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Abstract

This work presents a broad insight into debris flows modelling by identifying their most
relevant aspects and the changes proposed through time, offering a guideline to select
models for simulating debris flows. Two of the most general standpoints are implemented
and analysed for modelling debris flows, highlighting their advantages and weaknesses
through the document. First, the performance of a specific spectral element-based tech-
nique with the Eulerian approach is verified using a standard depth-integrated set of debris
flow equations for the first time. Second, the Lagrangian approach is used to propose a
modelling framework suitable to study debris flows containing “three” phases. Fluid and
soil phases are treated from the continuum standpoint, whereas the third phase is em-
ployed to represent large boulders treated like a different phase using the discontinuous
approach. Large boulders with a size similar to the flow depth are found in debris flows
deposits with a certain regularity. Although they are scarce in quantity, because of their
size, such boulders can potentially play an essential role in the dynamics of debris flow,
causing damage in infrastructure and obstructing the drainage lines when the events oc-
cur. A coupling strategy between Smooth Particle Hydrodynamics representing fluid-soil
mixtures and the Discrete Element Method to include large boulders into the mass is also
proposed. Thus, it is possible to connect the behaviour at very different scales in a unified
framework more suitable to describe debris flows heterogeneity, using a three-phase model
for the first time. The numerical coupling is validated using some cases reported in the

literature, showing satisfactory results compared to analytical, numerical and field data.

Xiv



Chapter 1

Introduction

The processes that occur on the earth surface, known as mass movements, may include
multiple materials. The materials can be fluids (liquid and gas) and solids (clastic sedi-
ments and logs, for instance). Sediments have a broad spectrum of characteristics because
of the mineral composition, shape and size of particles. Thus, fine- or coarse-grained
soils, as well as the presence of boulders, may affect mass behaviour (Hungr et al.| 2005}
Takahashi, 2014]). The mass movements are driven by gravity and generated by certain
unfavourable conditions that can be classified as internal and external. The internal con-
ditions are defined by the mechanical state of the ground, which can be expressed through
several variables and parameters (e.g., morphology, stress, strain, angle of shearing resis-
tance, apparent effective cohesion and pore pressure). External conditions are those that
can produce changes of that state of the ground, such as weather, anthropic influences/ac-
tions, volcanic and seismic activity, amongst others.

Classification charts of the mass movement have been proposed based on the character-
istics with which they are developed, such as the morphology of the movement (e.g., slides,
falls, tumbles and flows), type of materials, solid-fluid ratio, velocity, transported volume
and even source (Hutchinson| [1968; Varnes, 1978; Pierson and Costal 1987; (Coussot and
Meunier), (1996; Hungr et al., [2001}; [Jakob, [2005b). There are several mass movements cat-
alogued within the flow type. For instance, debris flows have special attention in research
due to their high potential of damage since they can travel long distances, destroying
everything on their path (Iverson, [1997; |Hilker et al., |2009; [Chen et al., [2014). These
flows are the pivotal topic in this work; consequently, the most relevant phenomenological

aspects will be presented below.
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1.1 Debris flows phenomenology

Debris flows initiate with one or multiple slope movements, and ends with the deposition
, 1997). Also, they have a wide variability of materials, high content of water, high

velocities and volumes. The water-sediment interaction processes (e.g., collision, friction,

drag and viscosity) dominate the behaviour of the flow (Campbell, 1990; Pouliquen et al.|
2006} [MiDi, |2004). The main characteristics that have been identified during debris flows

are:

e Segregation and recirculation of the materials due to the particle size, density
and friction (Takahashi, [2014; Iverson| (1997; (Gray and Thornton, 2005; |Gray and|
\Chugunov, 2006; |Gray and Ancey, [2011; Leonardi et al., 2015).

The volume will increase during the entrainment of materials to the flow due to the

erosion of ground and banks (Hungr and Evans| 2004).

Large boulders are transported by a finer matrix (Takahashi, 2014).

Lateral levees are part of the deposition stage as a consequence of the “attempt” of
escaping lateral confinement 2014)).

Colluvium fan or “lobe” is the zone where the most significant part of the flow is
deposited by the friction of the mass (Jakobj 2005a; Regmi et al., [2015).

The entrainment of materials caused by the fast erosion produced during debris flows
is crucial because of the volume change. The initial small volumes can be transformed into
large ones by the entrainment of mass along the path. Such variation can be by several
orders of magnitude (Hungr et al. 2005; Berger et al., |2011)). For instance,
report several cases of rock avalanches, where the initial volume increased

by 2.5 or 10 times. [Kaitna et al. (2013)) reports increments in volume from 3 to 53 times in

many debris flows field events. A more recent case of debris flow occurred on March 315¢,

2017, in Mocoa (Colombia), with an approximate increment in volume of 7.5 times the

initial mass (Prada-Sarmiento et al) 2019). The main two sources of mass entrainment

are bed destabilisation and erosion, as well as instability of the stream banks, undercut
by bed erosion (Hungr et al., 2005).

Bed and channel banks can be formed from other sediment transport processes or,

more specifically, by the deposition of previous debris flow events. Debris flow deposition

occurs at the base of steep slopes, which typically merge with valleys and water bodies,

and it is recognised as colluvial fan (Jakob, 2005a; Regmi et al., [2015)). Such deposition

can be formed in two ways, through levees when the front of the flow is still moving
and lobes when the motion is halted completely 2014)). Thus, debris flows and
colluvial fans can supply sediments to each other as a cycle that might have a particular

frequency (Figure[l.1). Big boulders are also part of this process, deposited on levees and
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fans, and can be dragged again in new events (Blackwelder] 1928} Takahashil 1981} |Costa,
1984} Beaty, 1989; Takahashi, 2014; Iverson) [2014)).

Deposition (levees and lobes)

>

[ Debris flows

Colluvial fan ]

Erosion and entrainment

Figure 1.1: Debris flow and colluvial fan relationship.

Figure 1.2: Large boulders photographed in different debris flow cases around the world. (a)
Large boulder deposited adjacent to a building with a height similar to one floor of the construc-
tion, destroyed by a debris flow on December 14-16", 1999, Vargas state, Venezuela
2002; Wieczorek et al., [2016). (b) Boulder transported in debris flow on December 14-16", 1999,
Vargas state, Venezuela, which size is 11.3x5.0x3.5 m (Wieczorek et al., 2016). (c) Large boulder
with a diameter comparable to human size carried by a lahar event on May 18", 1989 eruption
in Mount St. Helens, Washington, United States. Photo by Lyn Topinka, USGS, September 16",
1980. (d) Large boulders with a diameter similar to flow depth carried by the front of a debris

flow in July 2016, Illgraben, Switzerland. Video recorded by (Zufferey, [2016).

Large boulders found after some specific debris flow events, as shown in Figure [I.2]
Figures [I.2a] and [I.2B] show boulders up to 11 m large found after a series of debris flows
induced by a rainstorm which occurred on December 14-16", 1999, along the northern
coastal state of Vargas, Venezuela (Larsen et al.l 2002; Wieczorek et al., |2016). Figure

[I.2d shows a large boulder carried by a lahar event that occurred in a volcanic eruption
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on May 18 1989, in Mount St. Helens, Washington, United States. Moreover, Figure
[I.2d] shows boulders carried on the front of a debris flow which happened in July 2016, in
Nlgraben, Switzerland 2016).

During the debris flow in Mocoa, Colombia, boulders between 1 and 2 m in diameter
were a significant part of the deposited mass on the colluvial fan. Besides, several large
boulders whose longest side was about 4 to 10 m, were observed along the drainage line of
the Taruca creck (Figures and on the colluvial fan (Figure . It is possible
to see the importance of the entrainment of mass in debris flows, but the size of the
incorporated materials also has a crucial role. Then, the primary question is, how do
those large boulders are transported by debris flows. Some observations and suggestions

are exposed below.

(a) (b

(c) (d)

Figure 1.3: Photographs of large boulders taken after a debris flow event occurred on March
31%¢, 2017, in Mocoa, Colombia. (a) Large boulder deposited on the bank of the Taruca creek
with the size of 4x4x2 m. (b) Large boulders whose maximum size are 10.2 m and 7.4 m, from
left to right, respectively. (c) Large boulders with a diameter comparable to human size deposited
on the drainage line of the Taruquita creek. (d) Boulders deposited on the colluvial fan in Mocoa
city, where the largest boulder has a maximum size of 9 m.

1.1.1 Rheology of debris flows

The wide variety of materials that are present in debris flows is what makes them so

complex. Depending on the type of materials present in the mass can change the flow
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behaviour radically from muddy flows where fine particles form up the most significant part
of the flow up to stony debris flows, where boulders with important size are the primary
component of the phenomenon. The interaction forces among the materials produce the
essential role of the movement of the mass. (1) Viscous forces in the fluid phase, (2)
friction and collision among the solid participles and (3) pressure and drag forces between
the solid and fluid phase are the fundamental identified forces given in such phenomena.
The interaction forces are the crucial characteristics to be included in models that allow

to study and identify other generalities of debris flows.

1.1.2 Large boulders in debris flows

It is possible to say that the diameter of large boulders Dp is much larger than the diameter
of supporting matrix grains d,,, i.e., D > d,,. The diameter of big boulders is similar to
the depth of the flow h, i.e., Dg ~ h. Also, the maximum reported size of large boulders in
debris flows is about D p(mayx) ~ 11 m (Beaty, |1989; [Iverson, 2014; Takahashi, 2014; Larsen)
. It has been noticed that the coarsest materials in a debris flow (e.g., gravel,
cobbles and large boulders) accumulate on the surface (apparently “floating”), flowing
towards the front of the flow (Takahashil [2014} Hutter et al.l [1994). Also,
ensures that if these big boulders are far larger than the neighbouring sediments

and their size is comparable to the flow depth; they cannot be into the rear part of the

flow.

Fi i
ine grains Large boulders Dp ~ h

Boulders

Figure 1.4: Sketch of large boulders in debris flows.

Some authors have tried to explain the phenomenon of transferring the larger particles
towards the surface of the flow, referred to as inverse grading or segregation.
suggests the concept of dispersive pressure, caused by grain collision, which is
proportional to the square of particle diameter, suggesting that larder particles will suffer
higher dispersive pressure, being pushed toward the free surface. Another hypothesis says

that the finer particles fell into the voids among coarser particles resulting in a relative

ascent of coarser particles, known as dynamic sieving (Middleton, [1970). The idea given
by Middleton (1970) has been disproved due to the disregard of the contemplation of
particles density opposite to Bagnold’s estimation (Sallenger, 1979 Takahashil [2014).
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A relevant characteristic is that the velocity profile varies from a minimum on the
bottom to the highest on the free surface. Thus, once the most massive particles are on
the top, they can move faster until they reach the front and fall to the bed again. Then,
coarse particles can be buried by the flow or dragged in again, forming a recirculation of
materials (Gray and Thornton, [2005).

Another observation is that, when the boulders are on the front, they tumble while
being pushed by the rear part of the flow (Takahashi, [2014) (also, see video recorded by
Zufferey| (2016)). “Turbulent”E] debris flows can transport large boulder as well. How-
ever, they are transported sporadically and do not accumulate at the front, and they are
deposited in a scattered way in the colluvial fan (Takahashi, 2014). Different concepts
such as cohesive strength, buoyancy, and structural support have been pointed out to ex-
plain how big boulders are supported on freshly deposited debris flow, although no further
analysis was performed (Costal 1984).

Some aspects whereby it is relevant to include large boulders in the modelling of
debris flows and study their influence are: To know their potential to produce damage in
structures, as shown in Figure The construction of barriers to mitigate the hazard of
future debris flows requires both fluid pressure and the impact force of individual boulders
(Banihabib and Forghanib, [2017). Boulders with such size sometimes are deposited in
drainage lines (see Figure [1.3b}1.3¢), which might facilitate the obstruction of the debris
flows, producing temporal damming of water and sediments upstream. Such temporal
natural dams can become more hazardous events after their failure.

The studies mentioned above highlight some attempts to understand the interaction
between large boulders and the fluid-soil mixture in debris flows. However, there is no
consensus on the processes and explanations. Hence, further studies using experimental,

analytical and numerical strategies are warranted.

1.2 Problem statement

The previous mentioned phenomenological aspects have been identified by collecting field
and experimental data. Many authors have then proposed mathematical models based
on the conservation laws to reproduce debris flows (Savage and Hutter, [1989; Iverson and
Denlinger, |2001; |Pudasaini, 2012)). The complexity of the models has been increasing
during the last decades, being possible to study in a more specific way some aspects of
debris flows. However, a great effort in understanding debris flows is still needed. One of

the most relevant aspects of debris flows that have been poorly studied and understood is

!The Reynolds number is defined as Re = U h/n, where U is the cross-sectional mean velocity of the
flow, h is the depth of the flow, and 7 is the kinematic viscosity of the interstitial fluid. If Re > 1500 the
debris flow is considered as turbulent (Takahashi, [2014)).
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the inclusion of large boulders in such flows.

Numerical tools are widely employed to study debris flows behaviour and their effect.
A first attempt to incorporate such large boulders into debris flows numerical simulation
have been presented in Martinez| (2009). It was employed and presented the traditional
depth—integratedﬂ approach in the conservation equations with a Bingham fluid and the
Discrete Element Method to represent large boulders. However, the depth-integrated
approach does not allow the study of the verticality of the phenomenon, which might be
relevant to observe some processes given in such a direction. Other couplings between the
three-dimensional continuum phase and discrete elements have been developed to study
the interaction between the fluid and granular phase (Tan and Chenl) 2017; Xu et al.| [2020;
Leonardi et al., [2015; Liu et al.l 2018). Nevertheless, such an approach requires a massive
number of particles to represent the granular phase of debris flows being inconceivable in
field-scale, as mentioned by Leonardi| (2015).

It is why an appropriate modelling framework is indispensable to study such a spe-
cific phenomenon. Therefore, it is considered that the below described modelling setup
might adequately reproduce debris flows that include large boulders. Fluid and soil can
be represented with two phases model —hence two constitutive relationships— through the
continuum approach, whereas the large boulders can be treated as a “third” phase us-
ing the Discrete Element Method. Thus, the present work contributes with a modelling
framework that allows studying the dynamic interaction between large boulders and the

whole “supporting” matrix of debris flows through the objectives presented as follows.

1.3 Aim

The main objective of this thesis is to propose a modelling framework that accounts for
fluid, soil and large boulders for debris flow simulations. Such an aim will be achieved

through the following objectives.

1.3.1 Objectives

1. To verify the performance of an existing mesh-based numerical technique to simulate

debris flows.

2. To develop a coupling strategy between two specific mesh-free methods for describing

the interaction among boulders and the supporting matrix.

2Depth-integrated, shallow water or shallowness approach are terms that can be found in the literature
to refer to a type of equations obtained from the three-dimensional conservation equations after integrating
them in depth. It will be better explained in Chapter [2] and these terms will be used in this document

as synonyms.
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3. To validate the numerical coupling of the mesh-free techniques.

1.4 Document outline

This thesis has been organised as follows: Chapter [2| presents the state of the art of
modelling standpoints used in debris flows and emphasises the numerical techniques im-
plemented to simulated such phenomena. It also offers a guideline for choosing models
to reproduce debris flows. Chapter |3| shows the model, numerical setup and solution of
a dry granular flow using a mesh-based Eulerian approach to verify the performance of
a spectral element base technique, accomplishing objective [I[] Chapter [4] presents the
three-dimensional multiphase model from the Lagrangian approach, which contains the
following main sections: Section presents the development of the multiphase model in
a detailed manner contributing directly to the aim of this thesis. Section introduces
the mesh-free numerical methods and their coupling, fulfilling the objective 2] Section [4.3]
shows the validation cases of the coupled numerical methods that contribute to objective
Section [£.4] presents a hypothetical debris flow with all the materials demonstrating the
potential of the proposed modelling framework. Chapters [f] and [6] shows conclusions and

future work, respectively.




