in addition to the fine materials
found in viscous debris flows. These components enhance the non-Newtonian
properties of the flow, affecting its overall dynamic behavior and significantly
increasing its potential for destructiveness (Si et al. 2022; Wang et al. 2022; Yu et
al. 2023). As such, the analysis of the physical mechanisms, numerical modeling,
and disaster prediction of this type of debris flow has always been a huge challenge
in the field of geophysical flows (Delannay et al. 2017). For purely stony-type,
particle collision stress plays a leading role, and previous studies have mostly used
discrete medium models to describe their dynamic behaviors. However, modeling
and predicting the spatiotemporal evolution of hybrid type debris flows are quite
difficult due to their multi-phase, multi-scale, and multi-physical nature, involving
inhomogeneous and unsteady flows (Iverson 2015; Delannay et al. 2017; Pudasaini
and Mergili 2019; Pudasaini and Fischer 2020). On one hand, the diversity in
material composition makes it impossible to simplify the modeling to a single
continuous or discrete medium model. It is necessary to consider a coupled model
that includes water, clay, silt, and other continuous media, as well as irregular coarse
particles. On the other hand, multi-phase flow also means that processes related to
phase transition need to be rigorously validated and consistently implemented. The

aforementioned factors make the modeling of strongly coupled multi-scale multi-
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phase flows extremely challenging. The interactions between multi-scale particles,
as well as the contact and interactions between particles and boundaries, require
enormous computational resources. This disadvantage is exponentially magnified
in a three-dimensional computational framework. Therefore, in Chapter 5, we will

attempt to develop a solution that balances efficiency and computational accuracy.

1.3. METHODOLOGIES FOR ANALYZING DEBRIS FLOWS

The study of debris flows dates back to the early 20th century (Johnson 1984;
Iverson 1997; Takahashi 2007). With the deepening research into natural disasters
and geological phenomena, the methods and theories for studying debris flows have
become increasingly refined. The main categories are as follows:

- Field Observations and Surveys: Field observations are crucial for
determining initial and final conditions of geophysical flows, including the volume
and nature of materials involved, type and duration of mass release, triggering
processes, and deposit morphology. They also provide insights into material
properties, boundary conditions such as the nature of the ambient fluid, underlying
topography, and substrate type, and help elucidate the mechanisms that govern the
dynamics and deposition of these flows (Delannay et al. 2017).

Field monitoring can be conducted in real-time by installing monitoring
equipment (such as seismometers, rain gauges, and ground-based radar) to track the
occurrence, flow, and deposition processes of debris flows. Some typical examples
of field research studies can be found in Larsen et al. (2006), Suwa et al. (2009),
Berger et al. (2011a), Hibert et al. (2011), Tang et al. (2011a), Tang et al. (2011b),
Kawamura et al. (2019) and Walter et al. (2020). This technology is also commonly
used in large-scale model experiments to obtain disaster data that closely
approximates field conditions, as illustrated in Figure 1.9. Furthermore, remote
sensing technologies such as satellite imagery (e.g., Tofani et al. 2013), drones (e.g.,
Niethammer et al. 2012), and LiDAR (Light Detection and Ranging) (e.g., Martha
et al. 2010) have gradually become important supplementary techniques in recent
field investigation studies for large-scale debris flow monitoring and terrain

analysis. Satellite imagery provides wide-area, multispectral, long-term data,
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drones offer high-resolution and flexible on-site observations, and LiDAR delivers
high-precision, three-dimensional terrain data. The combination of these three
technologies can significantly enhance the depth and breadth of debris flow
monitoring, providing scientific basis and technical support for disaster prevention
and mitigation (Huang and Fan 2013).
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from Iverson et al. (2010) and Iverson et al. (2011). (b) Cross section of the flume

and instrumentation layout, modified from Vicari et al. (2022a).

Despite this, they still face several significant limitations. These include
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limited coverage, high time and labor costs, substantial safety risks, data accuracy
and consistency issues due to varying methods, difficulties in real-time monitoring,
environmental factors interfering with observations, equipment limitations under
extreme conditions, and the complexity of data processing and analysis. In details,
field measurement of the evolving basal boundaries is arduous and resource-
intensive, as erosion tracks are often obscured by subsequent flows (Mangeney
2011).

- Laboratory Experiments: Laboratory experiments on debris flows can be
categorized based on their test objectives into three types: physical model tests,
material property tests, and rheological experiments (Huang and Fan 2013). These
correspond to the study of debris flow dynamics, the physical and mechanical
properties of materials, and rheological characteristics, respectively. While based
on size, they can be further divided into small-scale and large-scale experiments.
Small-scale experiments have low costs, short durations, and allow for easy control
of variables and repeatability. However, they are affected by scale effects and
simplified configurations (Iverson et al. 2010; Mangeney et al. 2010; Iverson et al.
2011; Iverson 2015; Haas and Woerkom 2016; Delannay et al. 2017). As a typical
heterogeneous multiphase flow, field-scale test facilities are essential to address
scaling issues related to pore pressure diffusion in water-laden debris flows (Vicari
et al. 2022a). Large-scale flume experiments, on the other hand, can obtain higher
precision and resolution data, closely resembling actual debris flow behavior with
minimal scale effects. However, they often exhibit more violent behavior, are costly,
and have lower repeatability (Iverson et al. 2011; Johnson et al. 2012; Iverson 2015;
Vicari et al. 2022a).

- Theoretical Analysis: Theoretical analysis involves applying fundamental
physical, mathematical, and geomechanical principles to model and analyze debris
flows. This analysis can be broadly categorized into several aspects: In fluid
dynamics, the Navier-Stokes (NS) equations are solved under appropriate boundary
and initial conditions to simulate flow behavior. Alternatively, simplifications such
as the shallow water equations (SWEs) are employed for thin, spread-out flows. In

geomechanics, analysis is commonly conducted for flow dynamics by applying
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stress-strain relationships to model the deformation and failure of debris material
(Jakob et al. 2005¢). Stability is analyzed using limit equilibrium methods to predict
potential failure surfaces, providing insight into the conditions leading to the
initiation of debris flows. This helps in understanding material strength and failure
mechanisms. Furthermore, the flow behaviors of mixture flows are studied by
developing constitutive models to describe the relationship between stress and
strain rate, which can capture complex flow behaviors such as shear thinning or
thickening (Han et al. 2019). However, theoretical models often rely on
simplifications that may not fully capture real-world complexities. Additionally,
complex theoretical models can be computationally demanding.

To sum up, theoretical analysis is a powerful tool in debris flow research,
offering insights into the fundamental mechanics, material properties, and dynamic
behaviors of debris flows. Despite its limitations, when combined with numerical,
experimental and observational data, it provides a comprehensive approach to
understanding and mitigating debris flow hazards.
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Figure 1.10 Illustration of the basic concept of the Cellular Automaton (CA)
Model. Figure from Ma et al. (2023).

- Statistical and Probabilistic Analysis: This class of methods can be
subdivided into Frequency analysis, probabilistic-based methods, and data-driven

methods. Frequency analysis involves using historical data and field observations
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to statistically determine the occurrence frequency and distribution characteristics
of debris flows. This method is typically combined with GIS (Geographic
Information System) technology to analyze and predict disaster-prone areas by
collecting extensive climate, geological, and hydrological data (e.g., Di et al. 2008;
Chen and Yu 2011; Cavalli et al. 2017). This approach facilitates disaster mapping
and forecasting.

Probabilistic-based methods use stochastic iterative models (such as Monte
Carlo simulations and Bayesian networks) to assess the risk and impact range of
debris flow occurrences. They are particularly effective, and therefore suitable for
hazard mapping and run-out extent delineation at regional scales (Ma et al. 2023).
Notable research in this field includes the D8-based single flow direction algorithms
(e.g., O'Callaghan and Mark 1984; Gamma 2000) and multi-flow direction
algorithms (e.g., Quinn et al. 1991; Horton et al. 2013). On this basis, the cellular
automaton (CA) model, a more comprehensive flow routing algorithm, has been
proposed and is widely used to understand gravitational behavior (Iovine et al. 2005;
Hirlimann et al. 2008; Scheild and Rickenmann 2011; Guidolin et al. 2016; Han et
al. 2017; Han et al. 2021b), as detailed in Figure 1.10. To date, many families of
codes have been well-developed, remarkable studies include the SCIDDICA family
models (Avolio et al. 2000; Avolio et al. 2013), which are applied to various kinds
of earth flow by constantly updating transition rules and cellular patterns (e.g.,
square, hexagonal in D’ Ambrosio et al. (2003) and Han et al. (2024)). Other notable
models include the CAESAR models (Coulthard et al. 2007; Coulthard et al. 2013;
Pasculli and Audisio 2015), the TopFlowDF model (Scheidl and Rickenmann 2010;
Scheild and Rickenmann 2011), the Flow-R (Horton et al. 2013; Kang and Lee
2018), and the r.randomwalk (Mergili et al. 2015). Therefore, instead of solving the
shallow water equations (SWEs), CA models use simple transition rules to provide
a versatile method for modeling complex systems. Probabilistic-based approaches
offer the benefits of straightforward data acquisition and broad applicability on a
large scale. However, their limitations are evident in providing detailed descriptions
of case-specific features and in conducting rheological analyses (Horton et al. 2013;

Han et al. 2021b).
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Recently, data-driven techniques have emerged as alternative tools in disaster
vulnerability assessment (e.g., Mondini et al. 2023) and dynamic process analysis
(e.g., Deguchi and Asai 2023; Li et al. 2023). These approaches significantly
outperform conventional numerical models in computational efficiency.
Nonetheless, their application in practical scenarios is impeded by the relative
scarcity and inconsistency of historical disaster data, as well as by the high non-
linearity of flow processes (Linardos et al. 2022).

- Physics-Based Numerical Simulations: This type of method is based on
classical physical laws, such as the conservation of mass, momentum, and energy,
to describe the dynamic behavior of debris flows. Mathematically, physics-based
numerical methods represent physical laws and debris flow processes through
partial differential equations (PDEs) or algebraic equations, and discretize
continuous mathematical models into solvable numerical forms, such as the finite
difference method (FDM), finite element method (FEM), or finite volume method
(FVM). These methods can further be classified based on the form of discrete
elements into grid-based approaches, particle-based approaches, and coupled
approaches. They are solved in 1D, 2D, or 3D spaces depending on the
computational requirements.

Physics-based approaches have evolved from one-dimensional, single-phase
models to sophisticated three-dimensional, multiphase coupled versions, resulting
in a division into Eulerian and Lagrangian schemes. In fact, most existing methods
are based on Eulerian descriptions in two dimensions, wherein a set of depth-
average equations are solved to quantitatively describe the spatiotemporal evolution
of flow dynamics. In recent years, this method has been extensively developed and
expanded into frameworks that encompass multiple mechanics and phases (e.g.,
Pudasaini 2012; Pudasaini and Mergili 2019; Pudasaini and Fischer 2020).
Accordingly, research into full form Navier-Stokes computation methods based on
the Lagrangian particle paradigm has surged recently. The shift has resulted in an
exponential increase in computational demand, accompanied by the challenges in
complex boundary treatments. The occasion in tackling the problem arises from

recent advancements in massively parallel particle hydrodynamics technology
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(Crespo et al. 2015; Bower et al. 2021; Mniszewski et al. 2021).

Overall, these physics-based numerical methods have their pros and cons.
Selecting an appropriate method requires considering the specific requirements of
debris flow simulation, terrain complexity, flow characteristics, and computational
resources. The physical characteristics, applicable range, and research progress of

various physics-based numerical methods will be discussed in detail in Chapter 2.

1.4. SCOPES AND OBJECTIVES

1.4.1. METHODOLOGY SELECTION

The overview of methodologies reveals a variety of approaches available for
assessing debris-flow dynamics and behaviors. In this thesis, we choose physics-
based numerical methods to study the physical mechanisms and rheological
behavior of debris flows due to their low cost, relatively short duration, and ability
to describe the global evolution of multiple variables. Specifically, we will develop
and apply the state-of-the-art numerical simulation methods for the following two
common types of debris flows in mountainous areas:

(1) Viscous-type debris flow: As previously mentioned, due to the relatively
homogeneous material composition in viscous debris flows, various numerical
models based on the discretization of continuous media are applicable. However,
this does not mean that single-phase flow models sufficiently reflect their complex
nonlinear rheological characteristics. At a minimum, the mass and momentum
exchange between the overlying flow and the underlying sediments requires a
physically unified description, and the phase change processes involved must be
stably and smoothly realized. Additionally, numerous studies (Johnson et al. 2012;
Han et al. 2015; Nagl et al. 2020) have shown significant nonlinear characteristics
in the velocity and momentum redirection in the depth direction of debris flows.
Therefore, traditional two-dimensional depth-averaged models are inadequate
because these features are fundamental for comprehending the dynamics of debris
flow interactions with bed sediment and structural elements (Vicari et al. 2022b).

As such, a fully three-dimensional, multi-phase particle method is developed and
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applied to the erosive debris flows. Previous particle-based approaches such as the
smooth particle hydrodynamics (SPH) methods, the discrete element method
(DEM), and the material point method (MPM), are generally limited to single-layer
frameworks or small-scale applications due to the complexity in debris-flow
dynamics and mechanisms, as well as the huge computational consumption. In
Chapters 3 and 4, these issues are specifically discussed and addressed.

(2) Viscous-stony-type (hybrid-type) debris flow: Building on the viscous
type, this class of debris flows further considers the impact of large boulders.
Therefore, it is necessary to develop a coupled model that comprehensively
considers both continuous media (water, silt, mud, etc.) and discrete media (coarse
gravel), as well as the fluid-solid coupling interactions between them. The model
must ensure the compatibility and consistency of modeling methods for both
continuous and discrete media while balancing computational efficiency and
accuracy. In Chapter 5, we will provide a detailed introduction to this coupled

approach.

1.4.2. OBJECTIVES OF THE THESIS

This study focuses on the widespread hazards of viscous and viscous-stony
debris flows in mountainous areas. It aims to develop and apply advanced particle-
based numerical simulation methods that address multi-scale, multi-phase, and
multi-physical mechanisms to investigate their complex nonlinear rheological
characteristics and dynamic behaviors. Specifically, this thesis examines the erosion,
entrainment, and deposition processes (EEDPs) of debris flows, associated flow
mass and momentum growth, and the feedback of eroded sediments. On this basis,
the study will further develop and apply a physics-based coupled approach that also
considers the impact of large boulders on flow dynamics and potential
destructiveness. These issues are key research challenges and hotspots in the field
of geophysical flows and numerical modeling. The main research objectives are
detailed as follows:

(1) Develop a particle-based 3D multi-phase method for simulating viscous

debris flows;
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(2) Model and analyze the complex erosion, entrainment, and deposition
processes (EEDPs) of debris flows;

(3) Model and analyze the flow mass and momentum growth, as well as the
feedback effects during the EEDPs of debris flows;

(4) Develop a coupled particle-based method for debris flows with large
boulders;

(5) Apply and validate the proposed methods to the field-scale case studies.

1.5. FRAMEWORK OF THE THESIS

Chapter 1: Introduction of debris-flow hazard
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Figure 1.11 Framework of the thesis.

The thesis consists of the following chapters.
Chapter 1 first provides an overview of the background of this study,
including several significant debris flow disaster events in recent decades, the

triggers and classifications of debris flows, and the disaster chains associated with
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debris flows. It then presents the key issues addressed in this study, followed by a
brief review and summary of the commonly used methods in current debris flow
research. Finally, it outlines the research objectives and scope of this study.

Chapter 2 provides a detailed review of debris flow prediction and numerical
simulation methods, including empirical, physics-based, and probabilistic and data-
driven methods. It then focuses on reviewing and summarizing the current
development, advantages, and existing issues of particle-based methods (SPH,
DEM). Additionally, it offers a detailed comparison of the applicability and
limitations of various current numerical methods.

Chapter 3 develops a Two-Layer, Multi-Phase Smooth Particle
Hydrodynamics (TLMP-SPH) model to simulate the rheological characteristics and
dynamic processes of viscous debris flows. First, it provides a detailed introduction
to the basic framework and principles of the SPH method, as well as various
rheological models of debris flows. On this basis, various yield criteria are
integrated into the HBP nonlinear rheological model to achieve complex processes
such as erosion and entrainment. To achieve stable phase transitions on steep
terrains, a stable phase transition model is further developed. Finally, several
numerical tests are conducted for verification.

Chapter 4 builds on the above TLMP method by further developing a hydro-
poro-mechanisms-based pore water pressure response model and integrating it into
the SPH framework. This model successfully reproduces debris flow mass and
momentum growth on sediments with varying wetness, and analyzes their feedback
effects. To overcome the scale effects on pore pressure dissipation, this method
undergoes rigorous testing and validation in a series of large-scale flume
experiments conducted by the United States Geological Survey (USGS).

Chapter 5 develops an HBP-SPH-DCDEM-based coupled method to simulate
debris flow scenarios involving the transport of large boulders. First, it introduces
the basic framework and principles of DEM and conducts numerical tests for
modeling large boulders using DEM. Then, it constructs an SPH-DEM coupled
numerical framework, which is also verified through a series of numerical tests.

Chapter 6 applies the proposed methods to two case studies: (1) the 2010
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Yohutagawa debris flow event in Japan and (2) the 2010 Hongchun Gully debris
flow event in China. Based on the material composition characteristics obtained
from field investigations, these correspond to viscous and viscous-stony debris flow
scenarios, respectively. The proposed methods were successfully applied in both
scenarios, generating millions of particles with highlighted visualization effects and
yielding conclusions beneficial for engineering applications.

Chapter 7 summarizes the results and major contributions of the study, and

also makes recommendations for future research.
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CHAPTER

STATE-OF-THE-ART REVIEW OF DEBRIS-FLOW PREDICTION

METHOD

2.1. INTRODUCTION

This chapter provides an overall review of numerical simulation methods for
debris flows, focusing on the basic methodology, latest advancements, application
scenarios, and existing issues of two particle-based numerical methods: Smoothed
Particle Hydrodynamics (SPH) method, and the Discrete Element Method (DEM).
It also reviews other numerical simulation methods for debris flows, including
empirical methods, depth-averaged (Shallow Water Equations (SWEs)) methods,
and probabilistic and data-driven methods, comparing these with the particle-based
methods under study. Finally, it offers insights into future directions for numerical
modeling of debris flows and draws conclusions. Before conducting a detailed
review, we first introduce the basic concepts of particle methods and how they
address various challenges in engineering and applied sciences.

The term "Particle-Based Methods" encompasses two distinct computational
approaches in hydrodynamics and geotechnical engineering. Firstly, it refers to
discretization techniques where the continuum's response is represented by
“particles” that carry mechanical deformation during the process. Typical
representatives include Meshless Methods, Smoothed Particle Hydrodynamics

(SPH), Moving Particle Simulation (MPS), Particle Finite Element Method
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(PFEM), Material Point Method (MPM), and Lattice-Boltzmann Method (LBM).
Secondly, it pertains to the computational modeling of physical particles at various
scales. Classical methods include Molecular Dynamics (MD) and the Discrete
(Distinct) Element Method (DEM). In these models, particles either pre-exist, as in
granular materials, or emerge during the loading process. Sometimes, these two

approaches of discretization and physical particle modeling are interconnected.

2.2. THE SMOOTHED PARTICLES HYDRODYNAMICS METHOD

2.2.1. STATE-OF-THE-ART OF SPH METHOD AND ITS APPLICATION IN DEBRIS-

FLOW SIMULATION

Among the various particle-based methods, the Smoothed Particle
Hydrodynamics (SPH) method is one of the earliest continuum approaches that is
entirely mesh-free and does not rely on a background mesh to solve partial
differential equations (PDEs) (Koshizuka and Oka 1996; Liu et al. 2005; Bui and
Nguyen 2021). This method was first introduced by Lucy (1977) and subsequently
advanced by Gingold and Monaghan (1977) for applications in astrophysics. Owing
to its exceptional ability in handling large deformations, free surface flow, and post-
failure issues, the method has become popular and is widely applied in
hydrodynamics to address fluid-like phenomena (e.g., Hu and Adams 2006; Bui et
al. 2007; Pastor et al. 2009; Pudasaini 2012; Wang et al. 2016; Xu and Deng 2016;
Nguyen et al. 2017; Han et al. 2019; Morikawa et al. 2019; Nikooei and Manzari
2020; Yang et al. 2020; Zhou et al. 2024), as well as in geotechnical engineering,
focusing on solid-like phenomena (e.g., Libersky and Petschek 2005; Bui et al. 2008;
Bui et al. 2011; Bui et al. 2014; Wang and Chan 2014; Peng et al. 2015; Douillet-
Grellier et al. 2016; Islam and Peng 2019; Ma et al. 2022; Morikawa and Asai 2022).
Furthermore, SPH has been utilized in various engineering applications, including
geohazard simulation (e.g., landslides and debris flows) (e.g., Pudasaini 2012),
marine and offshore engineering (effects of waves on coasts, ships, and marine
structures) (e.g., Ulrich et al. 2013), environmental engineering (e.g., water cycle

and pollutant dispersion) (e.g., Aristodemo et al. 2010), and biomedical engineering
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(e.g., Mao et al. 2017).
Table 2.1 An overview of the SPH code & software.

Code/Software Reference SPH Acceleration
scheme

AQUAgpusph  Cercos-Pita (2015) WCSPH  OpenCL!

DualSPHysics  Crespo et al. (2015) WCSPH  OpenMP?, CUDA?

GADGET-2 Springel (2005) WCSPH /

GPUSPH Bilotta et al. (2016) WCSPH CUDA

Ndspmhd Price (2012) WCSPH /

Neutrino Akinci (2014) ISPH Multi-GPU

PersianSPH Korzani (2017) WCSPH /

PreonLab FIFTY?2 PreonLab ISPH CPU, GPU

PySPH Ramachandran et al. (2021) WCSPH  OpenMP, OpenCL

SPHERA Amicarelli et al. (2020) WCSPH  OpenMP

SPHinXsys Zhang et al. (2021) WCSPH /

SPHysics Gomez-Gesteira et al. WCSPH /

(2012)

SPLASH Arnold et al. (1992) WCSPH /

SPlisHSPlasH  Bender (2019) WCSPH/ OpenMP, AVX*
ISPH CUDA

SWIFT Schaller et al. (2018) WCSPH  MPP, SIMD®

"' OpenCL (Open Computing Language) is a framework that enables code to be executed in parallel
across various heterogeneous computing platforms, significantly accelerating computation-intensive
tasks.

2 OpenMP (Open Multi-Processing) is an API that supports multi-platform shared memory
multiprocessing programming in C, C++, and Fortran, enabling the parallel execution of code to
improve performance on multi-core processors.

3CUDA (Compute Unified Device Architecture) is a parallel computing platform and API developed
by NVIDIA, allowing developers to use NVIDIA GPUs for general-purpose processing to accelerate
computation-intensive tasks.

4 AVX (Advanced Vector Extensions) is an extension to the x86 instruction set architecture,
providing SIMD (Single Instruction, Multiple Data) capabilities to significantly speed up data
parallel processing on compatible CPUs.

> MPI (Message Passing Interface) is a standardized and portable message-passing system designed
to function on parallel computing architectures, enabling processes to communicate with each other
for efficient parallel computing.

¢ SIMD (Single Instruction, Multiple Data) is a parallel computing architecture that allows a single
instruction to process multiple data points simultaneously, enhancing performance for data-parallel
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tasks in applications such as multimedia, scientific computing, and machine learning.

SPH stands out from other particle-based methods due to its direct approach
in solving the governing PDEs through approximations of their strong forms. In
contrast, other particle-based methods tackle the weak forms of PDEs (Bui and
Nguyen 2021). Bypassing the requirement to navigate through the weak form
formula, integrating the SPH approximation of a fresh PDE, which delineates a
novel physical phenomenon, into an existing SPH framework becomes a more
direct process. Currently, SPH shows promise as a numerical method but struggles
with a lack of widespread recognition in the scientific community as a viable
candidate for becoming a prominent numerical tool in the future. Despite recent
advancements, significant work remains to address these challenges. The SPHERIC
Grand Challenge Working Group (GCWG) has identified several remaining grand
challenges, including (1) convergence, consistency, and stability; (2) boundary
conditions; (3) adaptivity; (4) coupling with other models, and (5) applicability to
industry (Vacondio et al. 2021). To overcome these issues, various powerful open-
source or commercial SPH software and codes have been developed. Table 2.1
summarizes several current advanced SPH open-source and commercial programs.
These codes often utilize advanced parallel particle acceleration technology and are
increasingly being applied to various complex engineering problems, including
multi-physics and multi-phase flows. This study focuses on the innovations and
applications of SPH in engineering geology, particularly in the simulation of
geophysical flows and sediment transport processes on the Earth's surface.

The earliest application of the SPH method in simulating geophysical flow is
documented by Hungr (1995). Initial uses of the SPH method often employed
depth-integrated simplifications (e.g., Ata and Soulaimani 2005; Pastor et al. 2009;
Pastor et al. 2014; Shen et al. 2019; Pastor et al. 2022). Given that the vertical depth
of most geophysical flows is much smaller than their horizontal dimensions, the
shallow water assumption serves as a reasonable approximation in many real-world
scenarios, significantly reducing computational costs and complexities (Domnik

and Pudasaini 2012; Pudasaini and Mergili 2019). However, as previously

46



mentioned, for debris flows with diverse material compositions, the significant non-
uniformity and heterogeneity in the vertical direction render the depth-averaged
assumption invalid. Accordingly, research into full form, three-dimensional Navier-
Stokes computation framework has surged recently. The shift has resulted in an
exponential increase in computational demand, accompanied by the challenges in
complex boundary treatments. As such, previous SPH-based methods are generally
limited to single-layer frameworks or small-scale applications (e.g., Peng et al. 2015;
Wang et al. 2016; Han et al. 2019; Han et al. 2020; Nikooei and Manzari 2020).

To achieve unified modeling of the heterogeneous material composition of
debris flows, there are two strategies corresponding to two typical schemes in the
SPH method: the so-called Weakly Compressible SPH (WCSPH) scheme (Gingold
and Monaghan 1977; Monaghan 1992) and the Incompressible SPH (ISPH) scheme
(Cummins and Rudman 1999; Ellero et al. 2007). The WCSPH scheme treats the
mixed material of debris flows, comprising soil, rock, and water, as a compressible
entity, specifically a particle-fluid mixture with variable density, approximating the
relationship between pressure and density through an equation of state (Batchelor
1967). By eliminating the need to solve the Pressure Poisson Equation (PPE), it
employs an explicit time integration method to simulate the dynamic process of
compressible fluids, making it relatively simple to implement. However, density
fluctuations also introduce numerical noise and stability issues (Lee et al. 2008).
Alternatively, the ISPH scheme requires separate modeling of the soil, rock
particles, and fluid in debris flows, treating all entities as incompressible and with
constant density. Pressure at each time step is obtained by solving the PPE. Since it
uses an implicit integration method, the time step can be relatively large and is not
strictly limited by the CFL condition. Comparative studies of the WCSPH and ISPH
methods for free-surface flows have indicated that the ISPH method provides
enhanced accuracy in both velocity and pressure fields (Lee et al. 2008; Xu et al.
2009; Lee et al. 2010; Ran et al. 2015; Ghaitanellis et al. 2018; Asai et al. 2023).
However, separate modeling of each phase also necessitates considering the strong
coupling effects between multi-scale, multi-phase particles, significantly increasing

the complexity and computational cost of simulation. More importantly, the
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acquisition of mesoscopic parameters such as hydraulic and pore forces required
for ISPH modeling and computation is significantly more difficult and costly than
obtaining the parameters for the particle-fluid mixture required by WCSPH,
particularly in field-scale cases (Delannay et al. 2017). The reasons mentioned
above lead to the current preference for the WCSPH scheme in geological disaster
simulations. However, with the recent proliferation of multi-core GPUs (Valdez-
Balderas et al. 2013; Morikawa et al. 2021; Zhao et al. 2023) and massively parallel
particle hydrodynamics technology, as well as a deeper understanding of strong
coupling interactions in multi-phase media (e.g., Pudasaini and Mergili 2019;
Pudasaini and Fischer 2020a, b; Morikawa and Asai 2021; Ma et al. 2022), the ISPH
scheme is increasingly being applied to the prediction of large-scale natural
disasters (Morikawa et al. 2020; Morikawa and Asai 2022). In summary, the debate
over the two SPH schemes has been ongoing for decades and will continue.
However, this study employs the WCSPH scheme, based on the particle-fluid
mixture, for experiments and cases approximating field-scale scenarios. A
discussion on the more refined, strongly coupled ISPH scheme and its integration

with other methods will be provided in Chapter 7.

2.2.2. FUNDAMENTALS OF SPH

The literature presents several different manners of deducing the fundamentals
of SPH, often describing it as an interpolation technique used to approximate field
quantities or their spatial derivatives. Bui and Nguyen (2021) argue that SPH is not
just a numerical method, but a general approach for solving complex systems and
engineering physics problems. In this section, we briefly review the fundamental
principles of SPH, focusing primarily on the WCSPH scheme, and introduce its
state-of-the-art research advancements. Vectors and tensors are referenced using
Cartesian coordinates, with Greek superscripts o, f, and y indicating the
Cartesian tensor coordinate directions, and Latin subscripts i and j designating
particle locations. The Einstein summation convention is applied to repeated Greek

superscripts.
The SPH method is a Lagrangian, mesh-free method for modeling continuous
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media, where the domain is discretized into particles that carry physical quantities.
The fundamental is the integral representation of a function £, which can represent
a numerical or physical variable, defined over a domain of interest QQ at a point x.

the integral representation of a field function states:

f(x):_ff(x')é(x—x')dx', 2.1
5(x—x'):{(1)))((:))((.l, 2.2)

where o (X —X ) refers to the Dirac delta function. Mathematically, the Dirac delta
function can be approximated by a smoothing kernel function (weight function),
and the primordial SPH kernel approximation (Gingold and Monaghan 1977) can

be denoted as:

f(x)z<f(x)>:jf(x')lv(x—x', h)dx', (2.3)

Q
where 4 is the smoothing length defining the size of the kernel's support domain in
which neighboring particles are considered, and W represents the weighting or
kernel function. The symbol <...> denotes an SPH interpolation and will be omitted
for simplicity in the remainder of the paper.
The kernel function is selected to be smooth, isotropic, and even, with compact
support (i.e., it has a finite radius of influence around x), specified as follows,

respectively:
IW (x—x', h)dx'=1

Iim\g;V(x—x', h)=6(x-x") - (2.4)
h—0
W (x=x", h)=0, if |x—x]>«h

where k is a constant that defines the effective area or support domain of the
smoothing kernel function at point x. Due to the compact condition, the integration
over the entire problem domain is localized to the support domain of the smoothing
kernel function, allowing the integral domain Q to match the support domain.
The performance of an SPH model is highly dependent on the choice of the
smoothing kernel, and the selection will directly affect the accuracy, efficiency and

stability of SPH algorithms (Dehnen and Aly 2012). Kernels are expressed as a
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function of the non-dimensional distance between particles, R, defined as
R:‘Xi —Xj‘/h. The two most popular kernel functions are the cubic spline
function and the quintic function. The cubic spline kernel function is defined as

follows (Monaghan and Lattanzio 1985):

1—§R2+§R3 0<R<1
2 4

W (R, h) =g, %(2—R)3 1<R<2 , (2.5)
0 R>2

where @, denotes the dimensional normalizing factor, defined as
oy =[2/3h, 10/ 7ah*, 1/ zh*] for one-, two- and three-dimensions, respectively.
The tensile correction method proposed by Monaghan (2000) is only used when the
kernel's first derivative approaches zero as the particle distance R increases. The
fifth-order quintic Wendland kernel with compact support of 2/ takes the following
form (Wendland 1995):

R
0 2<R
where ay also  indicates  normalization  constant, defined as

ay =[7147h?, 21/167h°] for two- and three-dimensions, respectively. In addition,
various other kernel functions are available for different applications (e.g., Morris
et al. 1997; Liu and Liu 2003; Monaghan 2005; Farhadi et al. 2016). For example,
the Gaussian kernel function (Monaghan 2005) lacks a compact domain, causing
all particles to contribute to the SPH approximation and resulting in unnecessarily
high computational costs. In contrast, the Cubic-spline function rapidly decreases
and approaches zero at R =2, restricting the calculation to nearby particles and
significantly reducing computational costs.

To derive the final SPH approximation for a function, Equation (2.3) must be
discretized onto a set of particles representing a continuous field. This is achieved
by replacing the integral in Equation (2.3) with a summation over a set of particles,

each with a volume V; =m, / p;, the particle approximation is obtained by:

<f(xi)>:if(xj)w(xi—xj, h)v;, (2.7)
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W, =W (% —x;, h)=W (jx=x], h), (2.8)

Equation (2.7) depicts that the value of a scalar function f(X;) at particle i
can be approximated by the weighted average of its values at neighboring particles
within the influence domain of the kernel function, characterized by the length 4.
As such, the gradient of function f(X), hereafter referred to as Vf , can be

directly obtained by differentiating Equation (2.3), resulting in:
N
Vv (%)~ (VE (%)) =D (X VW (x =X, h)V}, (2.9)
j=1

X —X; awij X; avvij
VW, =VW (x —X;, h)= =——1,
r. arij hrij OR

Ul

(2.10)

Where 1, refers to the distance between particles i/ and j, and
V=(8/0x, d/dy, 0/0z) indicates the gradient (nabla) operator. Likewise, the
SPH approximation of a vector quantity f(X) and its divergence (V-f) can be

directly obtained using the same approach and are expressed as follows:

f(xi)z<f(xi)>:if(xj)w(xi—xj, h)v;, (2.11)
V£ (%)~ (V-f(x)) :i“f(xj)-viw(xi —X;, h)V;. (2.12)

The divergence V-f=0f /ox+of /oy+of,/oz is a scalar that represents the
magnitude of a field's source or sink at a given point. It is noted that the consistency
of the kernel approximation does not always yield satisfactory results and often
breaks down in the boundary regions without special treatments. A simple way to
satisfy the unity conditions is to add a constant coefficient to the discrete form,
known as kernel correction (Randles and Libersky 1996; Bonet and Lok 1999). This

correction can be defined as follows:
- W..
W (r, h) = 2.13)
jW (% — X, h)
Si

VW(r

ij?

h)=L"'vW,, (2.14)
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L = iﬂvw r;

» (2.15)
j=1 p]

where S' represents the region of interior particles truncated by the boundary,
VW(r

correction matrix L,. For an in-depth exploration of the derivations of the SPH

;» ) denote the correction gradient operator, which is defined by the

approximations, we refer readers to Monaghan (1992), as well as more recent

contributions by Bui and Nguyen (2021) and Asai et al. (2023).
2.2.3. GRADIENT AND LAPLACIAN MODELS IN SPH

One of the core numerical challenges in applying SPH to solve governing
equations in practical problems is the discretization of first and second-order
derivatives. Nevertheless, the derivative used in Equations (2.9) and (2.11) does not
guarantee the vanishing of gradient for a constant field function. This is problematic
when estimating the strain rate or the gradient of a velocity field in computational
fluid or solid mechanics. The inaccuracies arising from the SPH approximation for
the gradient of a scalar function can be assessed using a Taylor series expansion, as

follows:

v’f, zivj f. VAW, :ivj {fi +%(xj -x) +o(h2)}v{’vvij, (2.16)
j=1 j=L

ivj f.viw, ~1=Zv VAW, +ax Zv (=% ) VAW, +o(h?),  (2.17)

j=1

where V” =0/0x”. The above formulas indicate that the errors arise from the first
and second terms on the right-hand side (RHS) of Eq. (2.17). By subtracting the
first term of Eq. (2.17) from Eq. (2.9), commonly represented by Vf =Vf — f(V1),

we obtain the following alternative SPH approximation for the gradient of the

function:
Vi ~ZV( VW, (2.18)

Another SPH operator for the gradient of a function at particle i can be derived

using the following forms:
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vf, = I:V(pi fi/))‘_ fini:I =%ZN:mj I:fJ — fi:IVi\Nij, (2.19)

where p and m refer to the density and mass, respectively. Similar to the SPH
operator in Eq. (2.9), this formulation is used to evaluate the gradient terms. The
following well-known SPH gradient operators, commonly used to evaluate the
stress or pressure gradient in the momentum equation, will be discussed later along
with the general SPH governing equations. These SPH gradient operators can be

derived from the following principles:

() (x)]VW; and  (2.20)

(VE (%), _piim{f(x‘h f(x")]vwij, 2.21)

A

where the subscript (0) indicates the 0""-order accuracy SPH model, as its numerical
errors are still controlled by the errors associated with the second term in Eq. (2.17).
To fully eliminate these inaccuracies up to 2™-order accuracy, one can normalize
Eq. (2.7), resulting in the following corrected SPH formulation for the kernel
derivative (Randles and Libersky 1996; Chen and Beraun 2000):

N'm

VE (%)= (Vf (%)), :ép—f[f (%)= (%) |- vw,. (2.22)

The normalized gradient operator is defined as <Vf(x) >,

, to emphasize

that it achieves 1%-order accuracy in the Taylor series expansion after particle
discretization. The detailed accuracy comparative analysis of different SPH
gradient model, i.e. Eqs (2.20) to (2.22), can be found in previous studies (e.g.,
Vaughan et al. 2008; Bui and Nguyen 2021; Asai et al. 2023).

The SPH approximation of the Laplacian, involving second derivatives of a
scalar or vector field, can be obtained similarly to the SPH approximation for first
derivatives. By differentiating Eq. (2.3) and using a Taylor series expansion up to

3"_order accuracy, the following SPH operator for second derivatives can be
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derived:
N

m—( -, )vaw, + 2y ey

| i iV NG = pj ji Vil

of. \ &, m,
(ax/’j;p X XAV AW, +o(h3)
J

V2f =

Mz

[a—
Il
LN

2.23
. (2.23)
+ —

2

This formulation depends on the accuracy of the SPH approximations for the
terms below:
N N-m.
Z W, ~0 and Y —LxixiViw; ~ 67, (2.24)
j=1 p j j=1 p j
However, for most existing kernel functions, their second derivatives change
sign within the kernel influence domain. This makes the Eq. (2.24) difficult to
satisfy, as it requires a highly symmetric particle distribution in all directions.
Brookshaw (1985) first introduce a straightforward method to derive the SPH
approximation for the Laplacian model. To begin, present the following 3™-order

Taylor series expansion:

of . 1 o°f 5 s
=it 22X S o X +o(h’), (2.25)
Afterwards, multiply both sides of Eq. (2.25) by X;-V; .J/|XJ.| and

integrate respectively to obtain:
X;i - VW L VW
- 1) 2 M g T 20T
T
(2.20)
1 o°f X. viWij
+= 7| X J, ———dx|,
2 ox“ ax ‘in‘

Based on integral theory, the integral of the first term on the RHS of Eq. (2.26)

vanishes for a symmetric kernel function W. The second term, however, yields a
delta function 6%, ultimately resulting in V?f /2. After rearranging Eq. (2.26)

and ignored the integral errors associated with these operations, we obtain:

Vi = (ViE) 2y (g, p)

) (2.27)
=L Pj ‘X“‘ +n°

where #=0.0001(h/2)* is defined to avoid numerical dispersion. This formula
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resembles the SPH approximation for the Laplacian derived by Monaghan (2005)
and, like the primitive gradient operator in Eq. (2.20), can only guarantee 0"-order
accuracy because it avoids the use of the second derivatives of the kernel function.

The primitive Laplacian model has been successfully applied to modelling the
radiative heat diffusion (Brookshaw 1985), seepage force (Fourtakas and Rogers
2016), pore water pressure response (Chen et al. 2024), the viscosity term (Morris
et al. 1997; Dalrymple and Rogers 2006) and the density diffusion term (Molteni
and Colagrossi 2009; Fourtakas et al. 2020) in weakly compressed fluid. However,
the primitive Laplacian model is often criticized for its low accuracy and sensitivity
to particle disorder, as well as issues related to kernel truncation at the boundaries
(Randles and Libersky 1996; Bonet and Lok 1999; Heydari et al. 2020; Bui and
Nguyen 2021; Asai et al. 2023). To minimize these errors, many high-order gradient
and Laplacian models have been proposed and applied to practical SPH applications
in recent years (e.g., Schwaiger 2008; Basic et al. 2018; Lian et al. 2021; Basi¢ et
al. 2022; Asai et al. 2023).

Despite these efforts, improving the accuracy of the Laplacian model while
ensuring efficiency remains extremely challenging. This difficulty arises not only
from the need to satisfy the conditions of Eq. (2.24) but also from the significant
increase in computational cost due to the cross-derivative matrix involved in 2"-
order derivative approximations. The derivation and comparative analysis of high-
order Laplacian models are beyond the scope of this study. This topic is a classic
problem in computational mechanics and numerical analysis, requiring separate
dedicated research papers. Considering the trade-off between efficiency and
accuracy in large-scale applications of geological hazards, this study approximates
the second SPH derivatives using a Laplacian model with 1%-order accuracy. This

aspect will be elaborated upon in Chapter 4.

2.2.4. SPH GOVERNING EQUATIONS AND SUB-CLOSURE MODELS FOR FLUID
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DYNAMICS

2.2.4.1. SPH approximation of Navier Stokes equations:

The Navier Stokes (NS) equations for solving general geomechanics and
geotechnical problems include the mass (or continuity) and momentum equations.
The mass equation describes the variation in material density, and thus porosity or
void ratio, during deformation. The momentum equation explains how materials
deform under external loads. These equations, in Lagrangian form, can be written

as follows, respectively:

dp

W wev=0, 2.28

el (2.28)
d—V:lV~c+g+F, (2.29)
da p

where Vv, o¢,and g refer to the velocity, stress, and gravity vectors, respectively,
and T indicates the dissipated term. Another common simplified form of the NS
equations is based on Einstein summation notation, using Greek superscripts to

represent coordinate directions, as shown below:

do  ov”
9, 0 2.30
dt pax“ (2:30)
o off
v _106" | geir 2.31)
dt  p ox’

Following the standard computational fluid mechanics (CFD) approach, the
total stress tensor is decomposed into the isotropic pressure and the deviatoric stress.
For geomechanics applications, most studies follow the classical elastic-plastic soil
constitutive model proposed by Bui et al. (Bui et al. 2006; Bui et al. 2008), in which
the isotropic pressure is directly computed from the soil constitutive equation based
on plasticity theory. However, in this thesis, debris flows are regarded as particle-
fluid mixtures characterized by shear rate dependency and the inertial effects of
granular materials in the dense flow regime. In a fluidic approach, the total stress
tensor 6 can be written as the sum of the isotropic pressure p and the viscous

stresses T
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6’ =—po” +17, (2.32)

where 6% is Kronecker delta function, which equals 1 for a=/ and 0
otherwise. To relate pressure with density, the particle-fluid mixture is assumed to
be weakly compressible, and Tait’s equation of state is employed to complete the

system of equations (Batchelor 1967), as follows:

D, _po—cszl(ﬁj —1], (2.33)
y | e

where p, denotes the reference density of the material, y is an isentropic
coefficient with values between 1 to 7, C is the numerical speed of sound, usually
calculated by ¢, =&(gh,, )"%, and ¢ isaspeed coefficient with a suggested value
of 10 (Monaghan 2000; Marrone et al. 2013). It should be emphasized that the
pressure treatment in the weakly-compressible model is more of a numerical
convenience than a physical representation. The key is to permit density variations
due to the Lagrangian motion of particles while keeping compressibility minimal
by using a sufficiently high speed of sound. Since it lacks physical meaning, the
same equation of state can be applied to different phases with appropriate values of
po, and V, (Ghaitanellis et al. 2018).

To solve the governing equations in SPH, the spatial derivative terms must be
approximated using a set of SPH particles to discretize the continuum domain. The
transient evolution of particle density and momentum in an SPH approximation is

described by (Violeau 2012):
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Both of the above SPH approximations are commonly used in the literature to
evaluate density variation (Eqgs. (2.34) and (2.35)) and particle deformation (Egs.
(2.36) and (2.37)). However, a fundamental difference exists between continuity
equations. Eq. (2.35) employs the mass of neighboring particles m; to
approximate the velocity divergence, while Eq. (2.34) utilizes the volume of
neighboring particles and the particle's own density p;. This means that Eq. (2.34)
is more suitable for problems with high density discontinuities, as its approximation
involves only the volume of neighboring particles and its own density (Bui and
Nguyen 2021). Therefore, Eq. (2.34) is recommended for use in multi-layer,
multiphase flow problems.

2.2.4.2. Newtonian viscous formulation and dissipation terms:

The constitutive model is a fundamental component of a computational
framework that describes how a material responds to external loads. Here, we
present the general expression for the generalized viscous term 7, and the
derivation formula for Newtonian fluids, which form the basis of the constitutive
model for viscous debris flows. A specific description of the debris flow constitutive
model is provided in Chapter 3.

For an isotropic material with a linear deformation rate, such as water, the fluid
is called Newtonian. The viscous stress tensor can be calculated from the
Newtonian constitutive equation, which relates the strain rates to the viscous

stresses, using the following expression:

v =27, (2.38)
« B Y
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2| ox”  ox*| 3| ox

58



where u,, is the total viscosity of water, consisting of the dynamic viscosity and
the eddy viscosity obtained through the Smagorinsky algebraic eddy viscosity

model. £%

is the deviatoric strain rate.

For 3-D simulations, a Large Eddy Simulation (LES) model, specifically the
standard Smagorinsky algebraic eddy viscosity model as described by Dalrymple
and Rogers (2006) for Newtonian fluids in a WCSPH framework, captures turbulent
characteristics of multi-phase flow. In 2-D simulations, it reduces to a mixing length
model and to a laminar viscosity model at low-velocity flow regimes. Although this
study does not assess the resolution of turbulence, it is a crucial aspect of the liquid-
sediment flow field and requires further investigation.

Egs. (2.29) and (2.31) highlight that the SPH motion equation is fully dynamic.
To prevent SPH particles from oscillating due to small unbalanced forces, a
common issue in various numerical methods, an artificial viscosity term (Monaghan

and Gingold 1983; Monaghan 1992) is typically introduced to mitigate these

oscillations. In SPH notation, Eq. (2.31) can be written as:

o N Y oW,
dvi = Sm | 2P [T g, (2.40)
dt j=L PiPj ox”
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=1 p i (2.41)
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where TII; indicates the artificial viscosity term, v, =V, —V; s the difference in
velocity vectors of the corresponding particles. C;, p;, and ﬁij are the mean
speed of sound, density, and smoothing length, respectively. a,, is a coefficient
that needs to be tuned to introduce the proper dissipation, with a recommended
value of 0.01 for the study of wave propagation (Altomare et al. 2015) and a
suggested value of 0.1 for granular materials (Bui et al. 2008).

Artificial viscosity is a purely numerical technique aimed at stabilizing the
simulation, crucial for avoiding unphysical oscillations and effectively managing

shock waves. To address the fluid's resistance to deformation in smooth, orderly
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flow and to model the effects of turbulence at scales smaller than the particle
resolution in SPH simulations, laminar viscosity and Sub-Particle Scale (SPS)
turbulence are introduced in the SPH scheme. In SPH scheme, Laminar viscous
stresses can be formulated as (Lo and Shao 2002):

o N i _
v, :_ij M vaWij"‘gia
dt j=1 PiPj

(2.43)
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where v, denotes the kinematic viscosity with a suggested value of 10" for water.
Laminar viscosity dominates at low Reynolds numbers, where the flow is stable
and layer-like, providing a straightforward way to simulate the physical viscosity
of flows where turbulence is minimal or absent.

The SPS turbulence model captures turbulence effects below the particle
resolution in simulations. It uses approaches similar to Large Eddy Simulation
(LES), resolving large-scale turbulent motions explicitly, while modeling smaller,
sub-grid scales with models like the Smagorinsky model to account for dissipative
effects. The concept of SPS was first introduced by Gotoh et al. (2002) to represent
turbulence effects in the Moving Particle Semi-implicit (MPS) model. In SPH
notation, Eq. (2.43) can be reconstructed by involving the SPS term:
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where 7, denotes the sub-particle stress tensor, V, =(C,Al)*|S| refers to the
turbulent eddy viscosity, Al the particle space, ks the SPS turbulence kinetic

energy. C, Indicates the Smagorinsky constant with a suggested value of 0.12, and

60



C, is assume to equal 0.0066. At last,

S|= (2S;S; )'?, where S; represents an
element of the SPS strain tensor (Dalrymple and Rogers 2006).
2.2.4.3. Density diffusion in WCSPH scheme:

In the WCSPH scheme, the Density Diffusion Term (DDT) is introduced to
enhance the stability and accuracy of simulations, particularly when dealing with
high-density gradients or large deformation problems, where density fluctuations
and numerical noise can easily occur (Molteni and Colagrossi 2009; Antuono et al.
2010; Marrone et al. 2011). In details, the state equation results in a very stiff density
field, and combined with the natural disordering of particles, it leads to high-
frequency, low-amplitude oscillations in the density scalar field (Verbrugghe et al.
2018). The DDT can effectively reduce these fluctuations and help prevent particle
interpenetration. The general form of the density diffusion formulation in the
continuity equation can be written as:

N n
% :pi;%(vf —v;?)?iﬁ" +0 hCS,Z_;‘:_,-jWS ZXV\?' , (2.46)

J 1

where J, denotes a dimensionless coefficient, recommended to be set at 0.1 for
most applications (Marrone et al. 2011), and y; represent the bulk viscosity
diffusion operator. Molteni and Colagrossi (2009) first defined the DDT, also
known as J -SPH, by adding the Laplacian of the density field to the continuity
equation, now written as:

v =2(p,~p)—r—

—1 . (2.47)
+0.0001h?

o
ij

X

Antuono et al. (2012) analyzed this term by decomposing the Laplacian
operator, observing operator convergence, and performing linear stability analysis
to inspect the impact of the diffusive coefficient. This term acts as a diffusive
element in the domain bulk but changes near open boundaries due to kernel
truncation, resulting in a net force on particles (Antuono et al. 2010). However, this
effect is negligible in nonhydrostatic situations because this force is many orders of
magnitude smaller than other forces in such cases. proposed corrections for this

effect, but these require solving a renormalization problem for the density gradient,
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which incurs significant computational cost. Antuono et al. (2010) proposed
corrections for this effect, but these require solving a renormalization problem for
the density gradient, which incurs significant computational cost.

Another efficient correction proposed by Fourtakas et al. (2020) adopts the
same formulation as o -SPH but substitutes the dynamic density with the total

density. Thus, the corrected DDT can be formulated as:

Wg:z(pij_pin) 3 % , (2.48)
x| +0.0001h?
with
Y\ Po9Z; +1
oy =, J(°—;)—1 , (2.49)
pOCs

where pin denotes the hydrostatic pressure difference between particle pairs, z;
is the vertical distance between particles. Compared with the primitive o -SPH, the
corrected DDT enhances pressure behavior near wall boundaries by eliminating
troublesome dynamic pressure and avoiding solving the normalized density
gradient. It is important to note that the formulation by Antuono et al. (2010) is
consistent and applicable to various flow types. In contrast, using the corrected
DDT is expected to perform better than Eq. (2.47), mostly for gravity-driven flows.
In the absence of a gravity force, Eq. (2.48) collapses to the original formulation of
0 -SPH. More details about the corrected DDT can be found in Fourtakas et al.
(2020), and a similar treatment was adopted for stress field diffusion by Feng et al.
(2021).

2.2.4.4. Boundary conditions:

Another widely recognized issue within SPH is the truncation of kernel
interpolation support for particles located near the boundary (Vacondio et al. 2021).
Addressing boundary conditions in SPH is essential for its application across
various engineering problems. For debris-flow simulation, the description of the
interaction with the basal boundary, which is often simplified by assuming a no-slip

boundary condition (e.g., Moriguchi et al. 2005; Jop et al. 2006; Moriguchi et al.
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2009; Han et al. 2019). However, both field and laboratory studies indicate that
during rapid granular flow down slopes, even the particle layer in contact with the
bottom boundary exhibits a non-zero, non-trivial velocity (Massoudi and Phuoc
2000; Pudasaini et al. 2005; Platzer et al. 2007a; Platzer et al. 2007b; Pudasaini and
Hutter 2007; Domnik et al. 2013). Despite many partial-slip boundary methods
proposed in recent years (e.g., Domnik et al. 2013; Morikawa et al. 2019; Nikooei
and Manzari 2020; English et al. 2022), a complex treatment of boundary projection
is still necessary. This significantly increases computational load and relies on
subjective judgments regarding the degree of slip.

This study employs the Dynamic boundary conditions (DBC) (Cabrera Crespo
et al. 2007) and approximate the no-slip condition by setting the boundary velocity
to zero. In DBC, boundary particles satisfy the same equations as fluid particles but
do not move according to the forces exerted on them. Instead, they remain fixed or
follow an imposed motion function. As a fluid particle approaches a boundary and
the distance falls below twice the smoothing length, the boundary density increases,
leading to a pressure rise, which in turn exerts a repulsive force on the fluid particle
due to the pressure term in the momentum equation. Despite some drawbacks, such
as over dissipation, unphysical values of density and pressure in the fixed boundary
particles, and unphysically large boundary layers, DBC has a remarkable capacity
for discretizing complex 3D geometries without the need to implement complex
mirroring techniques or semi-analytical wall boundary conditions. This approach
has been preliminarily applied in debris-flow SPH simulation (e.g., Wang et al.
2016; Han et al. 2019; Han et al. 2020). However, In DBC, the presence of
unphysical gaps between the boundary and fluid particles results in an inconsistency
between the actual surface and the numerical boundary. Consequently, the no-slip
boundary conditions cannot be accurately enforced, and partial slip may occur. To
sum up, the boundary treatment of DBC, based on the zero-velocity wall particle
setting, is a compromise to manage the computational load of debris flow within a
large-scale 3-D scheme.

A recent study (English et al. 2022) has demonstrated the implementation of
modified dynamic boundary conditions (mDBC) with the SPH scheme. The field
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variables of the boundary particles are obtained by projecting the ghost nodes
located within the fluid domain, utilizing first-order consistent SPH interpolation.
A similar attempt was conducted by Feng et al. (2021) regarding rainfall-induced
slope collapse. Nevertheless, it is still essential to include a clearly defined partial-
slip boundary condition with an acceptable computational cost. Moreover, the
degree of slip should dynamically adapt to real-time changes in the spatial

distribution of channel roughness as well as the loading conditions of the materials.
2.2.4.5. Explicit time integration scheme:

The SPH governing equations, expressed as time-dependent ordinary
differential equations, can be integrated using standard numerical techniques like
the second-order leapfrog (LF), predictor-corrector (Diethelm et al. 2002), and
Runge-Kutta (RK) schemes (Butcher 1987). The leapfrog algorithm is particularly
popular due to its low memory requirements and efficiency in computing one force
per step. In this thesis, two computationally simple and numerically stable explicit
time integration schemes are implemented, i.e., the Verlet scheme (Verlet 1967),
and the Symplectic position Verlet time integrator scheme (Leimkuhler et al. 2016).

The Verlet scheme, known for its low computational cost and efficiency while
maintaining 2"%-order accuracy, is commonly used in molecular dynamics because
it avoids multiple calculation steps within each iteration interval. Consequently,
WCSPH variables are computed as follows:

Vit = v 4 2AtF
M =r"+Atv] +A—t2 F, (2.50)
prt=pl 2A'[ZRin
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where F, and R, denote the instantaneous change of velocity and density,
respectively, and the subscript n denotes the time step. Since integration occurs over
a staggered time interval, the equations for density and velocity are decoupled,

potentially causing divergence in the integrated values. To prevent this, an
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intermediate step is required every Ns steps (with Ns =40 recommended), as follows:

vt =V AR
2

=1 +Atv] +A7tFi”. (2.52)
pin+1 — pin + AtRin

n+1

r

Verlet scheme offers a good balance between computational cost and accuracy,
particularly for long-term simulations where energy conservation is crucial.
However, it is less flexible for systems requiring adaptive time steps or dealing with
varying conditions and has inconvenient handling of velocity variables.

The Symplectic position Verlet time integrator scheme, on the other hand, is
better suited for more complex simulations requiring direct velocity computation
due to its time reversibility and symmetry, particularly in the absence of diffusive
terms, which helps preserve geometric features. It offers a more numerically stable
and energy-conserving solution but is computationally intensive. It is noted that the
velocity is required at half-step in the presence of viscous forces and density
evolution. As such, the explicit second-order predictor-corrector integrator
implemented in WCSPH scheme reads (Parshikov et al. 2000; Leimkuhler et al.
2016):

At
At rin+1/2 — rin +_Vin
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The Symplectic scheme predicts evolution of field variables in time at half
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time steps, then corrects them using the forces at half time steps, followed by the
evaluation of the values at the end time step (Gomez-Gesteira et al. 2012).

The stability of the explicit time integration scheme is governed by the CFL
(Courant-Friedrichs-Levy) condition, the maximum force term, and the numerical
speed of sound, as shown by Monaghan (1989). Additionally, a further restriction

is applied due to the viscous forces (Fourtakas and Rogers 2016). The variable time-

2
At =Comin| min L ﬂ h , (2.55)
|fi| C,

step condition reads:

where Co denotes the Courant number with a suggested value of 0.3 by Fourtakas
and Rogers (2016), and f, indicates per unit mass of the particle. The same time-
step restriction condition is applied for both schemes mentioned above.

2.2.4.6. Particle shifting algorithm:

Anisotropic particle spacing presents a major stability challenge in SPH,
especially in turbulent and multi-phase flows where particles fail to maintain
uniform distribution. This instability can lead to noise in the velocity and pressure
fields and cause voids in the water flow in some scenarios. To address this issue,
Xu et al. (2009) proposed a particle shifting algorithm to prevent instabilities in the
ISPH scheme, and this algorithm was later extended to the WCSPH scheme
(Vacondio et al. 2013). Manenti et al. (2012) applied the XSPH approach
(Monaghan 1994) with an additional smoothing to particle positions using a
smoothed velocity. This algorithm has also been applied to pressure smoothing in
large-scale dynamic flows (Ulrich et al. 2013). Furthermore, a recent study by
Morikawa et al. (2023) proposed a density-based particle shifting technique (PST),
specifically designed to deal with incompressible fluids.

In this thesis, we adopt the stable particle shifting algorithm proposed by Lind
et al. (2012) to deal with anisotropy and clustering of particles in multiphase flows,
in which the shifting magnitude and direction are based on Fick’s first law. The

shifting algorithm moves particles toward areas with lower concentration,
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maintaining a uniform distribution and eliminating voids caused by interpolation
noise. The connects between the diffusion flux and the concentration gradient can

be expressed as:

OFr? :_D'( igr y —Tip* 4 n.“j, (2.56)

with

D, '= Ahly;|At, (2.57)

where D' denotes the diffusion coefficient, which is determined through a von
Neumann stability analysis, employing a constraint on the particle's velocity
magnitude (Skillen et al. 2013). C refers to the particle concentration, n and S
are the normal and tangent unit vector, respectively. The vector b represents the
bi-tangent unit vector which takes into consideration shifting at 3-D free surfaces

and interfacial flows (Mokos 2014).

2.3. THE DISCRETE ELEMENT METHOD AND COUPLED SPH-DEM

2.3.1. STATE-OF-THE-ART OF SPH-DEM COUPLED METHOD

The Discrete Element Method (DEM), initially developed by Cundall and
Strack (1979), is a widely utilized numerical approach for simulating the solid phase.
It offers inimitable insights into the discontinuous and heterogeneous nature of
granular materials (Xu et al. 2019). DEM simulates granular materials as individual
particles containing information on shape, speed, and location. These particles
interact and their motion is tracked using Newton's laws, following a pure
Lagrangian approach (Liu and Xu 2023). By monitoring each particle, DEM
predicts the movement of the entire cluster. This method accurately measures the
mechanical behavior of complex-shaped particles at the particle scale (Govender et
al. 2018) and has become the leading numerical method for simulating particle
interactions.

Practical need for computational models in scientific and engineering research
has spurred the creation of numerous coupled frameworks for simulating various

multi-phase, and multi-physical systems. For instance, both SPH and DEM methods,
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which are fully Lagrangian and homogeneous frameworks, can effectively handle
significant displacements from their initial configurations (Martinez-Estévez et al.
2023). To data, the coupled SPH-DEM method has been applied to a variety of
geotechnical and geohazard issues involving multi-physics fields and fluid-solid
coupling interactions, such as debris-flow impacting solid structure (e.g., check
dam, building) (e.g., Dai et al. 2017; Liu et al. 2021), landslide-generated waves
(e.g., Tan and Chen 2017; Bu et al. 2022), rapid flow scour (e.g., Tang et al. 2018;
Yeganeh-Bakhtiary et al. 2020), and dammed lakes (e.g., Zhu et al. 2023). Previous
studies have shown that SPH-DEM coupling effectively describes fluid-solid
interactions. With GPU parallel acceleration, it is particularly suitable for large-
scale simulations of geophysical flows process characterized by multi-scale and
multi-phase composition.

Currently, the coupling schemes of SPH-DEM methods are classified into
resolved, unresolved, and hybrid-resolved approaches based on the method of
modeling fluid-particle interaction (Lin et al. 2022; Tsuji et al. 2023). More
specifically, the unresolved approach calculates the fluid-particle force primarily
using the relative velocity and local solid volume fraction from empirical formulas.
The force calculation does not depend on the details of single particles but is based
on statistical properties, making it suitable for scenarios with a large number of
particles and high computational demands. Such efforts are documented in the
literatures (e.g., Tang et al. 2018; Bu et al. 2022; Yu et al. 2023). For instance, the
first class of SPH-DEM coupled models (Markauskas and Kruggel-Emden 2019;
Jo et al. 2022; Zou et al. 2022) are designed to study granular systems where
interactions with fluid phases, typically liquids, are significant. In contrast, the
resolved approach offers higher fluid resolution, allowing for the direct calculation
of interaction forces between the fluid and each particle, thus avoiding the use of
empirical formulas (Lin et al. 2022; Sun et al. 2023). In such cases, particles act as
moving boundaries within the fluid domain, and the hydrodynamic forces on these
particles are determined by integrating forces over their surfaces. To accurately
delineate the fluid dynamics and its interaction with complex boundaries, the

resolved approach necessitates a smaller distance between SPH particles, and the
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characteristic size of discrete grid d should fulfil the following criteria L > 5d, where

L denotes the characteristic length of the solid (Apte et al. 2009). This also implies

that the resolved approach necessitates more nodes to satisfy the resolution
requirement compared to the unresolved scheme (Vango et al. 2018). Additionally,
the hybrid resolved approach combines the advantages of the aforementioned
methods, allowing different strategies to be used for particles and objects of varying
scales based on the requirements. Thus, it is suitable for complex scenarios
involving multi-scale flows and particle behaviors that require high precision.
Several recent findings have also demonstrated its ability to deal with complex
multi-scale, physical problems (e.g., Cheng et al. 2018; K. Tsuji et al. 2023).

In the resolved scheme, a two-way Distributed Contact DEM (DCDEM)
formulation (Canelas et al. 2016) is coupled with a WCSPH solver, and successfully
applied to a complex stony debris flow case, demonstrating well consistency with
the experimental data (Silva et al. 2016; Canelas et al. 2017). Afterward, Peng et al.
(2021) adopted an SMR-DEM (Zhan et al. 2021) for more realistic solid grain
modelling and improved the coupling algorithm by introducing a unified hybrid
contact model, yielding satisfactory results in debris-flow simulations. Asai et al.
(2021) introduced an energy-tracking impulse method in their ISPH-DEM coupling
framework, resulting in more accurate and effective friction contact resolution.
Despite some advancements in modeling non-spherical particles, challenges in
accurately representing complex natural shapes persist. It is crucial to carefully
handle solid-solid and fluid-solid interactions (FSI) while managing the

computational load from large-scale engineering applications.

2.3.2. FUNDAMENTALS OF DEM

To ensure boundary particle mobility and compatibility during fluid-solid
phase contact, this study utilizes an explicit integration-based Lagrange coupling
method to calculate fluid-solid particle interactions. The fluid forces on the surface
of the solid DEM are integrated into the simulation. Conversely, the solid DEM
exerts force on the fluid by treating surface particles as neighbors within the fluid's

computational domain. To address multi-rigid and particle-rigid contact collision
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problems in large-scale geohazard simulations, we employ the classical DCDEM
within a coupled framework with WCSPH (Canelas et al. 2016). A rigid body is
represented by a fixed set of particles with unchanging relative positions. The
volume is discretized by this particle set. Unlike regular SPH particles, these follow
a distinct set of equations, specifically Newton’s equations for rigid body dynamics.

Their discretization involves summing the contributions from each particle as:

dv dv
M, =—=S"m —, 2.58
Lot kz.: “ dt (2.38)
dQ dv
I, —"=> m/(r,—R,)x—X, 2.59
=T, (R )< .59
where subscript / denotes the body of particle set, M, ismass,and v,, |, Q,,

and R, are velocity, inertial tensor, angular velocity, and center of gravity,
respectively. The vector quantities are calculated at each time step, and the term
within the summation symbol on the RHS of Eq. (2.58) represents the force per unit
mass applied to particle k, which correspond to body /. This force includes body
forces (such as gravity), fluid interactions, and contacts with other rigid solids. This
imply that the term m,dv, /dt should be consist of: (i) fluid force arising from
SPH particles by solving the Eq. (2.44), and (i1) solid forces come from rigid

collision, which will be elaborated on next.

Figure 2.1 Schematic diagram of the DCDEM model.

The calculation of local contributions using kernel interpolation for fluid and
solid interactions incorporates the viscous formulation, providing an effective

viscous drag closure (Crespo et al. 2015). Moreover, this approach can be seen as
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an extend of the DBC, merely additionally follows Egs. (2.58) and (2.59). However,
these formulations may overestimate density due to the discontinuity in entropy at
the interface (Canelas et al. 2016), leading to an increased gap between fluid and
solid particles. Fortunately, the introduction of DDT can mitigate this issue to some
extent.

In solid-solid collisions, the contact force decomposes into normal (F,) and
tangential (F,) components, both involving viscous dissipation effects due to the
deformation ranging between perfectly inelastic and perfectly elastic, as shown in

Figure 2.1. The degree of dissipation is simply quantified by:

e =—V“|Lt”, ee(0, 1]. (2.60)

" Vn |t:0

The normal forces are described by a modified Hertzian model, utilizing a
spring-damper system, which reads (Kuwabara and Kono 1987; Lemieux et al.

2008):
F.=F +F =k

n,ij

0578y =705 0,8 (2.61)
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Ky =2 EVR: 7, =CJBMEVR, (2.62)
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where k ; denotes the stiffness constant of particles pair / and j, and

g; =max(0, (d;+d;)/2 —‘rij ‘) refers to the particle overlap, e; is the unit vector
directed from one mass center to the other, y,; represents damping constant, and
Sij =V, -e; the rate of normal deformation. C, is an empirical tuning parameter
with a suggested order of 10~ (Lemieux et al. 2008). These nonlinear formulations
mitigate the limitations of constant restitution coefficients and fixed contact
durations between particle pairs, resulting in a more accurate representation of

physical contact behaviors (Kruggel-Emden et al. 2007). The other material

parameters are concluded as follows:
1 1-v 1-07 « K « mm,
_1T0 A7 _ : __mm,

* ’ R - ’ M -
E E, E, r+r m, +m;

, (2.63)

where E and o» denote Young modulus and Poisson ratio, respectively. The

material parameters are defined using the corresponding values for the desired
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material.

Tangential contacts model the complex mechanism of friction with a linear
dashpot, constrained by the Coulomb friction law. This law is adjusted with a
sigmoidal function to ensure continuity around the origin concerning tangential

velocity. Friction is modelled below:

Ry = min( g, oF, ; tanh (83} )el; B +F°), (2.64)
with
Fr+F =K 008l —705€) (2.65)
2 2
=y = 2.66
K T, =T, (2.66)

where u; , denotes the friction coefficient between / and J, which is assigned as
the average of the two friction coefficients of correspond material. Additional time-
step restriction should be included in the existing CFL restrictions to ensure stability

in rigid contact, which reads:

At —min| % [Kui (2.67)
oM 50\ m,, '

This class of DEM model, known as the 'soft sphere' approach, uses a penalty
method based on particle overlap to deform the spring-damper system. It estimates
forces for each particle and, combined with rigid body principles, generalizes
geometry without requiring normal directions or topology details, thus effectively

handles complex geometries by resolving local interactions (Canelas et al. 2016).

2.4. CONCLUSIONS

This chapter provides a detailed review of numerical simulation methods for
debris flows based on the Lagrangian particle framework. Specifically, it covers the
latest advancements and current applications of Smoothed Particle Hydrodynamics
(SPH), the Discrete Element Method (DEM), and their coupled method (SPH-
DEM) in debris flow numerical analysis. Combined with other previously
mentioned numerical analysis methods for debris flows, this chapter arrives at the

following conclusions:
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(1) This section provides a comprehensive review of the development status
of the SPH method and its application in numerical analysis of debris flows. It then
details the implementation process of the basic principles of the SPH method.
Specifically, it focuses on the latest technologies of the WCSPH method, exploring
improvements in numerical stability and accuracy. Additionally, it introduces the
solution process for first-order (gradient model) and second-order derivatives
(Laplacian model) approximations in SPH, laying the theoretical foundation for
subsequently solving the second-order pore pressure derivative terms.

(2) The state-of-the-art of the DEM method is reviewed, followed by an
introduction to its basic methods and theoretical framework. This discussion leads
to the introduction of the SPH-DEM coupling method and its current application in
the numerical simulation analysis of debris flows. By exploring the fundamental
principles of the coupling method, a foundation is laid for the subsequent

construction of multiscale coupled two-way resolved modeling for debris flows.
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CHAPTER

DEVELOPMENT OF A TWO-LAYER MULTI-PHASE SPH MODEL FOR

VISCOUS DEBRIS-FLOWS SIMULATION

3.1. INTRODUCTION

As described in chapter 1, the magnitude and destructive potential of debris
flows can increase dramatically by side collapse and entraining bed materials as
they traverse steep slopes and channels (Jakob et al. 2005; Takahashi 2007,
Armanini et al. 2009; Mangeney et al. 2010; Iverson et al. 2011; Iverson 2012; Han
et al. 2015; Theule et al. 2015; Haas and Woerkom 2016; Shen et al. 2019; Han et
al. 2020; Nikooei and Manzari 2020; Pudasaini and Krautblatter 2021). In some
cases, the bulk scale-up can amount to dozens of times the original size. An
illustrative example is the 1990 Tsing Shan debris-flow event in Hong Kong (King
1996). Initially, a small slip of 400 m® grew to a final volume of 20,000 m* by
entraining colluvium along its trajectory. Recently, another catastrophic event
occurred in Hunnedalen, Norway, in June 2016 likewise created an exaggerated
increase from initially 2,000 m® to approximately 19000 m?® (Vicari et al. 2021).
Therefore, it is crucial to collectively describe and study the invasive overlying flow,
the underlying bed sediment, and the associated geological conditions (e.g.,
triggering liquid discharge, watershed terrain) (Zheng et al. 2021; Zheng et al. 2023).

To study the mechanisms of EEDPs and their effect on flow mobility and

volume changes, a reasonable modelling strategy is the so-called two-layer flows
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architecture, as proposed by Iverson (2012). As mentioned previously, in the field
of geohazard modeling and simulation, existing particle-based models are still
mostly confined to the framework of single-layer, single-phase flow frameworks.
Despite numerous similar studies in river engineering applications involving rapid
flow scouring using a multi-phase approach (e.g., Manenti et al. 2012; Fourtakas
and Rogers 2016; Ghaitanellis et al. 2018; Zubeldia et al. 2018), significant
differences exist between the mechanisms of pure water scouring and debris-flow
erosion. These differences are mainly reflected in: (i) the dominant force controlling
sediment removal and entrainment by flow, and (ii) the evolution pattern of pore
water pressure. Although both are sediment transport processes, debris flows
typically have higher viscosity and are less influenced by turbulent forces. Frequent
inter-particle contact dominates the friction behavior of debris flows, known as the
grain-inertia regime (Bagnold 1954), where mass erosion is the primary erosion
mode, and the viscosity of the interstitial fluid has a negligible effect. In this
scenario, the momentum exchange is significantly greater than in pure water
scouring. This intense exchange generates dispersive pressure, leading to grain
separation and the generation of shear stresses that constrain the flow (Armanini et
al. 2009). Consequently, the erosive behavior of two-phase viscous flows in their
initial motion stages frequently yields substantial mutual squeezing and excavation
effects. Nevertheless, intense particle collisions and friction significantly decrease
the velocity of the mixed fluid. This conclusion is further supported by comparing
erodible dam-break tests: the Louvain experiments (Fraccarollo and Capart 2002;
Spinewine and Zech 2007) and the granular step collapse (Crosta et al. 2009), which
highlight the differences between the two modes, and this section will be covered
in detailed later.

However, the grain inertia mechanism alone is inadequate to explain the partial
entrainment of the bed layer, despite its higher mechanical strength compared to the
fluid. Additionally, there is concern regarding the observed variation in flow
momentum within the erodible bed layer during a series of flume experiments (e.g.,
Iverson et al. 2010; Iverson et al. 2011; Johnson et al. 2012; Zheng et al. 2021;

Vicari et al. 2022a). The mechanisms of flow momentum growth and feedback,
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regulated by the pore water pressure response in wet bed sediment, will be
elaborated in Chapter 4. This chapter establishes a fully three-dimensional, two-
layer, multi-phase SPH model based on the ideal conditions of saturated sediments
to simulate the dynamic behaviors of debris flows, including erosion, entrainment,
and deposition processes. Several erosional dam-break tests are conducted to verify
its performance. This chapter establishes a two-layer, multi-phase SPH model based
on the ideal conditions of saturated sediments to simulate the dynamic behaviors of
debris flows, including erosion, entrainment, and deposition. Both the overlying
saturated debris and underlying bed sediment are modelled as viscoplastic, dense
granular flows governed by the Herschel-Bulkley-Papanastasiou (HBP) rheology
and the Drucker-Prager (DP) yield criterion. Initially inspired by the “Multi-phase
Liquid-Sediment Model” proposed by Fourtakas and Rogers (2016), this chapter
addresses the phase-transition issue associated with erodible beds on steep slopes,
and further extends the analysis from pure water scouring schemes to scenarios
involving dense flow erosion. Several erosional dam-break tests are conducted to

verify the model's performance.

3.2. MODELLING OF THE TWO-LAYER, MULTI-PHASE (TLMP) DEBRIS FLOWS

The modelling architecture utilized in this study closely mirrors the two-layer,
depth-averaged entrainment model proposed by Iverson (2012). The key distinction
lies in the computational domain of the granular flows, which is discretized into a
series of mixture-flow particles, each carrying field variables. Figure 3.1 outlines
the proposed TLMP model for debris flow. In this system, a gravity-driven, two-
layered dam collapse structure, consisting of an overlying layer of saturated source
materials and underlying erodible sediments, undergoes violent interactions across
steep slopes or channels. These interactions initiate a series of phase transitions (e.g.,
phase change (Morikawa and Asai 2022), particle sorting, dewatering (Pastor et al.
2023)), further evolving the bilayer structure into a multi-phase state. This multi-
phase framework is characterized, from top to bottom, by saturated debris, an
erodible bed, an un-yield region, and a substrate (representing an undrained

boundary). Figure 3.1b illustrates the L-L’ cross-section of the TLMP model,
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demonstrating that the flow depth and erosion depth are determined by the vertical
distance from the yield surface (v=0) to the free surface and to the bed sediment
surface, respectively. At the undrained boundary, the flow flux £, induced by gravity,

has the same magnitude but acts in opposite directions across the domain.
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Figure 3.1 Schematic illustration of the TLMP-SPH model. (a) Cutaway view of
the debris-flow model, (b) side view of the L-L’ cross section, (c¢) discretization of

the multi-phase particles within support domain.

Note that the TLMP model detailed in this paper is predicated on the
mechanical properties of debris flow (e.g., density, viscosity, internal friction angle),
encompassing dynamic processes, and distinguishing between flow states (either
flow-like or solid-like materials), as illustrated in the flow chart (Figure 3.2). In
contrast, truly strong coupling necessitates an integrated consideration of
interactions among multi-scale grains and interstitial fluids. Currently, such
integration can only be partially achieved through miniaturized tests (Bui and
Nguyen 2021), or within depth-averaged two-dimensional models (e.g., Pudasaini

2012; Pastor et al. 2018; Pudasaini and Mergili 2019; Pudasaini and Fischer 2020a,
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b; Pudasaini and Krautblatter 2021; Pastor et al. 2023; Zhou et al. 2024), owing to
the contentious nature of the mechanism and the high computational costs involved.
Our objective is to examine the dynamic behaviours of debris flows in a hierarchical
and state-by-state manner from the perspective of particulate mixtures. Next, a
detailed description of the computational model including the numerical scheme,

rheological model and multi-phase features, is elaborated.
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Figure 3.2 Flow chart of the erosion, entrainment and deposition process (EEDPs)

in the proposed TLMP-SPH method.

3.2.1. DEBRIS FLOW RHEOLOGICAL MODEL: NON-NEWTONIAN BINGHAM-TYPE

FAMILY

The debris flow mass is regarded as a variable-density, multi-grain mixture
over a non-uniform, erodible bed in this study. As illustrated in Figure. 3.1c, rapid
wet granular flows are modelled as a collection of discretized particles, each
carrying field variables and physical properties, moving along with the material.

The debris flow rheology (or constitutive) model reflects the interrelationship
between normal stress, shear stress, and deformation, wherein the pressure is
calculated by Eq. (2.33). The selection of the rheological model directly impacts
the ability of the numerical model to accurately depict the complex rheological

characteristics of debris flows. To accurately describe the nonlinear relationship
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between shear stress and shear strain of debris flow under large deformation, we

first review the shear stress formula in Eq. (2.38) within the context of SPH:

7 =2p,87, 3.1)

where u.; denotes the effective viscosity term, which varies according to
rheological model. In the literature, a series of non-Newtonian Bingham-type
models have been widely used and integrated into the SPH framework. These
include the Bingham model (e.g., Dai et al. 2014; Huang and Dai 2014), the Cross
model (e.g., Wang et al. 2016), the Herschel-Bulkley (HB) model (e.g., Nikooei and
Manzari 2020), and the Herschel-Bulkley-Papanastasiou (HBP) model (e.g., Han et
al. 2019; Han et al. 2020). The detailed comparison and limitations of these
rheological models have been thoroughly discussed in previous studies (Fourtakas
and Rogers 2016; Han et al. 2019). Similar to the Newtonian viscous formulation,

we convert them to their equivalent Newtonian fluid forms, as listed below:

Bingham: % = 21, €™ = 2(u+;—y,js“” : (3.2)
v
+(Ky)"
Cross: 1 =2y, &” = ng“ﬁ; K=Lto (3.3)
1+(Ky) T,
.n n— . \N- T
HB: t =, + " = 2" pe(¥) 1+2—;, (3.4)
HBP aff __ -n _ ~»n-1 - \n-1 Ty —2my
DTV =T g =2 -,u(’y) +2—7(1—e ), (3.5)
with
«  Ayb
Y= Lovgs and g =L N : (3.6)
2 2| ox”  ox“

where  ptgiom > Morss » My » and  figp are the equivalent effective viscosity
corresponding to the rheological model, respectively, u denotes the apparent
dynamic viscosity, 7, is the is the yield stress. In the Cross mode, 1, and u,
signify the fluid viscosities at low and high shear rates, respectively. In the HBP
model, m governs the exponential growth of stress, and » is the power law index

that facilitates the simulation of dilatant and pseudoplastic fluids.
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The primary Bingham model, which uses an equivalent viscosity coefficient,
encounters numerical divergence when the shear strain rate y approaches zero,
causing the effective viscosity coefficient u to approach infinity. Physically, this
implies that the debris flow slurry would completely freeze in low strain rate regions,
which is unrealistic. Cross model addresses this issue by introducing viscosity
coefficients for high and low shear strain rates. However, the value of g, still
needs to be determined empirically, and both models exhibit a linear stress-strain
relationship under large deformation.

Debris flow mixtures exhibit both dilatant and pseudoplastic behaviors with
varying proportions of soil, water, and gravel, as observed in the experiment by
Major and Pierson (1992) and Parsons et al. (2001). These nonlinear rheological
relationships are commonly referred to as "shear thickening" and "shear thinning."
The HB model successfully replicates nonlinear rheological relationships by
introducing a power-law term. By adjusting the n value, it can simulate both the
dilatant and pseudoplastic behaviors of debris flows. However, the HB model still
exhibits numerical divergence issues at low shear strain rates. In this context, a more
generalized model, known as the Herschel-Bulkley-Papanastasiou (HBP) model
(Papanastasiou 1987), is developed and applied to various non-Newtonian and
geophysical flow problems (e.g., Domnik and Pudasaini 2012; Domnik et al. 2013;
Fourtakas and Rogers 2016; Khattri and Pudasaini 2018; Zubeldia et al. 2018; Han
etal. 2019; Han et al. 2020; Zhou et al. 2024). Another commonly employed version

of the HBP model in the literature is written as follows:

T =24, 5p€” (3.7
with
n-1
oo = \);;_L[l—emEJ+2y|4HD|2, (3.8)

where II, is the second invariant of the strain rate tensor, defined as
[1, =&%¢” /2. Compared to other Bingham-type rheology models, the HBP
model involves two additional parameters, m and n, which regulate the exponential

increase in stress, and the nonlinear power-law growth at low and high shear rates,
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respectively.

Previous studies have demonstrated the capability of the HBP model in
accurately predicting significant features of both overlying debris flows (Han et al.
2019) and underlying bed sediments (Fourtakas and Rogers 2016). Specifically,
Han et al. (2019) successfully applied a single-layer HBP-SPH model to simulate a
real debris flow event, and rigorously analyzed the essential parameters (z,, u, m,
and n) of the HBP model, focusing on their sensitivity and data fitting capabilities.
Fourtakas and Rogers (2016) combined the HBP model with the Drucker-Prager
(DP) yield criterion, successfully capturing the erosion patterns of sediments in a
pure water environment. However, the task of establishing the yield criterion for

particles in erodible bed sediments, in relation to yield stress 7, , continues to

y b
provoke debate. Next, we will establish the physical connections between debris-
flow erosion, entrainment, particle yield, and phase transition mechanisms within

the SPH framework.

3.3. EROSION AND ENTRAINMENT IMPLEMENTATION

3.3.1. YIELD CRITERIONS

In the three-dimensional SPH framework, erosion and entrainment behaviours
are evaluated through the analysis of bed failure and the subsequent particle
transport by the flow, as opposed to depth-averaged methods that assess
entrainment rates on a per-grid basis (Vicari et al. 2022b). The transition between
stationary and flowing regions is frequently modelled using various approaches,
such as the Mohr-Coulomb (MC) (e.g., Manenti et al. 2012; Han et al. 2019;
Nikooei and Manzari 2020; Vicari et al. 2022b), the Drucker-Prager (DP) (e.g., Bui
et al. 2008; Fourtakas and Rogers 2016; Zubeldia et al. 2018; Zhou et al. 2024), and
the Shields criterion (e.g., Zubeldia et al. 2018; Martinez-Aranda et al. 2022).
Specifically, the Shields criteria are primarily utilized for analyzing pure water
scour in the fields of hydrology and river engineering. Compared to the MC
approach, the DP criterion yields a better approximation for continuous media

subjected to dynamic high-pressure loads, owing to its smoother yield surface and
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mathematical consistency (Jiang and Xie 2011). Further study (Fourtakas et al.
2013) indicates that the MC criterion adopts a more conservative stance with
respect to particle yielding. Given the available evidence, the MC criterion appears
to be more suitable for addressing low moisture content dry landslide issues,
whereas the DP criterion is more appropriate for dealing with multiphase erosion
problems associated with debris flows. To determine the yield term of the HBP

rheology, it is straightforward to apply the following formulas:

MC Criterion: 7, =c+(p—p,,)tang, (3.9)
DP Criterion: 7, =—a, (p— P, )+ (3.10)
with
tang 3c
2D =’ g = (.11)
" J9+12tan’ J9+12tan? ¢
and

_ 2{3sing, o 2/3ccos ¢

3'D o = N y ¢ N [}
3-sing 3-sing

(4

(3.12)

where ¢ and ¢ denote the cohesion and internal friction angle, respectively, and

p,, refers to the pore water pressure. The coefficients «, and «. are determined
by mapping the DP onto the MC yield criterion within the deviatoric plane.
Generally, the yield surface of the bed sediment layer can be characterized based

on the state of stress and mechanical properties (Fourtakas et al. 2013), i.e.
<0, unyield
f =, (p=p.)+ % {0 e G.13)

where J, is the second invariant of the deviatoric shear stress tensor defined as
J, =7%7% [ 2. This method facilitates a natural transition between stationary and
flowing sediment regions by incorporating the increase in stress with depth through
a pressure-dependent yield criterion. As a result, particles exhibit a higher effective

viscosity (g and tend to be stationary as the critical shear stress 7z, increases.
3.3.2. PHASE TRANSITION ON STEEP TERRAIN

The pressure-dependent criteria exhibit acceptable stability in gentle terrain
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but tend to fail in steep slope scenarios. As depicted in Figure 3.3, even on flat
ground, sediment particles can be disturbed by stress waves, which is reasonable in
the context of movable riverbeds. However, this does not apply to the scenarios of
debris flow on mountain slopes and channels. In these cases, the slopes can remain
relatively stable before erosion occurs, and the impact of stress waves is relatively
minor. This difficulty partly stems from the lack of an elastic branch within the HBP
rheology and the direct dependence of flow dynamics on the strain rate tensor. Such
a configuration renders the sediment system unable to withstand perturbations from
gravitational force in steep terrain, thereby making it highly susceptible to particle
collapse (Ma et al. 2023). The key to solving this problem lies in the two-stage
nature of the HBP model (Fourtakas and Rogers 2016; Han et al. 2019). As
demonstrated in Eq. (3.8), when the shearing rate approaches zero, the effective
viscosity of the HBP model satisfies:
lim M 1-e ™ (42 7 =
[ } w4 2 b=mle,| (3.14)

£-0 \/ﬁ

This suggests that the Papanastasiou term significantly influences the
exponential increase in stress at low shear rates. As shear rates continue to increase,
the effective viscosity decreases markedly, transitioning into a stage governed by
the Herschel-Bulkley (HB) term. Herein, we incorporate an additional constraint
into the DP criterion, utilizing the two-stage features of effective viscosity to

determine the onset state of sediment particles, as:

{—aw(p— Py)+ 5, <0 Ut > mlz,|, unyield (3.15)
else, yield

The proposed phase transition model identifies the pre-distortion state of

effective viscosity as an un-yielded phase, aim at enhancing the resistance of

sediment particles to perturbations in complex terrains. In addition, it eliminates the

need for extra artificial parameters to establish the critical state.
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Figure 3.3 Snapshots illustrating the numerical results of liquid-sediment scouring
simulations, derived from the “Multi-phase Liquid-Sediment Model” proposed by
Fourtakas and Rogers (2016).

Typically, measuring pore water pressure necessitates detecting the soil-water
interface and the free surface to determine the hydraulic head pressure difference.
Manenti et al. (2012) demonstrated that this process is computationally expensive
and yields inaccurate results due to significant interface deformation. For saturated
sediments, Fourtakas and Rogers (2016) proposed a low-cost method that
establishes a connection between pore water pressure and the pressure exerted by

the saturated sediment, as follows:

C? )
pi’W — po,wy sO,w [Zl,sat J -1 ’ (316)
0,sat

where subscripts w and sat refer to the water and saturated sediment phase
respectively. Finally, the skeleton pressure can be determined by calculating the
difference between the total pressure and the pore water pressures. For unsaturated
condition, the pore water pressure response pattern is more complex and will be

elaborated upon in Chapter 4.
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3.4. VERIFICATION EXAMPLES

In this section, we compare the numerical simulation results with model
experiment results to highlight the characteristics and differences between pure
water scouring and dense granular flow mass erosion. The two-layer water scouring
on saturated beds is qualitatively validated using the Louvain erosional dam-break
tests (Fraccarollo and Capart 2002), while the dense flow erosion is tested using a

granular step collapse (Crosta et al. 2009).

3.4.1. EXAMPLE 1: DAM-BREAK WAVE ON MOVABLE BEDS
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Figure 3.4 (a) Side view of the Louvain laboratory configuration and snapshots of
the erosional dam-break wave. Images modified from Fraccarollo and Capart
(2002). (b) Numerical modeling of the dam-break wave on saturated beds —

experiment set-up.

The Louvain erosional dam-break laboratory is one of the widely recognized
tests for liquid-sediment scouring, with well-documented results, and has been used
as a benchmark for sediment transfer and water-soil interactions by various
researchers (e.g., Ulrich et al. 2013; Fourtakas and Rogers 2016; Zubeldia et al.

2018). The original tests are conducted in horizontal prismatic flumes with a
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rectangular cross-section, measuring 2.5 m in length, 0.1 m in width, and 0.35 m in
height, as illustrated in Figure 3.4a. Before each test, the granular material is spread
into a consistent layer 5-6 cm thick within the test area. A watertight sluice gate is
lowered to the flume bottom at the center of the test area to represent the idealized
dam. Water is then introduced downstream of the gate to fully saturate the sediment
bed. Subsequently, the water level is increased to 0.1 m above the surface of the
granular bed. Upon releasing the water column, hydrodynamic stress at the interface
triggers yielding and scouring at the sediment boundary. This creates a shear layer

that extends to a depth where viscosity, density, and pressure continuously change.
Table 3.1 Rheological and SPH parameters in the Louvain experiment.

Parameter Notation Unit Value
Water Density Pu kg/m’ 1000
Soil Density Ps kg/m? 1560
Kinematic viscosity (Water) v, m?/s 0.001
Kinematic viscosity (Soil) 0, m?/s 0.002
Particle distance d, m 0.002
Number of fluid particles N, / 25,000
Number of soil particles N, / 37,470
Number of boundary particles N, / 1,451
Cohesion c Pa 0
Internal friction angle ® ° 31
Exponential index m / 10
Power law index n / 1.2
Sound speed coefficient é / 20
EoS constant % / 7
Density diffusion coefficient d, / 0.1
CFL coeftficient CFL / 0.1

The bed was constructed using cylindrical PVC pellets with an equivalent
spherical diameter of 3.5 mm and a density of 1560 kg/m* when saturated. In the

numerical setup, the geometric model is designed to replicate the experimental
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configuration, featuring a 0.1 m high water column and a 0.06 m fully saturated soil
bed, as shown in Figure 3.4b. Based on the equivalent diameter of the sediment
particles and for comparison with the results of Fourtakas and Rogers (2016), we
used a particle spacing of dp=0.002 m. This setup generated a total of 25,000
water particles (N,) and 37,470 soil particles (Ns) within the computational domain.
For the mechanical properties of the saturated soil under the Drucker-Prager
criterion, we follow the methods of Fourtakas and Rogers (2016) and Zubeldia et
al. (2018), setting c=0 and ¢=31° to reproduce the properties of a
cohesionless material, similar to those of PVC pellets. The HBP parameters of
exponential and power law coefficients are set to m=10 and n=12 ,
respectively, to delineate the shear-thinning flow behavior observed in the
experiment. Detailed numerical modeling parameters for the Louvain dam-break

test are provided in Table 3.1.

(a) I

0.4 —0.2 0 0.2 0.4 0.6 0.8 1.0
(b) _
-’“

()

Figure 3.5 Qualitative comparison of simulation and experimental data. (a)

Particles displacement tracked at t = 0.25 s; (b) numerical results of Fourtakas and

Rogers (2016); (c¢) numerical results from the current model.

Figure 3.6 Qualitative comparison of simulation and experimental data. (a)
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Particles displacement tracked at t = 0.50 s; (b) numerical results of Fourtakas and

Rogers (2016); (c¢) numerical results from the current model.

Figure 3.7 Qualitative comparison of simulation and experimental data. (a)
Particles displacement tracked at t = 0.75 s; (b) numerical results of Fourtakas and

Rogers (2016); (c) numerical results from the current model.
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Figure 3.8 Qualitative comparison of simulation and experimental data. (a)
Particles displacement tracked at t = 1.00 s; (b) numerical results of Fourtakas and

Rogers (2016); (c) numerical results from the current model.

Figures 3.5-3.8 illustrate a qualitative comparison of the particle displacement
profile from Fraccarollo and Capart (2002) with the SPH numerical results obtained
from the proposed method and those from Fourtakas and Rogers (2016) at different
instant. These demonstrate that the flow dynamics are well reproduced by the
current model. The main difference from the model of Fourtakas and Rogers (2016)
lies in our use of a more consistent density diffusion term (Fourtakas et al. 2020)
and particle shifting algorithm, as well as the consideration of the two-phase

transition in HBP rheology. It is evident that in the control experiments at various
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time points, the existing model consistently achieved results closer to experimental
observations. Additionally, the water-sediment interface profiles are smoother and
more continuous, better reflecting real-world conditions.
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Figure 3.9 Snapshots of the Louvain liquid-sediment dam-break profiles and

velocity cloud diagram.

Figure 3.5 shows that at the initial moment of # = 0.25 s, the release of the
water column immediately exerted compression and excavation on the riverbed,
forming a typical dam-break shape. At the interface between the front end of the
water column and the sediment, the scoured sediment was partially pushed to the
upper layer, forming an elliptical flow front. The improved SPH-HBP-DP model
used in this study accurately reproduced this flow pattern, generating a greater
excavation effect compared to previous SPH simulation results, while the upper
water column maintained a smooth dam-collapse shape. The improved method also
exhibits closer agreement with experimental data for both the scour profiles and the
liquid surface profiles. However, in the control groups at # = 0.75 s and beyond
(Figures 3.7 and 3.8), the SPH simulations produced excessive scouring volume
compared to the experimental data, and the flow front decelerated more rapidly.

This discrepancy can be partially attributed to the pore water pressure algorithm
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based on Equation 3.16, which may overestimate the pore water pressure, as noted
in the report by Ghaitanellis et al. (2018). Additionally, simplifications in turbulence
effects and the yield criterion, as well as modeling within a weakly compressible
framework, may have contributed to deviations in flow velocity and pressure fields.

Figure. 3.9 illustrates the snapshots of the erosional dam-break tests and the
velocity cloud diagram at # = 0.25 s. From this, the spatiotemporal characteristics
of the water column and scouring surface profiles can be obtained. The experiment
demonstrates that the improved SPH-HBP-DP model can effectively depict the
morphological variations of the sediment interface during the scouring process,
highlighting its potential for further simulation of debris flow erosion, entrainment,

and deposition.

Experimental data Multi-phase SPH-HBP-DP simulation results
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Figure 3.10 Comparative analysis of the Louvain erosional dam-break tests and

SPH-HBP-DP simulation results.

The comparative analysis in Figure 3.10 demonstrates the effectiveness of
experimental observations and SPH-HBP-DP-based numerical simulations,
including time series flow velocity distribution maps and the developmental process
of water-sediment profile characteristics. Our model successfully reproduces and
captures the hydrodynamic characteristics of water-sediment flow. The purpose of
this numerical experiment is to validate whether the HBP-DP model can capture the
transition process from solid sediment to fluid phase, as saturated sediment is

eroded from the riverbed, thereby laying the foundation for understanding the
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dynamic characteristics of debris flows on unsaturated sediment in the next chapter.

3.4.2. EXAMPLE 2: GRANULAR STEP COLLAPSE

In rapid granular flows with dense particles and greater density such as debris
flows and avalanches, the dynamic behavior and flow state of the mass flow may
differ significantly from those in scenarios involving pure water scouring. As we
discussed earlier, an increase in viscosity usually indicates a low Reynolds number
flow, where the effects of turbulence become minimal. In this scenario, inertial-
dominated particle collision forces or viscous forces become predominant. This
implies that the compression, excavation, and energy dissipation caused by particle
collisions may far exceed the scouring effect of water on saturated sediment. At this
stage, both upper and lower layers of material are modeled using the HBP

constitutive model to simulate the flow characteristics of the particles.

0.188 m

>
3

Initial mass

Erodible dry bed

1.2m

Figure 3.11 Schematic diagram of the granular step collapse.

Based on the granular step collapse experiment initially introduced by Crosta
et al. (2009) and later validated using FEM and SPH methods (Nikooei and Manzari

2020), we conduct verification and dense flow erosion analysis. In the previous
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work, the non-cohesion granular flow was described as an elastoplastic model based
on Geomechanically model. Given the relatively dry material used in this test, we
adopt the SPH-HBP-based Lagrangian framework combined with the Mobhr-
Coulomb (MC) yield criterion to simulate the mass erosion behavior of granular
flows.

Figure 3.11 illustrates the experimental setup for granular step collapse. An
initial granular column with a high aspect ratio is positioned on a rigid step. Due to
gravity, the column collapses and slides onto an erodible bed composed of the same
material on the right side of the step. This process exerts compression, collision,
and excavation forces on the bed. The only difference between the upper- and
lower-layer materials is the internal friction angle. The experiment manipulates the
internal friction angle of the bed layer ¢,,, to alter the strength of the materials,
thereby observing the changes in erosion effects and flow dynamics. Table 3.2 lists

the materials and simulation parameters for the granular step collapse test.

Table 3.2 Modelling and materials parameters used in the granular step collapse.

Material Parameter Notation ~ Unit Value
Bulk density Ps kg/m? 1550
Cohesion coefficient C, Pa 0

Initial mass Internal Friction angle ¢, ° 30
Dynamic viscosity Ul Pas 0.1
Exponential index / / 100
Power law index / / 1.2
Bulk density Poed kg/m? 1550
Cohesion coefficient Cpeq Pa 0

Erodible bed Internal Friction angle ¢, ° 10-30
Dynamic viscosity Hpeq Pas 0.1
Exponential index / / 100
Power law index / / 1.2

! The values for dynamic viscosity are referenced from the report by Nikooei and Manzari
(2020)
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Figure 3.12 (a) Granular step collapse conducted with an internal friction angle of

30°. (b) Different stages of an entraining granular flow obtained by the SPH-HBP-
MC method.

In the numerical setup, the particle distance is set to dp=0.002m ,
generating 28,200 initial mass particles and 50,500 bed particles. The parameters
for numerical sound speed and dissipation coefficients are identical to those used in
the Louvain erosion dam-break test. Figures 3.12 and 3.13 show the simulation
results for bed layer materials with internal friction angles of ¢,,, =30° and 10°,
respectively. It is evident that the particle erosion pattern and the morphology of the
interface are highly dependent on the strength of the bed layer. For the scenario with
Ppeq = 30°, the sliding granular column causes almost no effective erosion of the

bed layer material. There is negligible displacement and deformation of the bed
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materials, and the flow pattern resembles non-entraining flow over a completely
rigid interface (Lube et al. 2005; Lube et al. 2007). As such, deposition occurs at a
relatively early stage.

(@)
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Velocity magnitude (m/s)
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£=0.60 s

Figure 3.13 (a) Granular step collapse conducted with an internal friction angle of
10°. (b) Different stages of an entraining granular flow obtained by the SPH-HBP-
MC method.

However, as the strength of the bed layer material decreases (¢, =10°), the
sediment particles cannot remain stable under the compression and scouring of the
granular column, resulting in significant displacement and deformation. At this
point, the bed layer material interface is pushed forward by compression and
plowing, leading to delayed deposition. By comparing with experimental data

(Figures 3.12a and 3.13a), it can be seen that the erosion and non-erosion flow
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patterns of granular materials obtained using the viscoplastic SPH-HBP-DC model
closely match the results simulated using the elastoplastic FEM model. This
alignment holds true even during the initial stages of granular collapse, where some

materials exhibit curling similar to a viscous flow.

0.6
Bed sediment — SPHt=0.2 s
0.5 Initial colume — SPHt=0.4s
©00 FEMt=0.2 s ~—— SPHt=0.6 s
VvV FEMt=0.4 s - - - Fluid_bed interface
000 FEM t=0.6 s — - 0 Velocity line
—— Bi-viscous model

1.2

Figure 3.14 Comparative analysis of profiles of the granular step collapse on an

entrained bed with ¢, =10°. Successive curves are plotted at 0.2 s intervals.

Figure 3.14 shows the comparative profiles of granular step collapse at
different time intervals. It can be observed that our model accurately reproduces the
surface and interface morphology development characteristics seen in both the
experimental and FEM simulation results. Notably, the dashed line represents the

critical interface (v = 0), above which all particles have yielded and displaced.
3.5. CONCLUSIONS

In this chapter, an advanced Two-Layer Multi-phase SPH (TLMP-SPH) model
is introduced to simulate the complex rheological behavior and flow dynamics of
debris flows, encompassing processes such as erosion, entrainment, and deposition

(EEDPs). We begin by reviewing the current state of debris flow rheological models,

112



emphasizing the evolution of models based on non-Newtonian fluid dynamics. The
chapter details the application of the HBP model, integrated with suitable yield
criteria and phase transition models, to simulate the dynamic processes of debris
flows, including the overlying intrusive flow and underlying erodible beds.
Subsequently, we discuss several commonly used yield criteria and their integration
within the SPH Lagrangian framework, as well as the implementation of phase
transitions. Finally, numerical tests and experimental comparisons are presented to
validate the capabilities of the proposed model. The specific conclusions are as
follows:

(1) Existing numerical models for debris flows, such as SWES, FEM, and
FVM, are primarily based on single-phase continuous media approach. These
models fail to fully account for the complex interactions between the overlying
debris flow and the underlying sediment bed, including dynamic processes such as
erosion, entrainment, and deposition. Leveraging the applicability of the Herschel-
Bulkley-Papanastasiou (HBP) model for dilatant (shear thickening) and
pseudoplastic (shear thinning) flows, we propose combining the HBP model with
yield criteria like Drucker-Prager (DP) and Mohr-Coulomb (MC). This approach
incorporates the two-phase nature of the HBP model to simulate the phase transition
processes of sediment beds under rapid flow erosion, offering a new methodology
for the numerical modeling of complex multi-phase geophysical flows.

(2) The proposed SPH-HBP-DP model was compared in detail with the
Louvain erosional dam-break laboratory data and the SPH simulation results from
Fourtakas and Rogers (2016). Our method integrates a more consistent and stable
density dissipation term, a shifting algorithm, and phase transition handling.
Comparisons of liquid-sediment erosion profiles, velocity fields, and other metrics
indicate that our method accurately reproduces experimental observations,
including the morphological characteristics of the erosion interface, the velocity
field distribution, and displacement distances. This scouring experiment on
saturated sediments establishes a foundation for future studies on the pore water
pressure response patterns in unsaturated sediments and the physical mechanisms

of debris flow erosion.
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(3) To validate the capability of the SPH-HBP model in depicting the erosion
patterns of dense granular flows, comparisons were made with granular step
collapse experiments and their FEM simulation results. The Mohr-Coulomb yield
criterion was integrated into the SPH-HBP framework to model the erosion of dense
dry granular flows. Simulation results indicate that our model successfully captures
the erosion characteristics of the collapsing granular column on erodible beds with
varying shear strengths. When the erodible bed strength is high (¢, =30°), the
granular flow behaves almost like a non-entraining flow on a completely rigid
boundary, with minimal deformation and displacement of the bed material, rapid
reduction in granular flow velocity, and early deposition. As the bed strength
decreases ( ¢,y =10°), significant deformation and displacement occur at the
interface between the upper and lower layers, with lower layer particles being
squeezed, excavated, and pushed to the flow front. The simulation results based on
the SPH-HBP-MC model closely match the experimental data and FEM simulation

results.
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CHAPTER

FLOW-MOMENTUM GROWTH AND ITS FEEDBACK IN VISCOUS

DEBRIS FLOW ON WET BED SEDIMENT

4.1. INTRODUCTION

Flow-momentum growth and resultant feedback from bed-sediment
entrainment significantly influence the mobility of debris flows and valley
topography. Existing models inadequately capture the mass and momentum growth
regulated by scale-sensitive, time-dependent pore water pressure in erodible beds,
which exhibit pronounced anisotropy and nonlinearity.

Extensive field and lab studies (e.g., Jakob et al. 2005; McArdell et al. 2007;
Iverson et al. 2010; Iverson et al. 2011; Johnson et al. 2012; Haas and Woerkom
2016; Zheng et al. 2021; Vicari et al. 2022a) suggest that the evolving excess pore
water pressure significantly contributes to the reduction of shear strength in wet bed
sediment. Nevertheless, accurately quantifying the time-space evolution of
interstitial pore water pressures, especially those characterized by rapid loading in
undrained, quasi-saturated basal sediments, remains a huge challenge. Existing
studies, especially the depth-averaged method, tend to adopt a simplified treatment
by introducing pore pressure ratio (Iverson and Denlinger 2001) to evaluate the pore
pressure response patterns (e.g., [verson 2012; Han et al. 2015; Han et al. 2020;
Vicari et al. 2022b). Another strategy involves employing porous medium

mechanics to analyze the interdependence between soil skeleton deformation and
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pore water pressure (e.g., Pastor et al. 2015; Cascini et al. 2016; Morikawa and Asai
2022). Such methods often rely on fully coupled numerical models and require
expensive poro-mechanical parameters. To address this issue, this chapter builds
upon the proposed TLMP-SPH model, presenting an efficient hydro-poro-
mechanics-based pore water pressure algorithm embedded within the SPH scheme
to simulate the pore pressure response and flow-momentum growth of debris flows
on wet beds. To address the size effect, the method was rigorously tested through
small-scale erosional tests and a series of full-scale, well-documented entrainment

experiments.

4.2. DEVELOPMENT OF A HYDRO-PORO-MECHANISM-BASED PORE WATER

PRESSURE ALGORITHM

4.2.1. PHYSICS-BASED PORE WATER PRESSURE RESPONSE ALGORITHM

The physics-based pore water pressure algorithm applied in the SPH method
can be broadly classified into particle-fluid mixture SPH (single-layer) and fluid-
grain strong coupling SPH (two-layer). Single-layer SPH utilizes a single type of
particle to incorporate data from both the solid grain (soil skeleton) and interstitial
fluid (water or viscous fluid) phases. This approach is relatively simple to
implement, has low computational costs, and has been used to solve various
practical SPH problems (e.g., Bui and Fukagawa 2009; Pastor et al. 2009; Bui and
Fukagawa 2013; Pastor et al. 2015; Lian et al. 2022; Morikawa and Asai 2022). By
contrast, The two-layer strong coupling SPH approach employs different
Lagrangian particles to separately model the fluid and solid phases. The fluid is
usually treated as incompressible or weakly compressible, whereas the soil skeleton
is modeled using an elastic or elasto-plastic constitutive model. The interaction
between these phases is represented by seepage or drag forces. This method can
account for relative accelerations between the solid and fluid phases and allows for
independent application of hydraulic and mechanical boundary conditions. Some
typical examples include (e.g., Huang et al. 2013; Zhang et al. 2016; Pastor et al.
2018; Zhang et al. 2019). Given the particle-fluid mixture modeling framework
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adopted in this study, and considering the significant computational cost and
compromises required for large-scale applications of the strong coupling model, we
introduce an efficient pore water pressure physical model based on the single-layer
SPH framework. This model, initially proposed by Chen et al. (2024), is derived
from volumetric strain and Darcy’s law, and will be elaborated upon below.

Let's first review the continuity equation in Eq. (2.18), and consider the mass
conservation of the solid and liquid phases separately. The mass conservation of the

separate phase within a unit volume can be expressed as follows:

d(np,) ANpV V. =0, (4.1)
dt
and
d(r;—wtpw) npV-v, =0, 4.2)

where the subscripts s and w denote solid and fluid phases, respectively; n, and
n, indicate the volume fractions of the corresponding phases; The velocity vector
of the solid in the porous medium is denoted as V., while the seepage velocity
vector, V, , represents the relative velocity between the water and solid phases. It
is important to note that the total volumetric strain increment ( de, ) is equivalent to
the negative change in void volume, following the sign convention where
compression 1is considered positive. Additionally, considering the physical
relationship between pore water pressure p,,, its bulk modulus K, , and density
variation, i.e., K,=dp,/(dp,/p,), the pore water pressure response can be

expressed as follows:

n dp de,
— Fw__y. =t 4.3
K, dt Tt (43)
with
qW = r']WVW’ (4'4)

where (,, denotes the vectors of Darcy velocity. In the SPH model, the velocities
of solids are determined using the momentum equation, which incorporates the total
stresses and the overall density of the mixture. The overall density is defined as

p=n,p,+@-n,)p,, similar to the method used by Lian et al. (2022):
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v, _1y.6+F, 4.5)
da p

where F represents the vector of external body force. The momentum balance of
liquid phase is typically described by the NS equation, which simplifies to Darcy’s
law for laminar flows. According to Eq. (4.3), the pore water pressure response is
influenced by both seepage and soil volumetric strains. In a fully saturated porous

material, the increment in pore pressure can be formulated as:

dp, K de,
w o _w Y. . 4.6
dt  n ( Q¥ dtj 4.6)

Following Darcy's law, the flux component (,, along the direction of gravity

(referred to as f in this study) and in other directions can be described as follows:

B
g/ =—k'i* =k’ iaLVﬁv_ dHﬂe =—k—al‘g+k/’, 4.7)
v, OX"  dx 7, OX

q = kit =X P (4.8)

Y OX

Y

q/, = ki’ __k %1 (4.9)

7, OX

where k“, k”, and k’ denote the hydraulic conductivity, and i*, i’, and iV’
refer to the hydraulic gradients in each directions. 7y, 1is the unit weight of water;
H, represents the elevation head, so the difference dH, between particle pairs
corresponds to the particle spacing in the direction of gravity.

In this context, we assume isotropic hydraulic properties (i.e.,
k® =k” =k’ =k) that remain constant during the simulation. Consequently, the
pore pressure increment dp,, /dt can be derived by combining Egs. (4.6) through
(4.9):

, (4.10)

dy (KK g Ky de
dt n dt

WyW

where V? indicates the Laplace operator, which should be rigorous approximated
in the SPH scheme. Therefore, the interaction between soil and water is captured

by integrating seepage effects and pore water pressure response into the governing
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equations.

Undrained
boundary

Gravity

®,
Boundary + .
particle * v o Fe o'

Figure 4.1 Schematic of flow flux at an undrained boundary accounting for

gravity effects.

For defining hydraulic conditions, a drained boundary is typically modeled by
setting a fixed pore pressure value at the boundary. Conversely, an undrained
boundary is simulated using virtual particles that replicate the pore pressure values
of the adjacent particles across the boundary. Thus, at the undrained boundaries
(Figure. 4.1), the gravity-induced flow flux g”(g)=-k exhibits the same
magnitude but flows in the opposite direction across the boundary. The change in

flow flux due to gravity at these undrained boundaries can be described as:

og,(9)  —k-(k) 2k @.11)

ox” dx/  dx’’
As such, taking gravity into account, the derivative of the total flux at the
undrained boundary can be expressed as:

8 2
M, _[k) P, , 2k (4.12)
axﬁ Yw G(Xﬁ) dxﬂ

Combining Eqgs (4.10) and (4.12), the pore pressure increment at the undrained

boundary of the particles can be formulated as:
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dﬂ: KWk vzpw+ﬂ+&%. (4.13)
dt  {np, ndx n dt

where dx” denotes the distance separating the bottom boundary and the particle
directly above it, aligned with direction of gravity. The three terms on the RHS of
Eq. (4.13) correspond, respectively, to the effect of the hydraulic gradient, soil
volumetric strains, and the undrained boundary on the pore pressure response. The
pore water pressure response is precisely modeled by incorporating both the
hydraulic gradient and volumetric strain within a single-layer mixture of SPH

particles, achieving a balance between accuracy and computational efficiency.

4.2.2. EXTENSION TO QUASI-SATURATED WET SEDIMENT CONDITIONS

Debris flows commonly occur in conjunction with antecedent precipitation or
groundwater recharge, leading to varying degrees of saturation in bed sediments,
ranging from unsaturated to quasi-saturated states. Modelling the dynamic response
of pore water pressure in this scenario proves to be quite challenging, as it is
influenced by a combination of geological conditions, external loads, and material
properties. In the previous section, we reviewed a pore water pressure algorithm
derived based on volumetric strain rate and Darcy's law, which is used for
calculating the pore pressure response in saturated sediments. The consolidation
model efficiently captures excess pore pressures, ensuring high accuracy with
minimal computational demand. Here, we extend its application to a broader
scenario characterized by wet, quasi-saturated conditions, wherein the water
content is sufficiently high to generate a conspicuous pore pressure response.

Given the intricate physical mechanisms inherent in the multiphase media of
unsaturated soils, the relationship between pore water pressure and water content
exhibits pronounced non-linearity. To develop a pore pressure response algorithm
for wet sediment, it is essential to adopt several well-founded assumptions:

(1) The soil skeleton is considered incompressible, with total volumetric strain
attributed to changes in pore water and air volumes.

(i) The saturation degree of bed sediment remains constant during the

dynamic process.
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(i11) The water content in the sediments is sufficiently high to generate a pore
pressure that far exceeds the matric suction between pore fluid and air, thereby
sustaining the applicability of Terzaghi’s effective stress principle.

(iv) The rapid loading of debris flows allows insufficient time for the
separation or rearrangement of pore fluid and air, resulting in consistent pressure
responses.

Based on assumption (i), the total volumetric strain rate €, can be expressed

as a weighted average of each component (Pietruszczak and Pande 1996).
g =n[Se,+(1-S, )z, |, (4.14)

where €, and €, denote the volumetric strain rate of pore water and air,
respectively; S, isthe saturation degree (i.e., S, =n,/n where n, referstothe
water content). Applying the constitutive equations for both materials, based on

assumption (iv), leads to:

Ap
=——, 4.15
8W KW ( )

Ap
=——, 4.16
g, K (4.16)

a

where K, is the bulk modulus of pore air. Through Egs. (4.14) to (4.16), the

volumetric strain rate of pore water can be derived as:
1
g, = g, (4.17)
" n,+(n-n,)K, "

&

where K, =K, /K, represents the ratio of bulk modulus between pore water and
air, and n refers to the porosity. By substituting the volumetric strain rate in Eq.
(4.13) with the portion of pore water, the resultant pressure responses of pore

pressure for wet sediment can be derived:

dp, (K.k)o, K 2K K
—A = 2 |V°p,+—¢, +—, 4.18
dt (n j Pu n Eu ndz” (4.18)

WyW
Based on the relationship between the volumetric strain and bulk modulus of
each phase in porous media materials, Equations (4.17) and (4.18) establish the

relationship between pore water pressure response and volumetric water content in
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unsaturated sediments.

4.3. SPH APPROXIMATION OF THE SECOND DERIVATIVE TERM OF PORE WATER

PRESSURE

The diffusion term in Eq. (4.18) involves the second derivatives of p,,, which
need to be rigorously approximated within the SPH scheme. As previously
mentioned, calculating the second-order derivative of functions using SPH
approximation faces numerous challenges, including large computational costs,
convergence issues, consistency, and uniform particle distribution. Therefore, it is
recommended to avoid using the second-order derivative of the kernel function in
practical SPH applications. However, solving many physical problems in
engineering involves approximating second-order derivatives. To address this, we
introduced a general, 0"-order accurate primitive Laplacian SPH model
(Brookshaw 1985) in Chapter 2, which is reviewed here:

Vet~ (ver) =2 T(r, g Y

) 4.19
j=1 p] ‘X“‘ +7’]2 ( )

Applying this to the pore water pressure response algorithm (Eq. (4.18)) yields
a 0™-order accuracy SPH approximation formula based on the primitive Laplacian

method (Chen et al. 2024):
dpwi ~ [ZKWk] N ﬂ pWJIX VIVVIJ

dt = P 2
W )53 Py x| +(0.01072) 4.20)
K, de’ de/ de’ ) 2K,k
+— =L :
iy [n,+(n-n,)K | dt dt dt ) ndz/

The primitive SPH Laplacian model avoids using the second derivative of the
kernel function; hence, its accuracy and robustness are often criticized due to the
impact of non-uniform particle distribution. In this study, the Naive model (Asai et
al. 2023) is adopted to evaluate the Laplacian operator. Similar to a cross-derivative
formulation proposed by Lian et al. (2021), this approach offers enhanced accuracy
and convergence relative to the primitive Laplacian model, while obviously
reducing computational demand relative to other Laplacian models. This study does

not cover the detailed derivation process of the Laplacian model. Instead, we
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directly present the Naive form of the Laplacian operator as follows:

I - VW i N
sziz<V2 > —22_1::] ‘ ‘( )(fij_rij'<fi>(1))’ (4.21)

with

=20 1 )9W (5, ), @)

j=1 p]

3

= P

m;
—VW ®r;

ij?

(4.23)

where < f, > 0 refers to the kernel gradient correction term (Randles and Libersky
1996), and VW, ( i h) denote the correction gradient operator, which is defined
by the correction matrix L,. For a comprehensive analysis of the Naive and other
refined Laplacian models, please refer to the work by Asai et al. (2023). Similarly,
by applying the Naive Laplacian operator to the pore water pressure formula, we

obtain a 1%-order accurate SPH second derivative approximation, as follows:

dp.; [ K,k
dt ( M7 J V7Pt

N K, de’ N de’ +% N 2K,k (429)
n-[n,+(n-n,)K Jl dt dt dt ) ndz/’
m. . -VW h
<V2 Pui >(NI) = Z JJ—()(pwu | '<pri >(1))1 (425)
A gl

N m.
(VPui)y = 22— (P = P VW (15, 1), (4.26)

i-1 Pj
VW (r;, h)=L"VW (r;, h), (4.27)

4.4. VERIFICATION EXAMPLES

4.4.1. EXAMPLE 1: PORE PRESSURE TESTS FOR EROSIONAL DAM-BREAK

Since there are currently no experiments on pore water pressure in erosive
structures, we use the Louvain test model framework to test the evolution of pore

pressure in a two-layer dam-break model. However, we have increased the initial
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mass column (water or dense material) and the bed material thickness to 0.5 m to

observe the pressure variation along the depth direction, as shown in Figure 4.2.

Table 4.1 Material parameters of the two-layer scouring test.

Material Parameter Notation ~ Unit Value
Water density Py kg/m? 1000
Dense flow density P kg/m? 2010
Upper-layer ‘ ‘
o Cohesion coefficient Cn, Pa 0
initial column o
Internal friction angle @ ° 25
Kinematic viscosity O, m?/s 0.01
Bulk density Ps kg/m’ 1650
Cohesion coefficient C, Pa 1
Internal friction angle 0, ° 40
Underlying Kinematic viscosity 0, m?/s 0.02
Sediment Porosity n / 0.40
Volumetric water content / 0.25
Bulk modulus of water K Pa 2x10°
Hydraulic permeability k m? 10°®
1.0 m Mass column
Wet sediment
0.5m z

I__x

0.5m

L=4.0m

Figure 4.2 Numerical modeling of the pore pressure response on erosional dam

break structure—experiment set-up.

A liquid-sediment dam-break scouring experiment on wet bed sediments was
conducted. The numerical parameters used in the simulation were consistent with
those of the Louvain test. Additionally, other material parameters related to pore
water pressure calculations were introduced, including the bulk modulus of pore

water, hydraulic conductivity, porosity, and water content. These parameters were
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referenced from the values reported by Iverson et al. (2010) in their large-scale

debris-flow flume experiments, as detailed in Table 4.1.

Profiles Total pressure Pore pressure

1=020s k %;
| — __——

t=050s

1=1.00s

t=2.00s ‘

Pressure (Pa) Pore pressure (Pa)

| —— | [T T—
0 8000 0 2200

Figure 4.3 Simulation results of the two-layer liquid-sediment dam-break,

including surface profiles, total pressure, and pore pressure cloud maps.

Figure 4.3 illustrates the dam-break simulation results under pure water
scouring, including the liquid-sediment profile, total pressure, and the time series
development characteristics of pore water pressure. It can be observed that with
higher sediment strength (¢, = 40°), the erosion mode of the sediment under water
scouring is a grain-by-grain surface erosion state. At the moment of the dam break
(t=0.2 s), a stress concentration phenomenon occurs directly below the front of the
water column, while the total pressure at other locations generally conforms to the
hydrostatic pressure distribution pattern, increasing with depth. As the water
column continues to scour and move forward, the overall total pressure distribution
remains stable, with a more uniform linear distribution from top to bottom.
However, the pore water pressure in the sediment bed undergoes significant
changes. At the moment of the dam break, a large pore water pressure is generated
directly below the water column, which then rapidly dissipates. By 0.5 s, the pore
water pressure has almost completely dissipated, with the pressure distribution
becoming uniform. A noticeable pore pressure response occurs again only at the

impact boundary at the front end of the water flow (t = 2 s). The response of the
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liquid-sediment pore pressure indicates that the sediment bed cannot sustain a

prolonged pore pressure response under scouring conditions.

Profiles Total pressure Pore pressure

1=0205s —~— _ " . \ —
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[ —

 — |
0 10000 0 3500

Figure 4.4 Simulation results of the two-layer dense flow collapse, including

surface profiles, total pressure, and pore pressure cloud maps.

Subsequently, we conducted an erosive dam-break experiment with dense
granular flow, replacing the initial mass column with a granular flow controlled by
the HBP constitutive model and the DP yield criterion, as shown in Figure 4.4. The
characteristic profile of this scenario differs significantly from that of pure water
scouring. The dense flow exerts a more pronounced excavation and compression
effect on the sediment bed from the initial stage, resulting in a noticeable
displacement at the interface between the upper and lower layers. The total pressure
under the erosive action of the dense flow is also significantly higher than that in
the liquid-sediment scouring scenario, with a maximum of 10,000 Pa, and is more
concentrated directly beneath the mass column. The erosion effect and velocity
attenuation are more pronounced in this scenario. Additionally, the pore water
pressure response is more intense, with a longer duration and greater concentration
under dense flow erosion. This type of erosive effect corresponds to the erosion
process of debris flows in an undrained condition, highlighting the interaction

characteristics between debris flows and wet sediments.

131



4.4.2. EXAMPLE 2: LARGE-SCALE DEBRIS FLOWS ENTRAINMENT EXPERIMENTS

4.4.2.1. Configuration and simulation results:

(a) Cross-section detail, x = 32m (M1)

1)

Pore-pressure  Erosion sensors

—_—
Z- NN

(b) P Reference §

< line §

¢ 12.0 cnf :

0.0m ;

Free surface
gauge

SGQ’
Numerical Gauge 1 /"7@,,{
G1 (x = 32) Loy,
‘o

Numerical :
pressure gauge ¢

31°
Side view of sediment bed

\"\. G2 (x = 66m)

Saturated debris
»\4 74.0m i\ Runout pad
Y
82.5m S

g0 ™

107.5m

Figure 4.5 (a) Photographs of the USGS debris-flow flume experiment (figure
modified from (Iverson et al. 2010) and (Iverson et al. 2011)). (b) Schematic

depicting experiment configuration and the gauge system for numerical analysis.

As previously noted, field-scale test facilities are essential to address scaling

issues related to pore pressure diffusion in water-laden debris flows (Iverson et al.

132



2010; Iverson 2015; Delannay et al. 2017; Vicari et al. 2022a). In this context, the
large-scale debris-flow entrainment experiments conducted by the United States
Geological Survey (USGS) (Iverson et al. 2011) are selected to verify the proposed
method. As depicted in Figure 4.5, the substructure comprises a 95-m-long, 2-m-
wide and 1.2-m-deep rectangular concrete sloping (6 =31°) flume and is deployed
with arrays of electronic sensors (refer to Iverson et al. (2010) for details). The
channel begins to flatten from x =74, following the catenary curve, and extends
out of the flume mouth at x=82.5, eventually debouches onto a nearly planar
(6 =2.4°) concrete runout pad.

Table 4.2 Property parameters of debris flow and sediment materials.

SGM! Parameter Notation  Unit Value
Bulk density e kg/m? 2010
Cohesion coefficient C, Pa 0
Water-saturated o
] Internal friction angle 0 ° 25
debris ) o
Kinematic viscosity 0, m?/s 0.001
Porosity n, / 0.45
Bulk density Py kg/m’ 1650
Cohesion coefficient C, Pa 1
Internal friction angle ?, ° 40
‘ Kinematic viscosity v, m?/s 0.002
Bed sediment _
Porosity? n, / 0.40
Water content n, / 0.15-0.28
Bulk modulus of water K Pa 2x10°
Hydraulic permeability k& m? 10°®

! Both layers are mixture of 56% gravel, 37% sand, 7% mud grains (referred to as SGM) and water,
varying in saturation levels (Iverson et al. 2010).

2 Porosity in the bed-sediment reduced to around 0.4 due to observed settlements during wetting,
but instability in the wet beds hindered further resampling after sprinkling (Iverson et al. 2011).

A total of 163 experiments were conducted by the USGS from 1992 to 2017
(Logan and Iverson 2007), of which Iverson et al. (2011) report the notable results

with different bed-sediment volumetric water content. In these experiments, 6 m?
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of water-saturated source material is discharged from a headgate and flows across
beds that are partially saturated, with an average thickness of 12 cm, extending from
x=6 mto 53 m(x=0 refers to the headgate position). As illustrated in Figure.
4.5b, the geometric model, constructed to mirror the experimental setup, includes
numerical gauges (Bonallo 2015) at equivalent locations (x =32, 66 m) to capture
the instantaneous variations in flow depth and pressure. Table 4.2 presents the
property parameters, primarily derived from measurements. The experiments to be
verified involve seven control groups: five groups conducted on beds with n,,
uniformly ranging from 0.15 to 0.28, and two groups conducted on non-erodible,
bare beds. The baseline data for each group utilized in the quantitative analysis are
listed in Table 4.3.
Table 4.3 Baseline data for the USGS experiments (Iverson et al. 2011).

Sediment Normalized Normalized Normalized
Flow-front
Test No.  water speed volume momentum
runout (m) )
content (S)! (V)? gain (T')’
A 0.28+0.041  1.30 3.05 113.5 0.357
C 0.253+0.047 1.16 2.27 107.5 1.121
F 0.220+0.031 0.60 1.52 101.7 0.910
G 0.183+£0.026 0.83 1.35 99.2 2.629
H 0.148+0.030 0.23 1.55 83.7 3.965
I / / / 92.9 /
J / / / 93.7 /

! The normalized speed is defined as the ratio of the flow-front speed measured between x=60-70 m
to the corresponding bare-bed value (9.8 m/s).

A/

% The normalized volume, denoted as V =V, / Vi - 1S defined where V.., and V, ., referto

the post-entrainment and source volumes (6 m®), respectively.

3 The normalized gain factor is defined as P =VS .

In the SPH scheme, source materials and sediments are discretized into a
substantial number of particles to ensure a minimal inter-particle distance, which is
crucial for capturing the behavior of bed-sediment entrainment. Table 4.4

summarizes the dynamic simulation and rheological parameters involved.
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Simulations are conducted on a NVIDIA RTX A6000 device using GPU-based code,
while the Intel(R) Xeon(R) W-2225 @ 4.10GHz is employed for the CPU-based

algorithm.

t=25s t=50s t=10.0s t=15.0s
(a) 0.0m — { {
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\ 14.0
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Figure 4.6 Snapshots of the simulated USGS entrainment experiments at different
instants. (a) Debris flow on a bare, no-erodible bed; (b) debris flow on an erodible

bed with n, =0.15; (¢) debris flow on an erodible bed with n,=0.28.

A comparative analysis of the time-elapsed simulation results for the bare beds
(I, J), the wettest bed (A with n, =0.28), and the driest bed (H with n, =0.15)

highlights the mechanisms by which n, influenced mobility and mass change
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(Figure 4.6). Compared to the bare-bed cases, both erodible groups gain additional
volume from bed-sediment entrainment, with flow A visibly entraining more
material and exhibiting higher mobility than flow G. Indeed, as the flow fronts
begin to move beyond the sediment beds, their acceleration universally diminishes,
and subsequent discrepancies in erosion patterns emerge. Flows encountering the
wettest beds behave similarly to mass movements, characterized by progressive
slab-by-slab failures (Iverson et al. 2011; Zheng et al. 2021; Zheng et al. 2023), as
their depths and levels of agitation rise rapidly. By contrast, in the latter part of the
dry-bed flow, the capacity to entrain material significantly weakens, transitioning
to progressive grain-by-grain scouring. These findings align with the results and
trends observed in the experiments (Logan and Iverson 2007).

Table 4.4 Rheological and SPH parameters in the dynamic simulation.

Parameter Notation Unit Value
Key coefficients of HBP rheology' m / 100

n / 0.95
Particle distance dp m 0.025
Number of debris-flow particles N, / 361,040
Number of sediment particles N, / 761,179
Number of boundary particles N, / 1,259,480
Debris-flow duration t s 20
Sound speed coefficient ¢ / 20
EoS constant y / 7
Density diffusion coefficient d, / 0.1
CFL coefficient’ CFL / 0.1

! The values of the rheological coefficients are derived from the fitting results recommended by Han
et al. (2020), with the debris-flow mixture being considered as a shear-thinning material.
2 The Symplectic scheme is utilized for time integration.

Furthermore, the accuracy of the velocity simulation is verified by comparing
time series data of the flow-front position. As depicted in Figure 4.7. The simulation
results precisely reproduce the propagation data. However, the velocity in the dry-
bed group exhibited premature decay within the entrainment section, only to

gradually realign upon entering the bare bed section. This discrepancy can be
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partially attributed to the neglect of matrix suction effects between pore air and pore
fluid, potentially leading to an overestimation of pore water pressure in sediments

with lower water content.
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Figure 4.7 Comparison of the flow-front position over time between experimental

and simulation results.

4.4.2.2. Momentum growth and feedback analysis:

To characterize the effect of the volumetric water content of bed-sediment on
flow momentum, Iverson et al. (2011) introduced three normalized coefficients as
proxies for overall flow dynamics, as detailed in Table 4.2. The normalized volume

/In

initial » denotes the total

in the SPH simulation is defined as V =n where n

total total

number of post-entrainment particles, and N, refers to the source particles. For
all simulations, the only variable is the volumetric water content, and the results are
rigorously compared with experimental data. As illustrated in Figure 4.8, both
experimental and simulation results indicate that the normalized flow-front speed
(S), volume (¥), and momentum gain ( P ) generally increase with rising volumetric
water content. Compared with the regression curve, the simulated growth of S is
slightly smaller than that observed in the experimental results (Figure 4.8a).
Examination of the video recordings (Logan and Iverson 2007) reveals that the
formation of lateral levees and channelized flow may influence flow dynamics.
Specifically, both the run-out distance and speed are enhanced because the coarse-

grained borders prevent lateral spreading, and the channel, primarily consisting of
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finer grains, exhibits lower friction. As such, we speculate that the absence of a
polydispersity mechanism is the primary reason for this discrepancy. By contrast,
the simulated volume growth is higher than that measured in the field (Figure 4.8b),

particularly under wetter bed conditions.
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Figure 4.8 Effects of varying bed water content on the normalized values. (a)
Normalized flow-front speeds (S), (b) normalized flow volumes (V), (¢)
normalized momentum gains (P). Error bars represent cumulative measurement
uncertainties for V (< 1 m3), S (< 0.06 s transit from x = 60 to 70 m), and P
(determined by propagating errors from S and V). Further details are available in

Iverson et al. (2011).
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The momentum growth and feedbacks from entrainment are quantified by the
normalized momentum gain factor P. This proxy effectively demonstrates the
comprehensive impact of bed moisture content on flow mobility and volume
expansion. Here P>1 indicates a momentum gain, whereas P<l denotes a
momentum loss compared to the reference state observed in bare-bed groups (1, J).
As depicted in Figure 4.8c, the outcomes of the simulation closely align with the
experimental findings. Specifically, the momentum gains are positive in all
experiments when N, >0.18. In contrast, this feedback is negative in the drier
groups, where the flows are retarded. Despite the momentum growth in Group A
being lower than that observed experimentally, this discrepancy can also be
attributed to the propagation of errors in the normalized speed. It is worth noting
that although the excessive volume somewhat mitigates the impact of speed errors,
our simulation results still numerically confirm the decisive role of pore pressures

in reducing shear strength and promoting flow-momentum growth.
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Figure 4.9 Comparison of the time-series data between numerical gauges and
experiments (C and G) at x=32 and 66 m. (a)-(b) Variation in the flow thickness,

(c)-(d) variation in the basal pore fluid pressure.

Figure 4.9 compares the simulated results and sensor data for relatively wet (C
with n,=0.25) and dry-bed (G with n, =0.18) conditions. Here, Figures 4.9a

and 4.9b demonstrate that our results successfully reproduce the time series

139



evolutions in flow depth at the entrainment section (x=32 m) and bare bed section
(x=66 m), where both the measured and simulated data show a deeper and faster
flow in wet-bed scenario. Consistent with previous findings, both groups in the SPH
simulations eroded more material, resulting in deeper flow thickness. Moreover, the
response of basal pore pressure behave sharply as the flow front arrives, and to
some extent, it is proportional to the flow depth, as illustrated in Figures 4.9¢ and
4.9d. We also notice that the simulated pore pressure response in flow G is more
pronounced than that observed experimentally. Another discrepancy occurs during
the duration of the trailing flow, where the simulated pore pressure response in flow
C is consistently smaller than the measured value and approaches nearly zero
(Figure 4.9¢). It appears that the insufficient material supply is the dominant factor,
and reducing the particle distance can partially ameliorate this issue. However, this

treatment also necessitates a dramatic increase in computational consumption.
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Figure 4.10 Temporal variation in flow depth illustrated through spatial

distribution. The resolution of the cloud map is 0.10 m.
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A plot of the spatiotemporal evolution of flow depth in the entrainment section
is presented in Figure 4.10, where comparisons between flows C and G further
highlight that the growth of flow velocity and mass entrainment in debris flows
highly depends on the bed-water content. The snapshot from the particle simulation
in Figure 4.10 illustrates that the progressive entrainment of sediments initiates in
the center of the channel and gradually extends toward the sidewalls with a typically
bulbous front forming at the flow head. Five seconds later, the front of flow C,
which was flowing through a wetter bed, had evidently surpassed flow G and
subsequently scoured away most of the material from the channel bed. Additionally,
differences in density and rheological parameters, along with inertia, cause the
entrained material to lag behind the wave front at an early stage. For flow C, this
resistance effect transforms into a push from behind once the pore pressure rises to
levels almost sufficient to liquefy the bed.

4.4.2.3. Depositional morphology:

This study qualitatively reproduces the levee-channel deposits of self-
channeling flows without considering the strong coupling effect or polydispersity,
as shown in Figure 4.11. Mangeney et al. (2007) also reported similar findings using
a depth-averaged model based on the ,u(l ) rheology. despite extensive research
(e.g., Johnson et al. 2012; Kokelaar et al. 2014; Pudasaini and Mergili 2019;
Pudasaini and Fischer 2020) substantiating the significant role of polydispersity-
related segregation processes on the depositional morphology of geophysical flows.
In the TLMP SPH model, the quasi-static shoulders are generated behind the flow-
front by the rotation of the velocity field, which results from the balance between
gravity, pressure gradient, and boundary stress. Our results also suggest that
variations in pore water content can influence the segregation process, as depicted
in Figure 4.11b. Indeed, reduced stability of the lateral levees, along with an
increase in the width of the central channel and a decrease in thickness, is evident
as excess pore water pressure grows. Additionally, parameters such as particle
distance, internal friction angle, and density gradient could affect the levee-channel

morphology. On the other hand, the presence of a viscous fluid may decrease the
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permeability of the inner flow, potentially enhancing the retention of pore pressure

and thus increasing flow mobility (Delannay et al. 2017).
(b) Experiment C

Experiment G
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H 5l0
0.0

Figure 4.11 Reproduce the lateral levee morphology in the entrainment section of

Quasi-static
shoulders

self-channeling flows. (a) On-site channel photo modified from McArdell et al.
(2007), (b) the simulated levee-channel deposit with different water content.

The limitations of particle-scale homogenization are clearly evidenced by the
deposition patterns observed on the runout pad, as depicted in Figure 4.12. After
debouching at the flume mouth, the sediments fail to form effective embankments
(Figure 4.12b) necessary to constrain the lateral expansion of channelized flow, due
to the absence of sorting and separation mechanisms. A recent study by Pudasaini
and Fischer (2020) incorporated a new phase-separation mechanism into their two-
phase depth-averaged model, successfully quantifying the solid- and liquid-phase
segregation processes. However, in the three-dimensional SPH paradigm, the
resolution adaptive adjustment and boundary handling involved in multi-scale
modelling significantly increase the computational cost (Violeau and Rogers 2016).
Moreover, multi-scale particle coupling encounters numerous challenges, such as
numerical stability and physical consistency. Nevertheless, a robust coupling model
that integrates multi-scale grains and fluid constituents, as well as their interactions,
is essential to further delineate the physical processes and accurately simulate the
segregation processes in debris flows.

As outlined earlier, the feasibility of the proposed pore pressure algorithm for

a wet erodible bed hinges on the validity of the assumptions made. Notably,
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disregarding matric suction and capillarity could lead to noticeable errors when the
bed-water content is insufficient. In such scenarios, the pore fluid likely becomes
disconnected, unable to transmit pressure owing to the significant expulsion of pore
air as the sediment is overridden (Iverson et al. 2011; Han et al. 2015). As such,
Bishop’s effective stress should be adopted in dryer beds to accurately predict the
dynamic response and momentum gains. The data presented in Figures 4.9¢ and
4.9d also indicate partially negative pore pressure values prior to the arrival of the
debris-flow front, which our current method cannot reproduce. However, debris-
flow paths typically feature wet beds, and sufficient precipitation is the primary
trigger for initiating these flows (Mondini et al. 2023). Therefore, the prerequisites
of quasi-saturated beds and positive feedback from pore pressures are rational for

most practical applications.

t=12s

t=13s

Figure 4.12 Depositional morphology of the USGS flume experiments
(background image modified from (Iverson et al. 2010)). (b) The simulated
deposits form on runout pad with n, =0.25.

This work further underscores the significance of bed sediment wetness and
establishes a clear link among volumetric water content, the diffusion term, and the
pore pressure response. In addition, recent findings suggest that other phenomena
such as air pressure, bed permeability (e.g., Zheng et al. 2023), and grain-size
sorting (e.g., Pudasaini and Fischer 2020; Zheng et al. 2021) may also contribute to
friction reduction during entrainment. Future research is necessary to more
thoroughly investigate the effects of flow mass and momentum growth mechanisms

and to develop a more refined pore pressure response model.
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4.1. CONCLUSIONS

This chapter addresses a typical wet-bed erosional scenario, proposing a full
three-dimensional, two-layer, multi-phase Smoothed Particle Hydrodynamics
(TIMP-SPH) method to model the momentum growth and feedback effects. It
captures the erosion-induced excessive volume and mobility changes during the
dynamic process of debris flows. Specifically, an efficient hydro-poro-mechanics-
based pore pressure algorithm is developed and integrated into the existing SPH
numerical scheme to simulate the response patterns of pore pressure in quasi-
saturated sediments. Specific findings are as follows:

(1) First, a pore water pressure response algorithm based on hydraulic and
porous media mechanics is introduced. It is derived from the momentum
conservation equation and integrated into the existing SPH framework.
Furthermore, the algorithm is extended to unsaturated sediments, where the pore
water pressure is sufficiently high to neglect the effects of matric suction or
capillary forces. By utilizing the relationship between the volumetric strain rate and
the bulk modulus of each phase in porous media materials, a relationship between
pore water pressure and water content is established. Additionally, an advanced
Laplacian model is employed to solve the second-order derivative terms, laying the
foundation for understanding the momentum growth and sediment feedback in the
dynamic process of debris flow erosion.

(2) To validate the proposed pore water pressure algorithm, we examine the
pore pressure evolution in a small-scale two-layer erosive dam-break test.
Specifically, we conduct dam-break scouring experiments with both pure water and
dense granular flow, comparing the flow interface features of two different two-
layer dam-break configurations. We analyze the evolution patterns of total pressure
and pore water pressure in the sediment materials under the coverage and scouring
of the upper mass column. The simulation results indicate that the pure water
scouring mode resembles grain-by-grain surface erosion, with a relatively uniform
total pressure distribution and rapid dissipation of pore water pressure. In contrast,

the dense granular flow scouring mode is characterized by mass erosion, where the
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scouring interface experiences significant compression, collision, and excavation.
As a result, the velocity decreases more rapidly, and the pore pressure response is
more intense and sustained. This response pattern is similar to the movement of
debris flows over wet bed sediments.

(3) Finally, the proposed method is verified through a series of full-scale
debris-flow entrainment experiments. Although several numerical studies have
investigated these experiments, this research marks the first attempt to model the
feedback effects of debris flows on beds of varying wetness within a fully three-
dimensional Lagrangian paradigm. The simulation results accurately reproduce the
experimental measurements, and the comparative analysis based on beds with
varying water contents rigorously confirms the critical role of pore water pressure
response. It underscores the positive feedback from EEDPs of debris flows on
sufficiently wet beds, as well as the promotional effect of this mechanism on flow
mobility and volume expansion. Another highlight of this study is the capability to
reproduce levee-channel morphology without the need to consider strong-phase
coupling and polydispersity. The presented TLMP-SPH model achieves a paradigm
shift to better understand and predict debris-flow hazards from a particulate

perspective.
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CHAPTER

MULTI-PHASE MODELLING OF DEBRIS FLOWS WITH LARGE

BOULDERS BY COULPING HBP-SPH-DCDEM METHOD

5.1. INTRODUCTION

In geophysical flow dynamics simulations, mixed materials are often modeled
and analyzed using continuum models such as the finite element method (FEM),
finite volume method (FVM), depth-averaged method, and various particle methods.
However, in many engineering applications, the solid bodies (i.e., gravel, cobbles,
and boulders) are much larger than the smallest flow scales. This implies that the
Reynolds numbers involved are very large, thereby allowing the viscous modes of
momentum transfer to be neglected (Shu et al. 2011). In the first chapter, we have
discussed in detail the material composition and classification of debris flows. To
realistically reproduce the dynamic processes of actual disaster occurrences and
design effective disaster prevention strategies and facilities, it is evident that relying
solely on continuum models is insufficient. These models cannot accurately capture
the complex coupling and phase transition mechanisms of multi-scale, multi-phase
materials. This is particularly true in cases where debris flows carry large boulders,
a common occurrence, where the diameters of these boulders can reach up to tens
of meters, as shown in Figure 5.1. The presence of such large boulders significantly
alters the flow dynamics of debris flows, greatly increasing their destructiveness

and impact range, and thereby posing a tremendous threat to the safety of human
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lives and property in mountainous areas.
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Figure 5.1 The material composition and physical mechanisms of viscous and
stony debris flows correspond to the research methods employed in this study. The
background figure is modified from Pudasaini and Mergili (2019), and the disaster

image is from Zhao et al. (2020).

In the literature, various types of fine-grained sand and liquids are typically
modeled using CFD models, which assume a given rheology and treat the solid-
fluid mixture as a continuous medium. In contrast, irregular large boulders are
usually modeled using discrete media models, with typical examples being the
Discrete Element Method (DEM) and the Discontinuous Deformation Analysis
(DDA) method (Shi 1992). Both methods are employed to simulate and analyze
discontinuous media problems, such as fractured rock masses in geotechnical
engineering and granular assemblies. They necessitate managing the contact forces
and frictional interactions between blocks or particles. DEM is predicated on a
particle model, typically utilizing explicit time-stepping methods to handle particle
motion and interactions. Conversely, DDA is based on a block model, employing
energy methods and the principle of minimum potential energy to address block
motion and deformation. Overall, the advantage of DEM lies in its natural

simulation of granular materials and complex contact conditions, making it suitable
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for studying granular flow and interactions between particles. On the other hand,
the strength of DDA is its accurate handling of contact and friction between blocks,
making it ideal for large-scale discontinuous deformation and steady-state analysis.
Mikola and Sitar (2013) first proposed the coupled modeling method of SPH and
DDA, applying it to simulate fluid-rock interactions (Mikola and Sitar 2014). This
method has subsequently been widely adopted for analyzing geological hazards,
rock mass stability, coastal and offshore engineering, and various other practical
applications (e.g., Wang et al. 2019; Peng et al. 2020b; Peng et al. 2021b; Yu et al.
2022; Liang et al. 2023). Despite these advantages, DDA calculations entail
complex contact detection and processing algorithms, and the structure of implicit
integration results in significantly higher computational costs compared to DEM.
This characteristic becomes even more pronounced in large-scale three-
dimensional computations and various fluid-solid coupling engineering
applications. Additionally, DDA encounters numerous challenges, including issues
related to numerical stability and the modeling of complex, irregular blocks (Hatzor
et al. 2017). Currently, most applications related to DDA are still confined to two-
dimensional, small-scale cases. Although recent research has focused on parallel
acceleration of DDA calculations (e.g., Song et al. 2017; Xiao et al. 2017; Peng et
al. 2019; Peng et al. 2020a), the number of blocks that can be simultaneously
computed still falls short of the magnitude required for some field scale disaster
events.

Within particle-based paradigms, significant strides have been made toward
the unification of solid and fluid modeling. Recently, attempts to couple SPH and
DEM have become a research hotspot in the field of fluid-solid coupling analysis.
Due to their complementary mechanisms in fluid-solid interactions (FSI) and the
commonality of the particle framework, they can achieve FSI through the exchange
of forces and momentum. Additionally, parallelization is highly efficient and easy
to implement.

Initially, unresolved, one-way coupled models gained popularity in this area
due to their relative ease of implementation and computational efficiency (e.g.,

Fernandez et al. 2011). Correspondingly, two-way coupling models must account
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for the mutual influences between fluids and solids. The motion and forces of the
fluid affect the movement and deformation of the solid, while the movement and
deformation of the solid, in turn, influence the motion and forces of the fluid. In
debris flow transport, the significant interaction between solid particles and fluid
necessitates two-way coupling models to accurately capture the momentum
exchange between both phases. In this chapter, an efficient two-way coupling
scheme is introduced to manage the complex interaction between non-Newtonian
viscous flow and irregular polyhedral boulders (or debris) within a unified time

framework.

5.2. SPH-DCDEM COUPLING METHOD AND BOULDER-RICH GRANULAR FLOW

MODELLING

A major challenge in simulating fluid—solid interactions, especially with
irregular shapes, lies in accurately monitoring complex interface contacts and
efficiently solving multi-body collision forces in rigid body dynamics. Koshizuka
et al. (1998) represented rigid bodies as clusters of Moving Particle Simulation
(MPS) fluid particles, inherently rigidified. The particles within a rigid body had
fixed relative positions and were treated as MPS particles by the fluid. This method
has become the standard for resolved models due to its simplicity and elegance. In
this regard, the distributed-contact discrete-element method (DCDEM) was
introduced by Canelas et al. (2013) as an innovative fluid—solid interaction model,
characterized by its reliance on a relatively few set of conceptual assumptions, akin
to the approaches utilized by Zhang et al. (2009). Key innovations are introduced
in the DualSPHysics code to address solid-fluid and solid-solid interactions by
coupling the SPH-DCDEM approach (Crespo et al. 2015). This coupling scheme is
a two-way, resolved model that avoids using ad hoc formulations for momentum
exchanges between phases. It effectively describes the motion of arbitrarily shaped
solids in viscous fluids without requiring special boundary treatments. In this
approach, boundaries or particles of a rigid body treat other solid particles as DEM
elements, building upon the distributed contacts concept introduced by Cummins

and Cleary (2011). Canelas et al. (2016) implemented this method to address the
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multi-body contact collision problem, which was subsequently validated for
granular-fluid flow, demonstrating a strong correlation with experimental data
(Canelas et al. 2017). Further, Peng et al. (2021a) improved the SPH-DEM coupling
algorithm by introducing a straightforward unified hybrid contact model, which
yielded satisfactory results in simulating debris flows. Sun et al. (2023)
incorporated an advanced contact collision detection method into the SPH-DCDEM
coupling scheme, ensuring shape fidelity and significantly enhancing the accuracy
of polyhedral collision simulations.

Previous studies have attempted to simulate geophysical flow consisted of
multiphase and multiscale components using the SPH-DEM coupling method.
However, these studies often describe the liquid phase simply as water, neglecting
the viscous non-Newtonian fluid dynamics caused by the mixture of slurry and fine
sand. In this study, we will, for the first time, describe the complex multiphase flow
dynamics of debris flows by incorporating viscoplastic flow based on HBP-SPH
and solid particle collision mechanisms based on DCDEM. In Chapter 2, we have
already detailed the fundamental principles of the SPH and DEM methods.
Therefore, here we will directly derive the two-way coupling process for solid-solid
and solid-liquid interactions.

During the transport of debris flow and its impact on structures, we use the
HBP-SPH-based non-Newtonian fluid model to simulate the behavior of viscous
fluid particles and the DCDEM method to simulate the carried debris, boulders, and
impacted structures. Based on the differing properties of interacting particle phases,
the contact relationships can be categorized into three types: contact between fluid
particles, contact between fluid particles and solid particles or boundaries, and
contact between solid particles. The explicit integration common to both the SPH
and DEM methods effectively ensures the mobility and compatibility of boundaries
during fluid-solid interactions. The realized process of DEM-SPH coupling
algorithm is illustrated in Figure 5.2. When dealing with irregular polyhedral, the
basic theory is to decompose them into multiple simple geometries (e.g., spheres,
cubes, ellipsoids). Each decomposed geometry is then used as a unit for searching

interaction domains and determining contacts. Finally, the resultant forces on all
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geometries are integrated into a total force and torque, applied to the centroid of the
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Figure 5.2 Flow chart of the two-way resolved coupling using the HBP-SPH-
DCDEM approach.

This approach allows for solving the motion of the structural block and
completing the contact interaction using the SPH-DEM method, thereby enabling
the analysis of fluid-solid coupling problems. It is also important to note that the
time step for the DEM module is typically much smaller than that for the fluid

module. Therefore, it is necessary to nest the collision calculations of the solid
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blocks within each SPH loop until the time steps of both modules are synchronized.
Only then can the positions, velocities, and other information of the SPH fluid
particles and DEM solids be updated uniformly. Additionally, to maintain

consistency between the calculation accuracy of SPH particles and DEM discrete

elements, a consistent initial particle spacing value is typically used in the modeling

.:.E: Boundary
Tee particles

of structural blocks.

Figure 5.3 Schematic diagram of the multiphase coupling computational domain

for debris flow, including fluid SPH particles and solid structure DEM particles.

Building on the fundamental principles of DEM presented in Chapter 2, herein
we provide the equations of motion for structural blocks, including boundary DEM
structures and debris or boulders carried by the debris flow. According to the
Newton-Euler equations, the translational and rotational motion of block i are

calculated as follows:

dv. dv
M_ = m . s 5.1
! dt Zkel K dt ( )
dQ v,
I — = m (r. —R)—%, 5.2
i dt Zke, k( k |) dt ( )

where M, indicates the total mass of block i, Vv, and |, refer to the velocity and
moment of inertial, respectively; € and R; are the angular velocity and radius
of the center of gravity, respectively. When particles enter the computational

domain, the motion state of block i is determined by calculating the resultant force
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and resultant inertial torque acting on block i. It should be noted that the Symplectic
integration scheme used in this study typically has an increment step size on the
order of 107, resulting in very small angular increments. For motion processes with
relatively small macroscopic angular velocity, the translational motion of the block
is updated first. Then, the rotation axis and angular velocity around that axis are
calculated to complete the block's motion process.

To prevent SPH particles from penetrating DEM block particles, dynamic
boundary conditions (DBC) can be simply applied at the boundaries in fluid-solid
coupling to provide sufficient repulsive force. The type of interaction is determined
based on the different marker values assigned to solid particles and fluid particles
in the modeling process, as illustrated in Figure 5.2. As previously mentioned, the
SPH-DCDEM fluid-solid coupling simulation essentially involves integrating the
forces exerted by fluid particles on the surfaces of the blocks to represent the
interaction between SPH particles and DEM particles. As detailed in Figure 5.3,
The force exerted by the solid DEM on fluid particles is equal to inserting the
particles on the surface of the solid DEM into the computational domain of the fluid
particles as neighboring particles.

According to Newton's third law of motion, equal and opposite interaction
forces exist between the SPH fluid particles and the boundary particles on the
surface of the DEM block. Based on the control equations of SPH approximation

and momentum equations, the interaction force between each phase can be derived

as follows:
v, o W, g
Ean e o
i b i
af off
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Here, Eq (5.3) represents the momentum equation for fluid particle i under the
influence of DEM boundary particle b. Eq (5.4) represents the calculation of the
resultant force on boundary particle b due to fluid particle i. Based on Eq (5.4), the
resultant force on the boundary particle from the surrounding fluid particles can be

expressed as follows:
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In the above equation, N represents the number of particles within the
computational domain of boundary particle b. The interaction between the
boundary particle and the fluid particles is illustrated in Figure 5.3. Based on the
force acting on a single boundary particle, the resultant force and torque on the
entire DEM block I can be derived:
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where M represents the number of boundary particles on the surface of the DEM
block; d,, refers the vector from the boundary particle to the centroid of block /.
It is worth noting that in the process of calculating the resultant torque for interface

interactions, body forces do not generate torque.

5.3. VERIFICATION OF SPH-DCDEM APPROACH

5.3.1. EXAMPLE 1: ALUMINUM CYLINDER COLLAPSE

To verify the proposed two-way coupling method, numerical analyses were
performed on the collapse of multiple layers of solid aluminum cylinders. The
experiment was initially conducted by Zhang et al. (2009) to validate a similar
numerical scheme by coupling finite volume particle (FVP) method and DEM.
Figure 5.4 illustrates the experimental setup and the corresponding numerical
modeling. Solid aluminum cylinders, each with a density of 2.7 x 10°kg/m’, a
diameter of 1.0 cm, and a length of 9.9 cm, were initially stacked in multiple layers
on the left side of an acrylic resin tank measuring 26 cm in length, 10 cm in width,
and 26 cm in height. The layers were held in place by a removable plate located 6
cm from the tank's left wall. The number of layers, serving as an experimental
parameter, varied between 6, 8, 10, and 12. Each layer consisted of five or six

cylinders, alternately piled up. Upon the plate's rapid vertical removal, the layers
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began to collapse due to gravity, causing the cylinders to move towards the right
wall of the tank. The transient collapse behavior was captured using a high-speed

camera.
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Figure 5.4 (a) The experimental setup for the collapse of aluminum cylinders,
with the figure modified from Zhang et al. (2009). (b) SPH-DCDEM modelling of

the fluid-cylinder system, which is composed of 12 layers.

The computations utilized aluminum for the cylinders, while PVC was
assumed for the tank due to the wide variety of acrylic resin types. The
configuration of material properties is based on the work by Canelas et al. (2016),
with detailed parameters provided in Table 5.1. Nota that the DEM simulations for
the collapse of solid cylinder were carried out in a two-dimensional framework,
omitting the influence of the tank's front and back walls.

Table 5.1 Mechanical Characteristics of the aluminum cylinder and the acrylic

resin tank.
Material E [GN m™] v [-] e [-]
Cylinders Aluminum 69 0.30 0.45
Tank PVC 3 0.30 0.45

Figure 5.5 illustrated the 2D DCDEM simulation results in the case of six-
layer aluminum cylinders without fluid, compared with experimental data and FVP-

DEM simulation results. To construct a sufficiently detailed model of the aluminum
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cylinders, the initial spacing in the simulation was set to dp=0.0005 m, ensuring
that each cylinder contained at least 20 particles across its diameter. It should be
noted that the numerical solution must establish the equilibrium position of the
cylinders by balancing gravitational and contact forces. Initially, forces are not
included and are computed through small displacements using the DEM soft-body
approach. Consequently, =0.5 s marks the gate removal, which happens 1.0 s after
the simulation starts.

Experimental data FVP-DEM DCDEM
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Figure 5.5 Comparison of the time series evolution of the collapse of six-layer
aluminum cylinders, including experimental photographs and FVM-DEM
simulation results adapted from Zhang et al. (2009).

Figure 5.5 indicates that the DCDEM model successfully reproduced the

dynamic collapse process of the five-layer aluminum cylinders, particularly the
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collision timing of the fastest-moving cylinder with the right wall. Although the
final pile shape of the cylinders differs slightly, the DCDEM simulation results

show slightly more accumulation against the left wall compared to the experimental

results.
Experimental data FVYM-DEM SPH-DCDEM-PST SPH-DCDEM
Fluid velocity
0.1s (m/s)

1.8

J
k. 0.0

Solid velocity
(m/s)

’ 14
L 5‘,. ". 3 . 2 i
ﬁ-’-‘o‘iﬂﬁw-.mj' ’ 0.0

Figure 5.6 Comparison of the time series evolution in the water dam breakage

with six-layer solid cylinders. From left to right: experimental results, FVM-DEM
simulation results, SPH-DCDEM results with PST, and SPH-DCDEM results
without PST.

The proposed two-way SPH-DCDEM coupling algorithm was subsequently
validated using a solid-fluid dam break scenario involving multiple layers of solid
cylinders. As shown in Figure 5.4b, the cylinder layers were submerged in water
with a dam height of 12 cm. The experiment utilized 6, 8, 10, and 12 layers of
cylinders. In the present dam-breaking simulations, the fluid is considered
Newtonian with a dynamic viscosity of 10~ m?/s, and the material parameters of
the cylinders were consistent with those used in the previous DEM simulation. The
plate, modeled as a layer of moving boundary particles, was withdrawn vertically
at a speed of 2.0 m/s. After the cylinders had settled in the water dam for 1.0 s, the
simulation began to capture the breaking of the water dam involving the solid
cylinder layers. In all simulations, we utilized the state-of-the-art density diffusion

treatment (Fourtakas et al. 2020) for the weakly compressible SPH scheme applied
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to the fluid particles. The SPH-DCDEM solutions, both with and without the
particle shifting technique (PST), are compared with experimental data and FVM-
DEM results to determine the effects of solid-solid and solid-fluid interactions.

Experimental data FVM-DEM SPH-DCDEM-PST SPH-DCDEM
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Figure 5.7 Comparison of the time series evolution in the water dam breakage

0.0

with 12-layer solid cylinders. From left to right: experimental results, FVM-DEM
simulation results, SPH-DCDEM results with PST, and SPH-DCDEM results
without PST.

Figures 5.6 and 5.7 compare the transient behavior of water dam breakage
between the simulation and experiment for cases with six- and twelve-cylinder
layers, respectively. Compared with the FVM-DEM model, our model more
accurately simulated the transient collision and piling behavior of the aluminum
cylinders, especially after 0.5 seconds. The former model could not maintain the
stability of the remaining cylinders against the left wall, whereas the SPH-DCDEM
model successfully reproduced the trapezoidal piling shape following the dam
break. It is evident that the simulations with the PST significantly differ from those
without it. This difference seems reasonable because PST tends to move particles
from high-concentration areas to low-concentration areas to maintain a relatively
uniform particle distribution. In the simulations with PST, the aluminum cylinders
are uniformly surrounded by particles, with minimal clustering or voids. However,

this also causes PST to replenish particles at the front of the water column ruptured
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by the dam break, resulting in a cumulative effect over time steps that leads to a
significantly higher number of fluid particles at the front edge than observed in the
experiment, which is unrealistic. Nonetheless, the model with PST achieved a more
stable flow field and piling shape due to the uniform particle distribution.
Conversely, the simulation without PST achieved a transient piling shape that more

closely matched the experiment.
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Figure 5.8 Comparison of arriving times between experimental data and SPH-

DCDEM simulations with and without PST.

To compare the simulation accuracy, the time at which a cylinder first
contacted the right wall of the tank was compared between the simulations and the
experiments. As shown in Figure 5.8, the model considering PST achieved
simulation results that more closely matched the experimental data. These
simulation results suggest that the decision to use PST should depend on the
research objective. If the aim is to study dynamic behaviors and variable evolution
characteristics within the flow field, PST will evidently yield more accurate results.
Additionally, further research should focus on sensitivity analysis of PST,
examining how controlling the timestep displacement can better balance simulation

accuracy and the true reproduction of dynamic behavior.
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5.3.2. EXAMPLE 2: MASSIVE POLYHEDRAL STONE STACKING TEST

Hopper
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| Box
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Figure 5.9 Configuration of the polyhedral stone stacking test.

In this section, a polyhedral stone stacking test is conducted to verify the
stacking process of irregular DEM blocks and test their stability. As previously
mentioned, the key to solving the resolved coupled model lies in how to handle the
contact and determination of complex boundaries, as well as balancing simulation
accuracy and computational cost. Here we follow the model of Canelas et al. (2017),
which introduces a hopper-shaped device to gather and consistently release blocks.
The model was initially designed to simulate the flow state of debris carried by
floods and the accumulation characteristics under the action of a silt check dam.
Thanks to the hopper's collecting effect, each sediment particle may undergo
multiple contacts simultaneously. This simulation scenario not only consumes
significant computational resources but also requires careful parameter adjustments
to prevent system crashes.

Table 5.2 Mechanical Characteristics of the boulder grain and box.

Material E [GN m?] v [-] e [
boulder Limestone 8 0.35 0.35
Tank PVC 3 0.30 0.45
Hopper PVC 3 0.3 0.45
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Figure 5.10 Snapshots of polyhedral stone stacking through a hopper device.

Figure 5.9 illustrates the configuration of the polyhedral stone stacking test.
To ensure the proper introduction of solid material, a hopper was positioned on top
of the box. Its dimensions were heuristically designed to guarantee a constant solid
discharge. Compared to the sediment particles in the original experiment, we
increased the particle size in the numerical experiment to match the debris flow
carrying boulders discussed in Chapter 6. The boulder shape was derived from a
three-dimensional model of a rock used in the experiments (Silva et al. 2016), as
detailed in Figure 5.9. At the beginning of the simulation, the blocks are dispersed
in the hopper and allowed to settle into their natural equilibrium positions. The
mechanical properties of the material were based on the values for limestone, as
listed in Table 5.2.

Figure 5.10 presents snapshots depicting the stacking of polyhedral stones
within a hopper device. This simulation generated a total of 648 polyhedral blocks.
Upon release, the stones swiftly congregate at the hopper's opening. The rapid and

frequent collisions among the stones markedly reduce their descent speed. As the
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collisions among the stones and with the hopper boundary reach a critical threshold,
the release speed of the stones gradually stabilizes. After 12 seconds, nearly all
stones have been discharged into the tank, accumulating centrally to form a small
pile. The simulation results demonstrate that this method can efficiently manage the
massive collision processes of irregular blocks, establishing a foundation for

subsequent field-scale simulations of debris flows containing large stones.

5.3.3. EXAMPLE 3: DEBRIS-FLOW IMPACTING EXPERIMENT

To validate the impact force and deposition morphology in the 3D SPH-HBP
and SPH-HBP-DCDEM models, we simulated the laboratory test of debris-flow
impact on check dams as conducted by Moriguchi et al. (2009). The experimental
material was dry Toyoura fine sand. Specific gravity tests showed that the gravity
of the solid phase was 2.65, and the sand grains were almost spherical. The physical
laboratory experiments involved simulating debris flows at various slopes to

measure the impact force applied to a fixed rigid wall.
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Figure 5.11 (a) Diagram illustrating the debris-flow impact force measurement
instrument and the sandbox setup (Moriguchi et al. 2009). (b) Numerical
modeling of the sloping system with an initial mass composed of different

materials.
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Figure 5.11a presents a schematic of the flume, which includes a sand box and
an instrument for measuring impact force. The flume's surface was coated with sand
to ensure consistent surface friction, whereas the front surface of the wall was
considered smooth. The flume itself was 1.8 m long and 0.3 m wide, with an
adjustable slope ranging from 45° to 65°. Herein, experiments were conducted at
slopes of 45°, 55°, 60°, and 65° to validate the findings. A sand box with a volume
0f 0.045 m? (dimensions 0.3 m x 0.3 m x 0.5 m) was positioned at the top of the
flume and filled with sand. The box had a side door that could be opened instantly
to initiate the flow, ensuring the process was swift enough to prevent any effects on
mass flow initiation. The smooth acrylic plastic side boards of the sand box ensured
atwo-dimensional initial flow pattern. The sensor timing was not synchronized with
the sand release. At steeper inclinations, the sand moved too quickly to record
accurate arrival times, so only the 45° inclination was captured accurately on video.
A load cell was positioned at the device's base, accompanied by horizontal roller
guides to facilitate smooth transmission of impact forces across the instrument's

surface. For additional details on the load cell, refer to Moriguchi et al. (2009).
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Figure 5.12 Comparison of the deposition morphology and arrival time of the

debris flows on a 45° sloping bed. From left to right: snapshots of experimental
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observations (Moriguchi et al. 2009), coupled Eulerian-Lagrangian (CEL)
simulations (Lee et al. 2019), uniform sand flow simulated with HBP-SPH-MC,
and boulder-rich debris flow simulated with HBP-SPH-DCDEM.

Figure 5.11b depicts the experimental setup, including a sloping tank, initial
mass materials, and a rigid wall equipped with a numerical gauge. In all simulations,
we positioned the tank horizontally to facilitate modeling and simulated the effect
of an inclined flume by altering the direction of gravitational acceleration. It should
be noted that the original experiment did not include a test group with multi-scale
debris; here, the debris flow containing rocks is only compared with the group with
uniform particle size. In this analysis, the rheological behavior of sand is modeled
using the HBP-SPH model with the Mohr-Coulomb (MC) failure criterion, chosen
for its effectiveness in representing the behavior of drying particles. As for the
material properties of the rocks, the physical parameters of limestone were
referenced. The material properties utilized in the impact force analysis are detailed
in Table 5.3.

Table 5.3 Material parameters used in the debris-flow dynamic simulation.

Material Parameter Notation  Unit Value
Bulk density Ps kg/m? 1379
Cohesion coefficient C, Pa 0
Dry sand flow o
Internal friction angle’ g, ° 35
Kinematic viscosity v, m?/s 0.002
Bulk density Py kg/m’ 2600
. Young's modulus E GNm? 8.0
Debris ‘ .
Poisson's ratio v / 0.3
Kinetic friction Uy / 0.35

! According to Moriguchi et al. (2009), an internal friction angle of 35° most accurately captured the
observed flow behavior.

In the numerical scheme, The initial particle spacing was set to dp = 0.005 m,
generating a total of 35,2703 fluid particles and 230,039 boundary particles. The

rheological parameters of HBP were set to m = 100 and » = 1.0 to simulate sand
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flow without significant shear thickening or thinning. Other numerical parameters
refer to the values used for viscous debris flows in Chapter 4.

Figure 5.12 shows the instantaneous free surface deposition morphology and
impact snapshots of the debris flow observed experimentally and numerically on a
45° sloping flume. From left to right: snapshots of experimental observations,
coupled Eulerian-Lagrangian (CEL) simulations, uniform sand flow simulated with
HBP-SPH-MC, and boulder-rich debris flow simulated with HBP-SPH-DCDEM.
From the figure, it is evident that after the release of the sand in the sandbox, the
source material of the debris flow rapidly begins to breach, accelerating and
elongating along the slope. At approximately # = 0.8 s, the front of the debris flow
reaches the check dam, impacting the wall and accumulating until it overflows the
rock barrier. By = 1.2 s, it has already passed over the rock barrier. Upon reaching
the weighing sensor, the debris flow deviates upwards, runs parallel to the wall,
forms a bulge, and then decelerates. The simulation results based on the HBP-SPH-
MC model successfully captured the velocity and shape of the debris flow at each

stage.
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Figure 5.13 The deposition snapshot at t = 0.8 s of the boulder-rich debris flow
based on the HBP-SPH-DCDEM model.

The boulder-rich flow generally exhibited similar behavior to the sand flow;
however, material transport and interaction with the check dam were more intense,
and the flow was more turbulent. It can be seen that some debris was ejected and
overflowed the wall after impacting it. Figure 5.13 depicts the instantaneous

snapshot at # = 0.8 s when the mixed flow contacts the check dam. Although the
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debris in the initial state of the mixed flow was uniformly distributed from bottom
to top (Figure 5.11b), as the dam breach progressed, the particles naturally sorted
themselves, with smaller debris gathering at the flow front and larger particles
lagging behind. This behavior is consistent with the dynamics of real geophysical
flows, indicating that the two-way resolved coupled model based on HBP-SPH-
DCDEM effectively and qualitatively reproduced the transport process of debris-

laden flows.
300

- = = Experimental data
250 4 | =— Viscous flow
Boulder rich flow

200 /,,-__*

[ —'u,"."\-.",_'\ -y = =,
A
150 - ,’
s

P Y A

Impact force (N)
2
L

wn
(=]
|

T T
0 0.4 0.8 1.2 1.6 2
Time (s)

Figure 5.14 Comparison of the experimental and simulated impact forces.

Figure 5.14 presents a comparison between the experimental and numerical
results, showing the impact force over time. It can be seen that the impact force
begins to increase sharply after the front of the debris flow reaches the wall at ¢ =
0.8 s, reaching a peak around ¢ = 1.0 s and then maintaining a quasi-static value.
Overall, the proposed method effectively reproduces the time-varying
characteristics of the impact force of the debris flow against the wall. The mixed
flow containing debris also exhibited a more turbulent flow state, with a peak
slightly higher than that of the sand flow. The simulated impact force values were
slightly higher than the experimental observations, which can be attributed to the
use of the same mechanical parameters for the PVC material of the tank bottom and

sidewalls in the simulation. In the original experiment, the bottom bed was pre-
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covered with sand of the same material as the source mass to provide equivalent
friction, leading to a slightly higher debris flow transport speed in the simulation

and thus a higher measured impact force.
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Figure 5.15 The evolution of the pressure contour on the surface of the check dam

under the impact of the debris flow on a 45° sloping bed.

The evolution of the pressure on the surface of the check dam is illustrated in
Figure 5.15. The numerical measurement principle is also based on SPH kernel
function interpolation, calculating the sum of the pressure interpolations generated
by fluid particles within the support domain (Figure 5.3). The figure above vividly

illustrates the temporal variation characteristics of the wall under pressure. At the
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moment of debris-flow impact, a pressure distribution contour of the flow front
shape forms instantly on the wall surface, with the pressure exceeding 10,000 Pa.
As the sediment mass accumulates in front of the dam, the pressure rapidly
dissipates, decreasing uniformly along the vertical face of the dam from bottom to
top. After t = 1.6 s, the pressure roughly stabilizes around 3,000 Pa.
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Figure 5.16 Comparison of the deposition morphology and arrival time of the

debris flows on various sloping beds, including 50°, 55°, 60°, and 65°.

To study the effect of flume inclination on the impact force and deposition
morphology, numerical tests with different slope angles were conducted, as
illustrated in Figure 5.16. It is evident that as the slope increases, the flow speed of
the debris flow becomes faster, the time to reach the wall is shorter, and the height
and distance it travels after surpassing the wall are greater. In the 45° group, the

debris flow had just reached the wall at t = 0.8 s, while in the 65° group, it had
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almost completely surpassed the check dam. Furthermore, on steep slopes, the
source material could not be maintained on the tank, with almost all of it either

flowing over the wall or accumulating in front of the dam.

6 = 45° 0 = 50° 6 = 55°

6 = 60° 0 = 65°

Pressure (Pa)
10000

Figure 5.17 Instantaneous pressure distribution contour on the wall surface at t =

0.8 s for each slope simulation group.

Figure 5.17 shows the instantaneous pressure distribution contour on the wall
surface at r = 0.8 s resulting from the impact of debris flow in each slope angle
experimental group. The simulation results suggest that the steeper slope groups
accumulated more source material in front of the dam, with the overall pressure
distribution gradually decreasing from bottom to top. This is consistent with
previous experimental and simulation results, indicating that the steeper the slope,
the shorter the time to reach the dam front, resulting in higher speed and thus greater

impact force.

5.4. CONCLUSION

In this chapter, a two-way resolved coupling numerical method is proposed to

simulate the dynamic behavior of boulder-rich debris flows. Specifically, based on
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the material composition and classification of the debris flow, the HBP-SPH
method is employed to model fine-grained materials (e.g., clay, silt, and sand) and
water as a unified particle-fluid mixture continuum, as detailed in Chapter 4.
Building on this, the boulders, which have particle sizes much larger than the fluid,
are individually considered and modeled using the Distributed Contact Discrete
Element Method (DCDEM). This approach is coupled with the HBP-SPH method
to develop a multi-scale, multi-physics, multi-phase flow framework for particle
numerical analysis of debris flows. The following conclusions are drawn in this
chapter:

(1) A multi-phase, multi-size particle numerical framework for boulder-rich
debris flows is constructed. The fine-grained materials and water are collectively
simplified into a viscoplastic model following the HBP non-Newtonian fluid
constitutive behavior. The DCDEM is used to depict irregular boulders or debris
with particle sizes much larger than the fluid, and the interaction forces between
fluid and solid, as well as between solids, are explicitly defined.

(2) The aluminum cylinder collapse laboratory is selected to verify the
proposed method. We conduct a series of comparative tests on the collapse of multi-
layered aluminum columns and the aluminum column-water dam system. The
simulation results show that the adopted model can not only capture the dynamic
process of the collapse and mutual collision of the multi-layered aluminum
cylinders but also achieve satisfactory simulation accuracy for solid-liquid systems.
Compared to FVM-DEM simulations, our model produces deposition morphology
that closely matches experimental observations. Notably, we compare scenarios
using PST and those without PST. The results indicate that the model using PST
effectively avoids voids at the solid-liquid contact surface, such as the front end of
the water column, thus achieving a more uniform flow field distribution. However,
this treatment also results in fluid particles at the collapse front far exceeding
experimental observations. This indicates that the use of PST depends more on the
specific objectives of the study.

(3) To validate the collision patterns of irregular blocks in debris flows, a

stacking numerical test is constructed using a large number of polyhedral materials.
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In this test, hundreds of blocks are funneled and continuously discharged into a tank
through a hopper device. These blocks gather at the hopper mouth and collide with
the hopper walls and with each other multiple times over a short period until they
stabilize and gradually accumulate in the tank. This experiment tests the contact and
collision stability of the irregular blocks.

(4) The proposed HBP-SPH-DCDEM method is further verified through a
debris flow impact laboratory test with different slope angles. First, in the 45°
sloping bed group, we compare the experimental data, the simulation results based
on the coupled Eulerian-Lagrangian (CEL) method, the simulation results based on
the HBP-SPH method and the Mohr-Coulomb (MC) yield criterion, and the
simulation results of boulder-rich debris flows using the HBP-SPH-DCDEM
method. Comparative analysis shows that the adopted model accurately captures
the instantaneous deposition morphology and the impact force on the wall of the
debris flow. In particular, the boulder-rich mixed flow exhibits a more turbulent
flow state, with boulders traveling further after surpassing the check dam. The
simulation results also effectively replicate the pressure variation characteristics of
the wall under debris flow impact. Finally, by adjusting the slope angle, we compare
the instantaneous deposition morphology and impact force of the debris flows at
different angles. The simulation results are consistent with the experimental

observations, verifying the feasibility of the proposed model.
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CHAPTER

PRACTICAL APPLICATIONS FOR STUDYING CATASTRAPHE DEBRIS-

FLOW EVENTS INCLUDING VISCOUS AND STONY TYPES

6.1. INTRODUCTION

In the previous text, we conducted a series of laboratory-scale numerical
simulation tests to verify the accuracy and feasibility of the proposed method. The
subjects of these experiments are mostly steady and homogeneous flow
configurations. Nevertheless, natural flows are characterized by inhomogeneous
and unsteady flow states, which are complex in their spatiotemporal evolution and
difficult to reproduce on a laboratory scale. On one hand, scaling issues emerge in
small-scale laboratory experiments involving water-saturated granular flows
(Iverson et al. 2011; Iverson 2015; Delannay et al. 2017; Vicari et al. 2022). These
issues are primarily due to the relatively pronounced effects of surface tension,
pore-fluid shear resistance, and cohesion, as well as the faster dissipation of excess
pore-fluid pressure compared to real-world conditions (Delannay et al. 2017).
Currently, the up-scaling from laboratory to field-scale hazard prediction still
encounters various conceptual and technical challenges. For instance, the reduced
dissipation responsible for the unexpectedly long run-out of large-scale granular
avalanches (e.g., the Donghekou landslide-debris flow in China (Yin et al. 2009))
is not observed in laboratory-scale experiments, and the underlying physical

mechanisms remain a topic of debate. On the other hand, small-scale experiments
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are generally limited by their simple configurations, which provide minimal
information for heterogeneous, multiphase geophysical flows. As such, recent
experimental research on debris flows has progressively shifted towards scales that
approximate real-world conditions, aiming to minimize the impact of scaling effects
as much as possible (e.g., Iverson et al. 2010; Iverson et al. 2011; Favero Neto et al.
2020; Baselt et al. 2022; Vicari et al. 2022). Even so, these large-scale experiments
are mostly self-channeling flows, failing to replicate the fan-shaped paths of hillside
debris flows. Additionally, the available erodible material on the bed layer is limited,
costs are high, and reproducibility is low. These have partly contributed to the
persistent underestimation of the actual scale and destructiveness of such disasters.

One approach to bridging the gap between laboratory experiments and field
data is through numerical modeling. The goal is to create models that accurately
replicate laboratory experiments and then apply these models to natural flows,
considering the complex terrain and geological conditions. However, as discussed
in Chapter 2, most numerical methods rely on numerous simplifications and
assumptions about natural processes, such as the depth-averaged paradigms, single
phase flow, isotropic, and non-dispersive. Even if the physical laws governing these
processes can be determined, the specific field conditions that define the parameters
are rarely known and can vary over the course of an event (e.g., cohesion
distribution, water content evolution, and grain size sorting).

This thesis does not aim to address all the aforementioned issues but rather
takes a step forward within the existing particle-based framework by extending the
single-layer particle-fluid mixture architecture to a multi-scale, multiphase
approach that can account for dynamic processes such as erosion, entrainment, and
deposition behaviors. Next, we examine a case of a debris flow characterized by a
relatively uniform particle size distribution (the 2010 Yohutagawa debris flow event
in Japan) and a case involving a boulder-rich debris flow (the 2010 Hongchun gully
debris flow event in China). We perform full-size modeling based on Digital Terrain
Model (DTM) and field measurements to replicate and qualitatively analyze these
two disaster events, thereby validating the feasibility of the method proposed in this

thesis. Finally, we endeavor to discuss and draw some meaningful conclusions.
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6.2. CASE STUDY 1: 2010 YOHUTAGAWA DEBRIS-FLOW EVENTS, JAPAN

6.2.1. DISASTER BACKGROUND AND MOTIVATION

The 2010 Yohutagawa debris flow event, selected for this case study, offers an
insightful analysis of debris flow dynamics triggered by intense rainfall. As shown
in Figure 6.1a, this event occurred on October 20, 2010, on Amamioshima Island
in South Kyushu, Japan (28°24’ N, 129°32' E), following Typhoon Megi, which
brought a maximum rainfall intensity of 131 mm/h and an accumulated intensity of
601 mm. The catchment area spans 0.24 km?, with elevations ranging from 20 to
250 m and a channel length of 750 m (as depicted in Figures 6.1b and 6.1c). The
region was predominantly forested before the debris flow, and the geological
composition mainly consisted of sandstone and mudstone, interspersed with
colluvium deposits a few meters thick. These colluvium deposits, lying above the
bedrock, were destabilized by the intense rainfall, leading to the initiation of the
debris flow.

An investigation by Kokusai Kogyo Co., Ltd., Japan (KKC) revealed that the
Yohutagawa torrent's channel has an average slope of about 16°, varying from 33°
in the higher parts to 5° on the alluvial fan. The debris flow resulted in a total deposit
volume of 8697 m?, including an initial 5843 m? from the source area and an
additional 2854 m? from along-path entrainment (Figure 6.1a). Clearly observable
entrainment depths ranging from 0.5 m to 2.0 m were also recorded along the path
(Han et al. 2016). Notably, the existing check dam managed to intercept a
significant portion of the debris mass, approximately 5621 m?* (Figures 6.2a and
6.2d), but some material bypassed the dam, causing damage to two buildings
located on the alluvial fan. Despite the severity of the event, no casualties were
reported.

Field investigations reveal that although the check dam was designed to be 2
meters high, its actual effective height before the disaster was only 1 meter (Figure
6.2a). The largest grain size in the downstream sediment samples does not exceed
20 cm, with a representative grain size of approximately 3 cm (Figure 6.2¢). Overall,

the grain size distribution of both the source materials and sediments is uniform,
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which permits the use of the proposed HBP-based numerical model for analysis.
Considering the significant erosion observed in this debris flow event, we develop
a numerical analysis model based on field surveys. This model encompasses
initiation, erosion, propagation, and deposition areas (Figure 6.1a), integrating the

bed sediments and initiation sources into the DTM of the site.
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Figure 6.1 Overview of the 2010 Yohutagawa debris-flow event. (a) Morphology
and photographs of the event in different sectors. (b) The profile of the terrain and
flow depth measurement points along the path. (c) DTM data showing the
topography relief of the area.

Figure 6.3 shows the post-disaster sediment distribution pattern inverted by
KKC using the New-SASS model, with the results compared to and rigorously
corrected against field survey data. Our subsequent numerical simulations will also
be validated based on this data. Observing the sediment distribution pattern reveals
that the check dam and the structures behind it significantly influenced the final
sediment morphology. No damage to the sand-retaining dam is found on-site.
Therefore, the numerical calculations do not consider scenarios where the dam is

breached but rather treat it as a fixed rigid boundary.
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Figure 6.2 (a) The effective height and morphology of check dam. (b) The extent
of the alluvial fan downstream of the check dam. (c) The representative grain size

obtained from field surveys. (d) schematic illustration of the topography near the
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6.2.2. NUMERICAL MODELLING AND SETUP
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Figure 6.4 (a) Digital Terrain Model (DTM) of the Yohutagawa basin (2.5 m
resolution) with delineated computation and erosion regions. (b) 3-D modelling of
the Yohutagawa terrain with bed sediment, check dam, and buildings. (c) Side

view of the computational model

In the SPH scheme, complex terrain modeling typically relies on DTM, which
are discretized into one or more layers of boundary particles to constrain the
movement of debris flow particles on the topography. However, only a small
portion of these boundary particles are involved in the computation. To reduce
computational costs, we delineated the target simulation area using field survey data
and aerial photographs on a DTM with 2.5 m resolution, encompassing all potential
regions affected by fluid particles, as shown in Figure 6.4a. Moreover, the erosion
region is also delineated based on the scope calibrated by KKC, featuring a 2-meter
depth sediment bed underlying the terrain (Figure 6.4c). Note that the surface of the
erodible bed layer still corresponds to the elevation data of the DTM. Fluid particles
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interact directly with boundary particles outside the designated sediment region.
This design aims to maximize the accuracy of simulating the actual disaster
scenario. Since the maximum erosion depth observed in field measurements did not
exceed 2 meters, the designed erodible bed layer provides a sufficient source of
erosion material. Figure 6.4b shows the extracted target terrain and erosion regions.
In addition, the positions of initiation sources, the check dam, and buildings are also
determined based on the scope calibrated by KKC and aerial photographs. The
initial volume was matched to the field survey data by controlling the generated
particles and their spacing.
Table 6.1 Material properties and related values in the Yohutagawa debris-flow

event simulation.

Source material ~ Parameter Notation  Unit Value
Bulk density P kg/m? 1650
Cohesion coefficient C, Pa 0
Internal friction angle 0, ° 28
Initial mass Kinematic viscosity v, m?/s 0.001
(water saturated) Porosity n, / 0.40
Debris flow concentration C, / 0.44
Exponential index m / 100
Power law index n / 1.0
Bulk density Po kg/m? 1600
Cohesion coefficient C, Pa 1
Internal friction angle ?, ° 30
Kinematic viscosity v, m?/s 0.0015
Bed sediment Porosity n, / 0.40
Water content n, / 0.15-0.28
Bulk modulus of water K Pa 2x10°
Hydraulic permeability! K m? 10®
Exponential index m / 100
Power law index n / 0.95

! Field surveys did not provide information on the hydraulic conductivity. Considering the event

187



occurred after heavy rainfall, leaving the sediments nearly saturated, the coefficient was referenced
from values used in USGS large-scale flume experiments (Iverson et al. 2010).

The extracted terrain is characterized by a main gully of 880 m with an
elevation difference of approximately 220 m. The proposed HBP-SPH method,
combined with the Drucker-Prager (DP) yield criterion, is used to simulate the
dynamic behaviors of debris flow over the extracted topography. Additionally, the
phase transition treatment and pore pressure response algorithm, detailed in Chapter
4, are implemented in the erodible particles to reproduce the momentum feedback
from bed sediment. Regarding the determination of the rheological parameters,
most material properties are directly derived from the in-situ survey. The HBP
rheological parameters, however, are obtained according to the findings of Han et
al. (2019), as summarized in Tables 6.1 and 6.2.

The kinematic viscosity is determined using an empirical equation developed
by Komatina and Jovanovic (1997). This equation, based on physical experiments,
correlates the dynamic viscosity x with the material concentration C,, which
reads:

p=0.000621exp(0.173C, ). (6.1)
Table 6.2 Controlling parameters and related numerical setup in the dynamic

simulation of the 2010 Yohutagawa debris-flow event.

Parameter Notation Unit Value
Particle distance dp m 0.3
Number of initial mass particles N, / 212,228
Number of sediment particles N, / 509,788
Number of boundary particles N, / 1,923,801
Debris-flow duration t s 120
Sound speed coefficient ¢ / 20

EoS constant y / 7
Density diffusion coefficient d, / 0.1
Verlet steps Seriet / 40

CFL coefficient? CFL / 0.2
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For the numerical scheme, the Verlet time-stepping algorithm was adopted to
decrease computational cost. The initial particle spacing is set to 0.3 m, resulting in
the generation of 212,228 debris flow source material particles, 509,788 erodible
bed sediment particles, and 1,923,801 boundary particles. Theoretically, increasing
the model resolution (i.e., reducing initial particle distance) facilities improved
computational accuracy. However, within the current unified particle size modeling
framework, further increasing the resolution would lead to a sharp rise in the
number of boundary particles. Therefore, until multi-scale modeling and multi-core
GPU parallel processing are implemented, we aim to keep the particle count at the
million level. The simulations are performed on a NVIDIA RTX A6000 GPU using
GPU-optimized code, while an Intel(R) Xeon(R) W-2225 @ 4.10GHz processor is
utilized for running the CPU-based algorithm. Additionally, the total simulation
time for this case is 120 seconds, and the visualization of the simulation results is

conducted using the open-source toolkit Paraview.

6.2.3. RESULTS ANALYSIS AND DISCUSSION

The time-elapsed simulation results of the Yohutagawa debris flow run-out
extent with a 0.28 volumetric water content are illustrated in Figure 6.5. After the
simulation begins, the source material starts to collapse and accelerate within the
channel with a slope exceeding 30°. The maximum speed exceeds 15 m/s.
Simultaneously, the rapid flow erodes the sediment materials on the steep slope,
with sediment particles partially scoured and entrained into the debris flow mixture.
As the slope becomes gentler and the flow interacts with boundary particles, the
velocity at the flow front gradually stabilizes at around 7 m/s. Approximately 70
seconds later, the flow front reaches the check dam. However, after just 4 seconds,
the high-speed surging debris flow had already overtopped the dam, despite the
dam's capacity limit not yet being exceeded. At ¢ = 100 seconds, the front of the
debris flow has reached the downstream buildings of the alluvial fan. By 120
seconds, the deposition flow gradually ceases, and the deposition morphology

becomes stable.
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Figure 6.5 Snapshots of the Yohutagawa debris-flow run-out extent.
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Figure 6.6 Time-elapsed simulation of bed-sediment velocity erosion and

entrainment by debris flow.
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Figure 6.6 shows a snapshot of the velocity cloud map depicting the erosion
and transport of sediment particles by the debris flow on the slope. The transport
velocity of sediment particles is evidently influenced by material properties such as
yield criteria and internal friction angle, resulting in lower velocities compared to
the overlying debris-flow mixture. Over time, this lag effect becomes increasingly
apparent. Sediment particles take approximately 100 seconds to reach the vicinity
of the check dam, while the debris flow source takes only 70 seconds. Ultimately,
most of the bed sediment particles deposit in front of the check dam, with only a

small portion of particles overtopping the dam and reaching the alluvial fan.
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Figure 6.7 Deposition morphology of the Yohutagawa debris-flow event

compared with measurement data.

Although this study does not consider the strong coupling and sorting
mechanisms of different particles between water and multi-scale grain, the debris
flow source and sediment particles exhibit behavior similar to particle separation
and premature deposition. This issue has also been discussed in Chapter 4 with the
USGS flume experiments. In short, differences in the mechanical properties of
materials, phase transition mechanisms, yield criteria, and pressure gradients
collectively contribute to the sorting phenomenon between the upper and lower
layers of materials.

To validate the feasibility and accuracy of the model, we compared the

deposition morphology of the debris flow on the alluvial fan with measured data
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conducted by KKC, as shown in Figure 6.7. The comparison results indicate that
the TLMP-SPH model successfully depicted the deposition morphology of the
Yohutagawa debris flow event. The deposition behind the dam was mainly
concentrated on the side close to the mountain. Due to the obstruction by
downstream buildings on the alluvial fan, the debris flow deposition materials

ultimately accumulated near these buildings.
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Figure 6.8 Effects of varying bed water content on the entrainment volume.

We also studied the variation characteristics of the entrainment volume under
different sediment water contents, as shown in Figure 6.8. It can be observed that
the erosion volume increases with the increase in water content. When the water
content reaches critical saturation, the sediment transport volume of the sediment
bed closely matches the field survey results. Considering that this event was
triggered by heavy rainfall, which was preceded by sufficient precipitation

replenishment, the calibrated water content aligns with the actual conditions.
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6.3. CASE STUDY 2: 2010 HONGCHUN GULLY DEBRIS-FLOW EVENT, CHINA
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Figure 6.9 (a) Wenchuan Regional map in Sichuan province, China. (b) Local

elevation cloud image of Wenchuan region. (c) Overview of the August 14, 2010,

debris-flow event in Hongchun catchment.

The catastrophic event that occurred in the Hongchun catchment, Sichuan
Province, on August 14, 2010, characterized by boulder-rich debris flow, is selected
as a case study to evaluate the capability of the HBP-SPH-DCDEM model. The

Hongchun catchment is located in Yingxiu town, Beichuan County of Sichuan
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Province, China, approximately 3.0 km northeast of the epicenter of the 2008 Ms
8.0 Wenchuan earthquake. It is characterized by a sector morphology and medium-
relief landscapes with craggy mountains (Tang et al. 2012). As shown in Figure 6.9,
the Yingxiu-Beichuan fault, which triggered the Wenchuan earthquake, crosses the
study area. Although the event contained a large amount of boulders and cobbles,

the nature of the sand-fluid mixture remained a viscous debris flow.

6.3.1. DISASTER BACKGROUND AND MOTIVATION
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Overall illustration of the debris-flow event. (b) The alluvial fan before the event.

(c) The alluvial fan after the event.
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The Hongchun catchment area covers 5.35 km? and consists of a principal
gully on the left bank of the Minjiang River and three upstream branch gullies
(Ganxipu, Dashui, and Xindianzi), as shown in Figure 6.10a. The incised V-shaped
gully is 3.60 km in length, with elevations ranging from 880 m to 1700 m and an
average channel slope of 358%o. The steepest branch, Xindianzi, has the highest
gradient of 538%o. The slopes on both sides of the channel are precipitous, with an
average slope angle of 35°. Downstream of the junction of the tributaries,
alternating steep and gentle spatial variations are observed.

Historically, the Hongchun catchment has been prone to debris flows. Two
debris-flow events were reported before the 2008 Ms 8.0 Wenchuan earthquake
(Shen et al. 2020). The loosely scattered debris mass was primarily distributed along
both sides of the gully. According to a field investigation (Gan et al. 2012), 52
sediment sources with a total mass volume of 3.5814 x 10° m* were found within
the catchment before the 2010 debris-flow event, among which 1.7890 x 10° m?
was presumed to be involved in the debris-flow process. Table 6.3 indicates the
sources of the loosened materials involved in this event, which were gathered
during an in-situ survey (Ma et al. 2023) after the event.

The event was triggered by severe rainfall from August 12 to 14, 2010,
resulting in a total precipitation of 162.1 mm in the catchment area (Xu et al. 2012;

Shen et al. 2019). The intense rainfall infiltration reduced soil strength and

remobilized the co-seismic landslide materials in the three branches, as detailed in
Table 6.3. The remobilized material transitioned into a debris-flow mass with a total
volume of 80.5 x 10* m? half of which was deposited on the alluvial fan.
Photographs taken before and after the event illustrate the deposition pattern on the
alluvial fan (Figures 6.10b and 6.10c), where the subgrade and the bridge of the
(G213 national highway crossing the gully were severely damaged (Ouyang et al.
2015; Shen et al. 2019). The event also resulted in a 10 m deep natural debris dam
across the Minjiang River (Jiang et al. 2014). Due to its immense magnitude and
destructive consequences, the Hongchun debris-flow event was declared the most
catastrophic of the 21 debris flows that occurred along the Minjiang River (Tang et
al. 2011).
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Table 6.3 Distribution of the debris-flow source materials in the 2010 Hongchun

catchment.

Tributary gullies in Collapsed sources Channel sources
Sum (x10*m®)

Hongchun catchment  (x10*m?)! (x10*m?)!
Ganxipu 11.20 10.20 21.40
Dashui 3.90 2.70 6.60
Xindianzi 3.20 2.00 5.20
Upstream? 0.30 3.70 4.00
Midstream? 30.10 10.70 40.80
Downstream? 2.50 2.00 4.50
Total volume / / 80.50

! The loose sediment from the collapsed area and the channel area is referred to as Collapsed sources
and Channel sources, respectively.
2 These ditch sections refer to the part of the main gully below the junction of tributaries.

According to the investigation, the initiation of the landslide deposits in the
mid-section of Ganxipu Gully is one of the significant sources for triggering the
Hongchun Gully debris flow. Persistent rainfall before the debris flow had nearly
saturated the loose soil layers in the landslide accumulation area. Simultaneously,
the rock fissures in the steep rock area at the back of the landslide zone were filled
with water, causing the rocks with reduced post-earthquake stability to collapse.
The large boulders that collapsed rolled along the upstream side of the landslide
accumulation. Due to the saturated loose layers at the lower part of the slope, which
had low shear strength, the rolling boulders picked up loose soil from the slope
surface, causing intense gully erosion. The large boulders, loose soil, and rainwater
converged downstream of Ganxipu Gully, becoming the triggering factors for the
debris flow. Furthermore, the debris flow deposits generated after the gully erosion
temporarily blocked the gully, causing breaches and resulting in a debris flow of
considerable scale and volume.

The source materials of the debris flow event in Hongchun Gully included a
large number of boulders and gravel, and particle sorting is poor, as shown in Figure

6.11. Especially in the downstream channel of Ganxipu, the largest boulders
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deposited had diameters exceeding 5 m, while in other channels, numerous boulders
with diameters ranging from 0.6 to 2 m were observed. These massive boulder
deposits, along with gravel, sand, clay, and water mixtures, constituted this

destructive debris flow disaster.
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Figure 6.11 (a) The DTM model and gully features of the Hongchun basin. (b)
Characteristics of sediment accumulation in the Ganxipu Gully. (c) Collapse
source on the right side of Ganxipu. (d) Collapse source on the right side of the
main gully. (¢) Sediment accumulation in the Dashui Gully. (f) Xindianzi gully
stack. (g) Upstream sediments of the main gully deposits.

6.3.2. NUMERICAL MODELLING AND SETUP

Similar to the Yohutagawa case, the three-dimensional numerical modeling of
the Hongchun Gully terrain is based on DTM (10 m resolution) and field survey
data. As shown in Figure 6.12a, we delineated the entire watershed potentially
affected by moving particles, with the main channel extending up to 3350 meters.
Given the vast extent of this large-scale case, employing multi-layer modeling of

debris flow and sediment beds exceeds our current computational capacity,
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especially in regions where erosion depth exceeds 10 m. Modeling an erosion bed
layer with acceptable accuracy in this range would require a particle scale in the
billions. Therefore, in this case, we did not consider the erosion and entrainment

effects of the sediment. Instead, the additional material generated by erosion was

incorporated into the initial source.
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Figure 6.12 (a) The elevation map of the Hongchun Gully basin (10 m resolution)
and the delineated simulation area. (b) 3-D modelling of the Hongchun terrain

with three initiating sources and hopper device.

Figure 6.12b illustrates the three-dimensional modeling schematic of the
Hongchun Gully target area within the SPH environment. Based on field survey
data and aerial images, we placed the initial sources at the corresponding locations
in Ganxipu, Dashui, and Xiandizi gullies. Additionally, considering that boulders
are mostly concentrated downstream of Ganxipu Gully and in the mid to

downstream sections of the main channel, we simplified the computational process
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by using a hopper-stone release device to systematically position thousands of
boulders with a maximum diameter of 3 m in the midstream of the main channel,
as shown in Figure 6.12b. We calculated the approximate time for the upstream
materials to reach the boulder locations and froze the boulders and the interior of
the hopper until the debris-flow front reached the area below the hopper. The
boulders were then released in batches at a constant rate through the hopper opening
and integrated into the debris flow.
Table 6.4 Controlling parameters and related material properties in the dynamic

simulation of the 2010 Hongchun gully debris-flow event.

Source material ~ Parameter Notation  Unit Value
Bulk density i kg/m® 2020
Cobhesion coefficient C Pa 100
Internal friction angle 0, ° 30
Initial mass Kinematic viscosity v, m?/s 0.002
(water saturated) Porosity n, / 0.40
Debris flow concentration C, / 0.44
Exponential index m / 100
Power law index n / 1.0
Bulk density Po kg/m® 2600
Boulders Young's modulus E GNm? 8.0
Poisson's ratio 0) / 0.3
Kinetic friction L / 0.35

Table 6.4 listed the controlling parameters and related material properties in
the dynamic simulation Hongchun gully debris-flow event. Most of the parameter
values are based on field survey data, while the material properties of the boulders
are still referenced from limestone. For the numerical scheme, an initial particle
distance of 0.65 is set, generating 1,288,565 fluid particles, 83,300 solid particles
(comprising 980 blocks), and 9,953,530 boundary particles. Other numerical

parameters are referenced from the Yohutagawa case and summarized in Table 6.5.
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Table 6.5 Numerical setup and parameters used in the dynamic simulation.

Parameter Notation ~ Unit Value
Particle distance dp m 0.65
Number of initial mass particles N; / 1,288,565
Number of solid particles N, / 83,300
Number of boundary particles N, / 9,953,530
Debris-flow duration t S 220
Sound speed coefficient ¢ / 20

EoS constant y / 7

Density diffusion coefficient dy / 0.1

Verlet steps Seertet / 40

CFL coefficient? CFL / 0.2

6.3.2. RESULTS ANALYSIS AND DISCUSSION

It should be noted that the current program we have developed consumes a
significant amount of computational resources for large-scale DEM blocks and
fluid-solid systems. Therefore, the increase in mass and momentum is neglected,
and there is a limitation on the number of blocks. Consequently, this section aims
to qualitatively reproduce and analyze the impact range of the disaster event. As
illustrated in Figure 6.13, the time-space evolution of the debris-flow mass in
Hongchun Gully is successfully replicated. The initial sources of the three upstream
tributaries rapidly extended and accelerated along the channels after the simulation
began. Among them, the downstream section of Ganxipu Gully is extremely steep,
causing the debris flow to reach a maximum speed of over 30 m/s. After
approximately 40 s, the debris flow materials in Dashui and Xiandizi Gullies
converged in the upper section of the main channel. About 10 s later, the flowing
materials from the three tributaries converged and quickly flowed toward the
downstream of the main channel. Although the largest boulders set in the simulation
have a diameter of over 3 m, they are still relatively small in the context of the entire
Hongchun Gully terrain, making them difficult to distinguish clearly in Figure 6.13.

In reality, after approximately 75 s, the debris-flow front reached the area below the
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Figure 6.13 Snapshots of the run-out extent of the 2010 Hongchun Gully debris-

flow event.
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hopper, causing the boulders to be actively released and continuously discharged
through the outlet, joining the flowing materials (Figure 6.14a). It should be noted
that the impact of the boulders falling from the hopper on the dynamics of the debris
flow was not considered here. After approximately 200 s, the debris flow surged

into the Minjiang River, with an average flow speed of 20 m/s in this case.

Figure 6.14 (a) Hopper-boulders device set above the terrain. (b)-(c) Particle-

boulders moving along the channel.

Figure 6.14 illustrates how the boulders are incorporated into the movement
of the debris flow. It can be seen that the boulders exhibit sliding rather than flowing
behavior on the terrain, and their movement lags behind the debris flow fluid, as
shown in Figure 6.14b. Unfortunately, we are currently unable to generate more
boulders to more accurately reflect the dynamic process of such large-scale,
boulder-rich debris flows. More detailed quantitative studies require the future

development of more efficient multi-physics coupling models.

6.4. CONCLUSIONS

This chapter achieves the up-scaling from laboratory numerical tests to full-
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scale disaster analysis using the proposed multi-phase particle method discussed
earlier. In particular, we select two typical real-world cases, corresponding to two
types of debris flows: viscous and boulder-rich. For these cases, we conduct three-
dimensional particle modeling, full-scale simulations, and comparative analysis
with field survey data. After careful validation and discussion, we reach the
following conclusions:

(1) The 2010 Yohutagawa debris flow event originated from a mixture of
upstream slope failure and sediment materials triggered by heavy rainfall. During
the incident, the channel sediment approached saturation after sufficient rainfall,
significantly reducing shear strength. As a result, the debris flow volume increased
substantially due to erosion and entrainment. Field surveys indicated that the area
contained few large particles. Consequently, this event was classified as a viscous
debris flow and used to validate the proposed TLMP-SPH model.

First, three-dimensional modeling of the target watershed was conducted
based on digital terrain models (DTM) and field survey data, including elevation
models, source material, erodible areas, check dams, and buildings on the alluvial
fan. The simulation results successfully reproduced the dynamic process of the
Yohutagawa debris-flow event, particularly depicting the deposition morphology
on the alluvial fan. By adjusting the water content of the bed sediment, the erosion
volume was calibrated. This case study successfully validated the TLMP-SPH
model's capability to describe the dynamic behavior of viscous debris flows,
particularly the complex processes of erosion, entrainment, and deposition, as well
as the resulting mass growth and momentum feedback from the sediment.

(2) Based on the 2010 Hongchun Gully debris flow case, we construct a three-
dimensional numerical analysis model and its initial source using DTM. Using the
HBP-SPH-DCDEM method, we qualitatively reproduce the dynamic process of
debris flow carrying large boulders along complex terrain. In this case, the boulders
are also introduced into the debris flow through a hopper device in a constant
discharge manner, creating a multi-scale, multi-physics motion field. Although the
dynamic process of boulder-rich flow along the channel is qualitatively reproduced,

limitations in computational resources prevent the construction of an erodible bed
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layer to replicate the key process of mass growth and momentum feedback due to
erosion and entrainment in the debris flow, and the number of boulders is also
limited. Future research necessitates the development of more efficient and defined

multi-physics, multi-scale coupling analysis models.
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CHAPTER

CONCLUSIONS AND FUTURE STUDIES

7.1. HIGHLIGHTS AND MAJOR CONCLUSIONS

Research on numerical simulations of debris flows has a long history.
Researchers have traditionally idealized this multi-scale (i.e., rock, debris, mud,
water, snow, and ice), multi-phase (i.e., solid, fluid, and air), and multi-physics
geophysical flow process as a single-layer, single-phase particle-fluid mixture,
employing fixed rheological models to describe its dynamic processes.
Alternatively, depth-integrated paradigms that ignore vertical flow fields and
momentum redirection are used to reduce modeling and computational costs. While
these simplifications and assumptions are somewhat valid, they inevitably lead to
significant issues. Notably, key physical mechanisms such as non-linear coupling,
phase changes, and sorting in the dynamic processes of erosion, entrainment, and
deposition of debris flows are inadequately considered and validated. Specifically,
the interaction between transported debris flow and underlying erodible bed
sediments, which leads to mass growth and momentum feedback from the
sediments, is crucial in determining the extent, scale, and destructiveness of debris
flows. These issues cannot be sufficiently addressed within the existing models and
methodological frameworks.

To address these issues, this thesis develops a high-performance numerical
simulation program using advanced Lagrangian particle methods, specifically

Smoothed Particle Hydrodynamics (SPH) and the Discrete Element Method (DEM).
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This program integrates key physical mechanisms of debris flows into these
particle-based methods. Following a framework that includes theoretical analysis,
program development, experimental verification, and real-world case validations, a
comprehensive method for the numerical simulation and analysis of debris flows is
established.

The highlight of this study is its incisive identification and creative resolution
of the following key issues in numerical research on debris flows: (i) How can the
processes of erosion, entrainment, and deposition in debris flows be characterized
within a Lagrangian particle framework? (ii) Why do some erosive debris flows
generate higher mobility and volume, while others experience reduction? What are
the mechanisms underlying these variations, and how can they be calculated? (iii)
How can a coupling model of debris flow containing large boulders be constructed,
and how can the interaction between the fluid phase and the irregular blocks be
defined? The following are the solutions proposed by the author:

(1) Develop a two-layer, multi-phase SPH (TLMP-SPH) model for debris
flow erosion, entrainment, and deposition behaviors.

In the three-dimensional SPH framework, erosion and entrainment behaviors
are evaluated through the analysis of bed failure and the subsequent particle
transport by the intrusive flow, as opposed to depth-averaged methods that assess
entrainment rates on a per-grid basis. It is, therefore, essential to rigorously define
the yield criteria for particles, which serve as the phase transition mechanism.
Inspired by the liquid-sediment multiphase scouring method, this study proposes a
two-layer, multi-phase SPH model based on the non-Newtonian Herschel-Bulkley-
Papanastasiou (HBP) model for dilatant (shear thickening) and pseudoplastic (shear
thinning) flows. This approach combines the HBP model with yield criteria such as
Drucker-Prager (DP) and Mohr-Coulomb (MC). By incorporating the two-phase
nature of the HBP model, the proposed methodology simulates the phase transition
processes of sediment beds under rapid flow erosion, offering a novel and efficient
approach for the numerical modeling of complex geophysical flows.

The TLMP-SPH model is verified through numerical tests, including pure

water scour and dense flow erosion. Comparative analyses indicate that this method
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accurately reproduces experimental observations, encompassing the morphological
characteristics of the erosion interface, the velocity field distribution, and
displacement distances.

(2) Pioneer a hydro-poro-mechanics-based pore water pressure algorithm
embedded within the TLMP-SPH scheme to simulate the pore pressure response
and flow momentum growth of debris flows on beds with varying wetness.

It is widely recognized that the mass growth and momentum feedback of
debris flow from bed sediment are regulated by scale-sensitive, time-dependent
pore water pressure, which exhibit pronounced anisotropy and nonlinearity. To
address this issue, an efficient hydro-poro-mechanics-based pore pressure response
algorithm, derived from volumetric strains and Darcy law, is extended to quasi-
saturated condition and integrated into the existing SPH scheme. Especially, a
Laplace model that balances accuracy and computational efficiency is adopted to
solve the second derivative term in the pore pressure equation, thereby improving
the accuracy of the dynamic response of pore pressure.

To mitigate the size effect, we meticulously tested the method through a
comprehensive series of full-scale, well-documented entrainment experiments. The
findings reveal that the model proficiently captures and replicates the intricate
dynamics of flow-momentum growth, reflected in erosion-induced variations in
volume and mobility. Our methodology establishes a definitive connection between
volumetric water content and pore pressure response, further emphasizing its ability
to characterize levee-channel and deposition morphology. This research is the first
to model debris flow on beds with differing moisture levels from a particulate
perspective. It addresses the enduring question of why certain erosive debris flows
exhibit increased mobility and scale-up, while others show decreased mobility and
volume.

(3) Construct a two-way resolved SPH-DCDEM coupling scheme for dynamic
simulation of boulder-rich debris flows.

Relying solely on either individual continuum or discrete models is
insufficient for accurately capturing the multi-scale, multi-phase nature of debris

flows. Consequently, a two-way resolved coupling numerical method is proposed
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to simulate the dynamic behavior of boulder-rich debris flows. In this approach,
fine-grained materials and water are collectively simplified into a viscoplastic
model that follows the HBP non-Newtonian fluid constitutive behavior. The
DCDEM is employed to represent irregular boulders or debris with particle sizes
significantly larger than the fluid, explicitly defining the interaction forces between
fluid and solid, as well as between solid particles.

To validate the proposed method, we conduct numerical tests on the collapse
of multi-layered aluminum columns and an aluminum column-water dam system.
The simulation results demonstrate that the model effectively captures the dynamic
process of collapse and mutual collision of the aluminum cylinders, achieving high
accuracy for solid-liquid systems. Additionally, the HBP-SPH-DCDEM method
undergoes further validation through debris flow impact tests at different slope
angles. The model accurately captures the deposition morphology and impact force
on the wall of the debris flow, with boulders traveling further in a turbulent state.
The simulation results effectively replicate pressure variation characteristics on the
wall and align with experimental observations, verifying the model's feasibility.

(4) Apply the proposed method to full-scale events to validate its capability.

The up-scaling from laboratory to field-scale hazard prediction still encounters
various conceptual and technical challenges such as scaling effect and parameter
selection. To over these constraints, we selected two real cases for inversion and
analysis, focusing on two typical types of debris flows: viscous debris flows and
boulder-rich debris flows. For both incidents, full-scale modeling was conducted,
generating millions of particles. The specific outcomes of these analyses include:

The 2010 Yohutagawa debris-flow event is selected as a case study to validate
the proposed TLMP-SPH model, focusing on the complex processes of erosion,
entrainment, and deposition behaviors, as well as the mass growth and feedback of
viscous debris flow on wet bed sediment. The check dam in this event plays a
crucial role in determining the extent of the deposition. Ultimately, the simulation
results successfully capture the dynamic process of the debris flow, thoroughly
depicting the deposition morphology on the alluvial fan. Notably, due to the

combined response of material properties, yield criteria, and phase transition
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mechanisms, a certain degree of sorting is observed between the upper and lower
layers of material. The sediment particles predominantly deposit in the propagation
area in front of the check dam, while the overlying debris flow layer mostly
overtops the dam and accumulates near the buildings on the alluvial fan.
Furthermore, sensitivity analysis and calibration of the sediment water content
accurately invert the entrainment volume. Additionally, the dynamic process of
debris flow carrying large boulders along complex terrain is also qualitative

reproduced in the 2010 Hongchun gully event.

7.2. FUTURE STUDIES

This work attempts to construct a model within the Lagrangian particle method
framework that includes the interaction of multiphase materials in debris flows and
depicts their dynamic processes on complex terrains. Despite efforts to incorporate
various critical physical mechanisms, the current approach still simplifies or omits
some key mechanisms of debris flows. These simplifications or omissions may be
due to computational constraints, contentious mechanisms, or inherent limitations
in the numerical framework itself. These issues will persist until the considered
mechanisms are comprehensive, more refined models are integrated, and higher-
precision numerical methods are employed. Specifically, future particle-based
numerical simulation methods for debris flows need to focus on the following
issues:

(1) Limitations of the Weakly Compressible SPH scheme in depicting the
physical mechanisms of debris flows: multiphase and multiscale interactions
between solid particles and interstitial fluid, particle sorting, phase transitions,
dewatering, etc.

Analyzing and modeling mixed materials as weakly compressible particle-
fluid mixtures is the current mainstream approach in numerical research on
geophysical flows. However, it must be acknowledged that the weakly
compressible scheme inherently has limitations in depicting the mechanisms
involving multiscale particle interactions, which are crucial factors affecting the

dynamic processes of debris flows. Additionally, the equation of state used in
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weakly compressible pressure calculations is often criticized for its poor stability
and non-physical dependencies.

The author believes that the theoretical and computational conditions for
constructing large-scale geophysical flow analyses using incompressible SPH
schemes are now well-established. The problem, however, lies in the more complex
modeling and parameter acquisition conditions compared to WCSPH. Addressing
these issues will facilitate a better understanding and analysis of some extraordinary
geophysical flow phenomena, such as long-runout landslides and the mechanisms
behind reduced dissipation in large-scale avalanches.

(2) Field-scale disaster prediction considering heterogeneity

Debris flows and most geophysical flows on the Earth's surface are inherently
heterogeneous. Numerical calculations often overlook these effects to simplify
computations. While this may not be evident in laboratory-scale tests, field-scale
disaster prediction and simulation must account for the impacts of temporal
evolution and spatial distribution heterogeneity. For mountainous debris flows,
these impacts include, but are not limited to, bed surface roughness, particle size
distribution, changes in pore water content, sediment cohesion, and vegetation
cover. Field-scale disaster predictions must fully consider the effects of
heterogeneity to accurately reflect the occurrence, evolution, and impact of
disasters.

(3) Multi-hazard chains induced by landslide and debris flow

The typical "earthquake-landslide-debris flow disaster chain" has garnered
widespread attention because multi-hazard chains often result in more severe
damage and losses compared to individual events. Debris flows and their associated
hazards can occur independently, such as from a typhoon storm, or as part of a
sequence triggered by earthquakes. The direct risks of such single events are evident,
including high mobility with extensive run-out, erosion-induced volume increase,
and substantial impact force. Although previous research has primarily focused on
individual hazards, a comprehensive study of the entire chain process remains
lacking. Predicting and modeling multi-hazard chains induced by debris flows is

particularly challenging due to the complex nonlinear interactions between
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landslides, debris flows, erodible beds, dams, dammed lakes, and dam-breach
floods. These secondary hazards significantly amplify the damage and involve the
interaction of various physical fields.

Therefore, the numerical analysis and prediction of debris flow disaster chains
require interdisciplinary knowledge. On one hand, it is necessary to overcome scale
effects, address nonlinear coupling processes, and achieve multi-physical field
coupling. On the other hand, attention must be paid to balancing the cost of
parameter acquisition and computational efficiency. Given the massive amount of
data involved in this process, it is anticipated that big data analysis and artificial
intelligence technologies will be increasingly utilized. These technologies can
extract patterns from extensive historical data and simulation results, optimizing

model parameters and improving prediction outcomes, indicating a future trend.
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