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Abstract. Debris flows are characterized as mixtures of solid particles and pore fluids,
in which coupling between phases plays a paramount role in the dynamic behaviour. Due
to the strong coupling between phases, pore pressures can be generated if the fluidized
mass contains solid particles with low permeability. As such, a two-phase propagation-
consolidation model should be applied to take into account the motion of each constituent
and the time-space evolution of pore-water pressure. In this regard, the capability of a
depth-integrated two-phase model, recently developed by the authors, to study the cou-
pled behaviour of solid and fluid in a fluidized geomaterial is evaluated. The developed
model is based on the mixture theory in which balance of mass and linear momentum
are established for each phase. The computational framework is based on the mesh-free
smoothed particle hydrodynamics (SPH), incorporating a 1D finite-difference mesh de-
scribing pore pressure’s evolution along the vertical distribution of flowing mass. The
model is applied to simulate the Johnsons Landing debris avalanche in order to reproduce
its complex behaviours, including bifurcation occurred at the mid-channel. The devel-
oped two-phase depth-integrated SPH-FD model is also applied to assess the structural
countermeasure of the bottom drainage screen, used to reduce the impact of debris flows.
The analysis of the results indicates the adequacy of the method to model large deforma-
tion of the two-phase materials over an impermeable and permeable bottom boundary.
This suggests that the proposed particle-based method is a promising approach for future
studies of coupled geophysical problems.
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1 INTRODUCTION

Debris flows and debris avalanches are a special type of flows where solid and fluid par-
ticles have important relative movements. Unlike the avalanches, which can be described
very well by one-phase continuum models, the debris flows require an accurate description
taking into account the properties of both phases (stresses, volume fractions, and veloc-
ities) together with a suitable description of the interaction between them. Debris flows
are characterized by their coupling between the phases and their effect on the dynamics
behavior of the flow. To simulate such phenomena, a two-phase model is usually applied
to reproduce the motion of each constituent during the propagation stage.

Hazard and risk assessment of landslides, with potentially long run-out, have attracted
numerous researchers’ attention in the past decades. The only way to limit risk is to
have a better understanding of this phenomenon and its mechanism to develop more re-
liable prediction techniques. These objectives can be achieved using advanced simulation
tools suitable for foreseeing the landslide run-out, frontal velocity, and deposit thickness.
Several models have been developed during the last years to describe the propagation of
fast landslide with a significant quantity of interstitial fluid. This paper applies a gen-
eralized depth-averaged two-phase propagation-consolidation model, recently developed
by Pastor et al. (2021)[1]. The model is capable of reproducing the complex behavior
of fluidized mass where the coupling between the solid skeleton and the interstitial fluid
plays a determining role, and considering time-space evolution of the excess pore pressure
is essential.

The objectives are (i) to analyze the consequences of fast catastrophic landslides by
presenting an alternative computational model capable of taking into account both the
propagation and consolidation mechanisms and (ii) to study the efficiency of an energy-
dissipating structure using to decline the velocity of the propagating mass.

The outline of the paper is as follows. The second section is devoted to mathematical
modeling, where the balance equations of mass and linear momentum for two-phase mod-
els are presented. These equations, together with a consolidation equation, a frictional
rheological equation, and a drag law define the generalized two-phase model. Then, the
mathematical models are then implemented in a numerical model where the propagation
equations are discretized by using SPH, and the consolidation equation is discretized with
two different methods of finite difference and quarter cosines shape function. In the third
section, the main features of Johnsons Landing debris avalanche are described. Then, the
numerical simulations of the debris avalanche are carried out through a two-phase model.
Finally, conclusions arise from the comparison between the observed and numerical re-
sults. In the last section, the two-phase SPH-FD model is conducted to investigate the
mechanisms of permeable screens on a small-scale flume test and the Johnsons Landing
debris avalanche.
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2 COMPUTATIONAL MODEL

2.1 Mathematical Model

In landslide propagation, the fluidized geomaterials are mixtures of solid particles and
pore fluids, in which coupling between them plays a paramount role in the behavior of ge-
omaterials. Therefore, the mathematical model describing the problem has to implement
this effect.

In this paper, the two-phase model proposed by Pastor et al. (2021)[1] is applied.
The mathematical approach is based on the depth-integrated mathematical model of
Zienkiewicz and Shiomi (1984)[2] and is similar to the two-phase models proposed by
Pitman et al.(2005)[3] and Pudasaini (2012)[4]. The authors evaluated the capacity of
the model to reproduce a debris flow on a laboratory scale inclined channel [5] and a
real terrain [6] by comparing the numerical results with the measurements obtained from
experiments and the data obtained from field in-depth investigation, respectively. The
dynamics of the soil at propagation and consolidation stages are governed by balance
equations of mass and linear momentum expressed in quasi-lagrangian form as follow:

∂hα
∂t

+
∂

∂xαi
(hαv̄αi) = n̄αeR (1)

ραhα
d̄(α)v̄α
dt

= ραgradP̄α −
(

1

2
ρwb3h

2 −∆p̄wh

)
gradn̄α

+ τ
(α)
B + ραbhα + R̄h− ραv̄αn̄αeR

(2)

where sub-indexe α denotes the solid (s) or fluid (w) phase, n̄ being the porosity,
eR erosion rate, b3 (= −g) is gravity force and its axis is vertical and points upwards.
P̄s = (1/2) b3hhs+∆p̄whn̄/ρs and P̄w = (1/2) b3hhw− p̄whn̄/ρw are the averaged pressures
acting on solid or fluid phases, respectively. phyd is the hydrostatic pressure and ∆pw an
excess pore-water pressure.

One important aspect of fast landslides is pore pressure generation due to the strong
coupling between phases. Coupling between the soil grains and the pore pressures was
modeled by Pastor (2004)[7], who proposed a propagation-consolidation model to repro-
duce the run-out of debris flows. In this model, the evolution of pore pressure along the
vertical axis is described as follows:

d(s)∆pw
dt

= − ρ′

db3
dh

dt
+ cv

∂2∆pw
∂x3

2
− Em

1

(1− n̄)

d(s)n̄

dt
(3)

where ρ
′

d is the effective density, cv the consolidation coefficient and Em the oedometric
modulus.
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In this two-phase model, each phase is described by its own balance equations, capable
of considering the difference of velocities of both phases, where the interaction forces
play an important role and couple the two sets of balance equations. In this study, the
interaction force (R) is provided by Anderson and Jackson law [8] which can be applied
to cases with large relative velocity. It is given by:

R̄ =
n̄ (1− n̄)

VT n̄m
(ρs − ρw) g (v̄w − v̄s) (4)

where VT is the terminal velocity, g the acceleration of gravity and m a constant.
The basal shear stress (τB) is provided through voellmy’s rheological law, a simple

model where the cohesion and all viscous terms are disregarded. Besides, the model is
capable of considering the effect of pore pressure at the basal surface. In the case of a
pure frictional mass, the basal shear stress is given by:

τB =
(
ρ

′

dgh−∆pbw

) v̄i
|v̄|

tanφB + ρg
|v̄|
ξ
v̄i (5)

where h is the propagation height, φB the basal friction angle, v̄ the depth averaged
flow velocity, ξ the turbulence coefficient and ∆pbw the excess pore-water pressure at the
basal surface which is computed by using the consolidation equation given in equation 3.
Consider that the higher basal pore-water pressure, the lower is the basal shear stress.

2.2 Numerical Methods

Next, the balance equations of mass and linear momentum, given in equations 1 and
2, are discretized and transformed from their partial differential form to an ordinary
differential form using the meshless numerical method of SPH. Choosing a symmetrized
form to discretize the gradient of the pressure and porosity, we obtain the following
discretized forms of the balance equations of mass and linear momentum equation:
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(7)
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Regarding the consolidation equation, two alternative methods are applied to describe
the evolution of excess pore pressure. In the first alternative, the vertical distribution of
pore-water pressure is approximated using a quarter cosines shape function, proposed by
Pastor et al. (2004)[7], fulfilling boundary conditions with a zero value at the surface and
zero gradient at the basal surface to approximate the vertical distribution of pore water
pressure. It is given by:

d(s)∆pw
dt

= −ρ′

db3
dh

dt
− cvπ

2

4h2
∆pbw (8)

In the second alternative, the consolidation equation is discretized using the finite
difference method. In a previous publication [9], the authors have addressed the problem
of coupling SPH with a series of finite difference meshes associated to each SPH node,
as shown in Fig. 1, which provides better accuracy to reproduce pore pressure changes.
One of the advantages of incorporating a set of finite difference meshes and SPH nodes is
its ability to simulate cases where basal pore pressures go to zero as a consequence of the
landslide crossing a terrain with very high permeability.

Figure 1: A 1D finite-difference mesh at each SPH node that represents solid particles.

We will rewrite the consolidation equation 5 in such a way that is more suitable for
the formulation of FDM, as:

d(s)∆pw
dt

= − ρ′

db3
dh

dt

(
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)
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∂2∆pw
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2
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1

(1− n̄)

d(s)n̄

dt
(9)

where the consolidation equation is discretized by taking into account height and poros-
ity variation.
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3 CASE STUDY: JOHNSONS LANDING DEBRIS AVALANCHE

The Johnsons Landing landslide is a real case exercise proposed by the Second JTC1
Workshop [10] to benchmark the capabilities of recent computational models. It was
selected based on the information provided by Nicol et al. (2013)[11] who conducted an
in-depth investigation on the day of the debris avalanche, including topography, initial
thickness deposit trim-line, and the distribution of deposit volume.

It occurred approximately two kilometers northeast of the small community of Johnsons
Landing, located on Kootenay Lake, on July 12th, 2012. Figure 2 provides a general view
of the avalanche and its location.

Figure 2: Aerial view of the Johnsons Landing debris avalanche.

As shown in Figure 2, the debris avalanche was triggered in the upper channel where
the unstable materials, include soil and rock, flowed into the Gar Creek channel. Then, a
small portion of the material flow avulsed from the mid-channel at a sharp bend and travel
along the drainage line until it reached the Gar Creek Fan. A video of this second event is
available online. Much of the debris avalanche flowed out of the channel, ran down to the
Johnsons Landing bench, and spread out over the terrace surface, causing the loss of four
fatalities and the damage of several homes and a public road. From the modeling point of
view, the key challenge is to reproduce the process of the debris avalanche flowing along
the channel until it reached the mid-channel, where the debris avalanche flowed out and
ran down to the Johnsons Landing bench.
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3.1 Numerical results

The numerical analysis of Johnsons Landing debris avalanche is performed through
a depth-integrated two-phase model proposed by Pastor et al.(2021)[1]. The Johnsons
Landing debris avalanche has been studied with the frictional rheological model, and the
vertical distribution of excess pore-water pressure is approximated using a quarter cosines
shape function (see equation 8). Flow parameters and coefficient required for the model
are given in Table 1.

Table 1: Material parameters used in the analysis of the avalanche.

Parameter (Symbol) Values

Density of the solid particle (ρs) 2400 kg/m3

Density of the fluid particle (ρw) 1000 kg/m3

Mixture density (ρ) 2050 kg/m3

Initial porosity (n0) 0.28

Basal friction angle (φB) 75 ◦

Turbulence coefficient (ξ) 500 m/s2

Terminal velocity (VT ) 7× 10−6 m/s

Exponent for drag (m) 1

Entrainment coefficient (Es ) -

Elastic volumetric stiffness (kv) 8× 108 N/m2

Relative pore-water pressure
(
prelw
)

1

In Figure 3, we provide a topographical map showing the landslide path, final deposi-
tion, and the observed impact area produced by the presented model. By comparing the
deposit shapes obtained from simulation and observed results, we can see that the deposit
shape of the debris avalanche was reasonably predicted in all the zones. The deposited
material could well spread in the upper channel, the mid-channel, and the bench.

3.2 Bottom drainage screens

In this section, a coupled SPH and finite-difference (SPH-FD) approach, described in
section 2.2, is applied to reproduce the dynamics behavior of a debris avalanche equipped
by the structural countermeasure of bottom drainage screens which is an energy dissipa-
tion structure designed to reduce velocities and run-out distances of fast landslide. This
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Figure 3: The numerical result of final deposit thickness using two-phase SPH model.

structure separates some water from the propagating mass and, consequently, dissipates
basal pore-water pressure. They consist of parallel grids, steel rods, or wooden logs with
specified opening widths.

In the previous study [5], the capacity of the 2-dimensional depth-integrated two-
phase SPH-FD model was evaluated to reproduce a debris flow on a laboratory scale
inclined channel by comparing the numerical results with the measurements obtained from
experiments. The small-scale laboratory test was performed at Trondheim (2019)[12] to
illustrate the performance of the permeable debris flow screen on the propagation of debris
flows.

In this paper, the two-phase SPH-FD model is conducted to investigate the mechanisms
of bottom drainage screens on a real debris avalanche. First, we start with 3-dimensional
depth-integrated modeling of the mentioned flume test.

As shown in Figure 4, The flume test was performed in a 10m long channel and had
two parts: the main channel and a deposition area. The former is 6m long and 0.3m wide,
with a 17◦ inclination, and the latter is 4m long and 2.2m wide, with a 2◦ inclination. In
Figure 4-a, the initial configuration of the fully saturated debris material is depicted. The
source material has a total volume of 25L and a solid concentration of 60%. Therefore,
the densities of soil particles, interstitial fluid and, mixture have been taken with the
values of 2750 kg/m3, 1000 kg/m3, and 2050 kg/m3, respectively. Figure 4-b shows that
the flowing mass is propagating through the boundary wall at the main channel.

As depicted in Figure 4-c, once a debris flow crosses the permeable screen, it brakes,
and the speed of the solid particles declines rapidly. At this stage, the excess pore-water
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Figure 4: 3D depth-integrated modeling of a flume test equipped by a bottom drainage screen.

pressure instantly becomes equal, but opposite in sign, to the hydrostatic pressure at the
basal surface. As a result, the basal total pore-water pressure will dissipate while the
pore-water pressure still exists in the body of the landslide. In return, the soil particles
regain their contact friction. Therefore, the shearing resistance of the moving debris
increases, which the presented model can consider it using frictional rheological law given
in equation 5.

In Figure 4-d, two distinguishing parts of the debris deposit have been shown: (i) The
first is the debris mass accumulation which took place over the screen with an accumu-
lation height of 6cm. (ii) The second is the debris mass accumulated with a maximum
height of 2cm in the deposition area. Results are satisfactorily reproducing the runout
distance and final deposition height of the fume test over the screen and the deposition
area.

Next, the two-phase SPH-FD model is conducted to investigate the mechanisms of
bottom drainage screens on a real debris avalanche. As shown in Figure 5, the geometric
data of the topography was modified to consider two bottom drainage screens along the
propagation path. To have the highest efficiency, the first screen was located at the toe
of the upper channel for the advantage of having a relatively gentler slope and a narrower
width. It is designed to reduce the velocity and prevent overtopping of the flowing mass.
The second screen was located at the crown of the lower channel to stop the mobilized
volume of the debris avalanche from accelerating and travelling down.

Forward analyses have been conducted using the same rheological and consolidation
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Figure 5: The final deposition thickness of the debris avalanche with two bottom drainage screens.

parameters which were used for the previous back analyzed simulation. In Figure 5, the
numerical results of final deposition thickness are shown. As depicted, a large volume of
the flowing mass is deposited between two permeable screens at the mid channel with a
maximum height of 14m. When the debris avalanche crosses the screen, the speed of the
moving flow declines rapidly and it brakes. Consequently, the moving mass does not reach
the threshold value of flow velocity required for the debris avalanche to overtop the 70°

bend. The results demonstrated that the presented model is capable of considering the
impact of terrain with high permeability and properly describe the behavior of a debris
flow propagating over a bottom drainage screen.

4 CONCLUSIONS

- This paper aims to validate a generalized two-phase model to study the coupled
behaviour of fluid and solid phases in a fast landslide. The key feature of the pre-
sented model is that the velocities of both solid and fluid phases and the interaction
between them are considered.

- In the first simulation analysis, the real case of Johnsons landing debris avalanche
was modeled through the two-phase SPH model. In the second simulation analysis,
the two-phase SPH-FD model was applied to simulate a flume test equipped with
a bottom drainage screen. In the last simulation analysis, the two-phase SPH-FD
model was applied to forward analysis of the Johnsons landing debris avalanche with
the assumption that there exist two bottom drainage screens along the propagation
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path.

- The reasonable results obtained from the analysis indicates that the model is capable
to properly reproduce the propagation of the debris flow and, more importantly, to
correctly perform the time-space evolution of pore water pressures during the whole
deformation process from initiation through propagation, over an impermeable and
permeable bottom boundary, up to deposition.

- The capability of the SPH technique to model a large deformation of soils and finite
difference mesh to compute the distribution of pore pressure along the vertical axis
make the presented two-phase model a promising approach for future studies of
coupled problems.
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