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Understanding the physics of phase separation between solid and fluid phases as a mixture mass moves
down-slope is a long-standing challenge. Here, we propose an extension of a two phase mass flow model
(“Pudasaini (2012), A general two-phase debris flow model, Journal of Geophysical Research, 117, F03010,
doi:10.1029/2011JF002186") by including a new mechanism, called separation-flux, that leads to strong
phase separation in avalanche and debris flows while balancing the enhanced solid flux with the reduced
fluid flux. The relative velocity between the phases is key in triggering the phase separation mechanism,
which is induced by the effective forces that appear in the system. The novel separation-flux can be
written as a product of the separation-rate, solid and fluid volume fractions, and the flow depth which
amplify the separation-flux. Its magnitude is further controlled by the separation-rate-intensities which
are functions of volume fractions and the density ratio. The separation-fluxes are multi-directional. One
of the most important characteristics of the separation-flux is that phase separation ceases as soon as one
of the components in the mixture vanishes. As the solid density approaches the fluid density, the phase
separation intensity is reduced. Furthermore, as the drag increases, the phase separation decreases. The
separation velocity emerges from the separation-flux as a function of the relative phase velocity, vol-
ume fraction of solid or fluid, and the respective separation-rate-intensity. The separation-rate takes into
account different dominant physical and mechanical aspects of the mixture flow, such as the hydraulic
pressure gradients, topography induced pressure gradients, the gradients of the volume fractions of solid
and fluid phases, flow depths, grain size, densities, friction, viscosities, and buoyancy. The separation-flux
mechanism is capable of describing the dynamically evolving phase separation and levee formation in a
multi-phase, geometrically three-dimensional debris flow. These are often observed phenomena in natu-
ral debris flows and industrial processes that involve the transportation of particulate solid-fluid mixture
material. Due to the inherent separation mechanism, as the mass moves down-slope, more and more
solid particles are transported to the front and the sides, resulting in solid-rich and mechanically strong
frontal surge head, and lateral levees followed by a weaker tail largely consisting of viscous fluid. The pri-
mary frontal solid-rich surge head followed by secondary fluid-rich surges is the consequence of phase
separation. Such typical and dominant phase separation phenomena are revealed for two-phase debris
flow simulations. Finally, changes in flow composition, that are explicitly considered by the new mod-
elling approach, result in significant changes of impact pressure estimates. These are highly important in
hazard assessment and mitigation planning and highlight the application potential of the new approach.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Phase separation and levee formation are often observed phe-
nomena in natural two-phase debris flows, pyroclastic flows and
granular flows in terrestrial and extra terrestrial environments. Ex-
amples include lobe deposits from 1993 Lascar pyroclastic flows,
Chile (Felix and Thomas, 2004), debris flow deposit in Spitsber-
gen, and debris flow levees in Sacagawea (Braat, 2014; de Haas
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et al.,, 2015). As common phenomena in mountainous regions, de-
bris flows fundamentally differ from other types of mass flows,
e.g., rock avalanches and dilute sediment-laden water floods. De-
bris flows contain large amounts of water (typically 20-60% by vol-
ume), and thus the mixture composition of solid and fluid gov-
erns the rheological properties, and their coupling significantly
influences the flow dynamics (Costa, 1988; Iverson, 1997; Pier-
son, 2005; Pudasaini, 2012; Pudasaini and Mergili, 2019). De-
bris flow runout prediction is a major challenge for hazard mit-
igation in mountain regions, gullies and valleys (Mergili et al.,
2020a,b). Together with the flow volume and basal topography, the
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inundation area and runout distance may strongly depend on de-
bris flow composition and its evolution (de Haas et al., 2015;
Yang et al.,, 2019) and rheology (Pudasaini, 2012). In the past, sev-
eral methods have been proposed to predict debris flow dynam-
ics and runout distance including the topography effects (Pudasaini
et al, 2005; Rickenmann, 2005; D’Agostino et al., 2010; Fischer
et al., 2012; Mergili et al.,, 2012), flow volume (Takahashi, 1991;
Bathurst et al., 1997; Rickenmann, 1999; Crosta et al., 2004; Berti
and Simoni, 2007; Pudasaini and Miller, 2013) or material proper-
ties and its composition (Iverson and Denlinger, 2001; Pitman and
Le, 2005; Pudasaini et al., 2005; Pirulli, 2009; Scheidl and Rick-
enmann, 2010; Pudasaini, 2012; Pudasaini and Krautblatter, 2014;
Hirlimann et al., 2015; Kattel et al., 2016, 2018; Kafle et al., 2016,
2019).

In debris flow mixtures of sediment and fluid down a mountain
slope and their deposition in the run-out plain, phase separation
between solid and fluid results in forming solid-dominated lobes,
side levee walls and frontal surge heads. These structures are often
observed in natural geophysical mass flows (Bartelt and McArdell,
2009; Conway et al., 2010). A typical debris flow, as a two-phase
mixture of solid and viscous fluid may result in solid-rich lateral
levee and front, and fluid-rich center and back. Advancing fronts
of solid-dominated debris flow surges are reported both in natu-
ral flows such as Nojiri River debris flow event, in 1987 in Japan,
and Jiang Jia Ravine event in 1990 in China, and the large scale de-
bris flow experiments in USGS flume (Iverson, 1997; 2003; John-
son et al., 2012), and also in small scale laboratory experiments
(Fairfield, 2011; Battella et al., 2012; Braat, 2014; de Haas et al.,
2015; 2016).

In debris flows, a boulder rich, coarse grained, high intergran-
ular friction front may develop (Iverson, 1997; Major and Iverson,
1999; Iverson and Denlinger, 2001; McArdell et al., 2007; Schnei-
der et al., 2011). Nevertheless, fine-grained or liquefied debris ac-
cumulates behind the frontal material, pushing the frontal boulders
forward and aside forming levees (Sharp and Nobles, 1953; Iver-
son, 1997; Major and Iverson, 1999; Iverson et al., 2010; Johnson
et al., 2012; Braat, 2014; de Haas et al., 2015). The local size and
phase distribution can have a controlling influence on the dynam-
ics of the bulk mixture flow (Gray and Thornton, 2005). The larger
particles or the dominating solid-phase at the flow front and mar-
gin means that the effective (basal) friction is greater here than in
other regions. This may result in lateral instability leading to the
formation of lobes and fingers (Pouliquen et al., 1997). Lobes and
fingers are also observed in pyroclastic deposits and in the for-
mation of levees in debris flows (Iverson, 1997; Iverson and Val-
lance, 2001). Furthermore, recently, viscous fingering and lobes are
produced in a multi-phase mass flow simulation by Pudasaini and
Mergili (2019).

Solid-rich frontal surges, lobes and channel levees consist of
mechanically strong material due to higher effective bulk friction
and density in relation to the viscous, muddy mixture of mechan-
ically weaker material in the central-back and tail of the debris
body. The proper understanding of mechanically distinctly evolving
local composition is very important in accurate description of run-
out, inundation areas, and impact forces. These are key in hazard
assessment and developing reliable mitigation plans. This is the
reason for rapidly increasing scientific interests and the research
in recognizing, understanding and modelling the physics, dynam-
ics and impact of grain segregation, phase separation, lobe, frontal
head and levee formation (de Haas et al., 2015; Sweeneya and
Valentine, 2017; Wang et al., 2017; Gray, 2018; Kattel et al., 2018;
Qiao et al., 2018; Qiu et al., 2018; Pudasaini and Mergili, 2019; Yang
et al.,, 2019; Wang et al., 2019; Mergili et al., 2020a, 2020Db).

Phaseseparation (or, segregation) may occur in many industrial
and geophysical free-surface flows, i.e.,, a mixture of granular ma-
terials of different grain sizes and properties (Yang et al., 2019) of-

ten exhibits segregation when shaken or transported. In dry gran-
ular materials and powder flows, the blending or separation is of
considerable practical importance to the process engineering. This
includes, the pharmaceutical, mining and food industries that pro-
duce and handle huge quantities of granular materials (Gray and
Thornton, 2005).

In the case of snow avalanches, similar phenomena are ob-
served. Inverse grading, which leads to segregation was found
to influence the flow dynamics (Kern et al, 2005). The under-
lying formation mechanisms, leading to differently sized gran-
ules mainly depend on snow temperature (Steinkogler et al.,
2015). The size distribution, which is also found in avalanche
deposits (Bartelt and McArdell, 2009), vary for different flow
types and influence avalanche run out and flow dynamics. How-
ever, Bartelt et al. (2012) found that the formation of levees in
avalanches may be independent of granule size and that the for-
mation of shear plane depends on the interplay between terrain
slope and avalanche mass flux.

Experimental debris flow levees and deposition lobes have been
reported in Iverson et al. (2010) and Johnson et al. (2012). With
laboratory experiments de Haas et al. (2015) investigated effects
of debris flow composition on deposition mechanisms, and the re-
sulting runout morphology. They investigated how composition af-
fects debris flow runout and deposition geometry including lobe
thickness and width. Their results indicated a clear and optimum
relationship between runout and composition of coarse and fine
fractions. Experiments by Yang et al. (2019) revealed that segrega-
tion of ice cubes, tending toward the surface and front of the de-
posit, played a vital role in determining the mobility of gravel-ice
mixture debris avalanche. Size segregation in bi-disperse granular
flows is generated in partially filled thin rotating disks (Gray and
Hutter, 1997). A small scale laboratory model flow of bi-disperse
mixture of solid particles resulted in deposit with large particles in
the top free-surface, and small particles in the bottom of the de-
posit with strong frontal-marginal coarse-ring (Pudasaini and Hut-
ter, 2007). In the experimental debris flows, front surge, phase
separation and levee formation are clearly observed. Some typi-
cal phenomena are the surface and burial trajectories of particles,
side levees, flow head and central-back channelized flows. More-
over, the excavation reveals gravel-rich lateral levees and liquified
muddy interior (Iverson, 1997; 2003; Johnson et al., 2012). Labo-
ratory experiments on debris flows have been conducted in rect-
angular and transversally curved channels to investigate in detail
the phase separation, levee formation, and solid-rich coarse snout
(Fairfield, 2011; Battella et al., 2012; Braat, 2014; de Haas et al.,
2015). This reveals a strong phase separation, frontal surge and
levee formation. During the debris motion, voids open and close
instantaneously. This paves the way for small grains, or fluid, to
settle and percolate in these voids causing vertical sorting which
results in solid particles or large boulders accumulations at the
top of the flow (Gray and Thornton, 2005). Tractionless free-surface
and friction at the bottom of the flow leads to vertical velocity dif-
ferences (Braat, 2014). Due to the higher velocity at the upper part
of the flow the free-surface can transport boulder-rich material to
the front of the flow. This induces longitudinal sorting. The levees
are formed as resistive and coarse-grained debris-flow snouts are
shouldered aside by advancing finer-grained debris (Sharp and No-
bles, 1953).

Based on percolation phenomenon, which states that smaller
particles preferentially fall into underlying void space and up-
lift large particles towards the free-surface, Gray and Thorn-
ton (2005) formulated a model for kinetic sieving (Savage and
Lun, 1988) of large and small particles in avalanches of dry
granular materials. Kinetic sieving is a dominant mechanism in
dense granular free-surface flows (Drahun and Bridgwater, 1983).
Based on this idea there has been recent progress in model-
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ing segregation in bi-disperse granular avalanches (Savage and
Lun, 1988; Gray and Thornton, 2005; Shearer et al., 2008; Gray
and Ancey, 2009; Gray and Kokelaar, 2010). These models are
capable of predicting the evolution of the size distribution in
laboratory experiments (Golick and Daniels, 2009; Wiederseiner
et al, 2011; Gray, 2018). Furthermore, to explain the forma-
tion of lateral levees enriched in coarse grains, Johnson et al.
(2012) produced data in large-scale debris-flow experiments and
combined it with modeling of particle-size segregation in a ver-
tical plane. By constructing an empirical velocity field and us-
ing it with a particle-size segregation model (Gray and Thornton,
2005); Johnson et al. (2012) predicted the segregation and trans-
port of material in the flow in which coarse material segregates
to the flow surface, where shear induces the transport to the flow
front. Moreover, in the flow head, coarse material is overridden,
circulated and finally deposited to form coarse-particle-enriched
levees.

In many situations, particle segregation might be better de-
scribed by kinetic theory. If the particle dynamics are dominated
by collisions, such as in granular gases, the kinetic theory is ap-
plicable by considering a granular temperature (obtained from the
fluctuations in particle kinetic energy). So, for gas-like granular
systems with high kinetic energy, the dynamics are well-described
by a kinetic theory (Brey et al., 2011; Garzo, 2011). However, for
dense granular flows, as multiple neighboring particles remain in
contact for relatively long times, the kinetic theory might not be
applicable (Daniels and Schroter, 2013). Thus, although kinetic the-
ory has proven to be a robust framework for predicting segre-
gation phenomena, its applicability to dense systems is limited
(Fei et al., 2017). So, in dense granular flows the kinetic siev-
ing appears to be the dominant mechanism (Drahun and Bridg-
water, 1983; Tunuguntla et al., 2017). Fan and Hill (2011) pro-
posed an alternative kinetic-stress-driven mechanism for segrega-
tion. Their model combines segregation due to gradients in kinetic
stress (velocity fluctuations) with a volume-effect (kinetic siev-
ing). Moreover, Duan et al. (2019) proposed an expression for the
density segregation in mixture with a drag model based on ki-
netic theory of granular flows but extended it to the dense regime
by introducing some appropriate coefficients. Also see Fry et al.
(2018) for the effect of pressure on segregation in granular shear
flows.

Phase separation between the solid and fluid phases has a
phenomenal and profound effect on debris flow dynamics, im-
pacts and deposition morphology. However, no model and sim-
ulation exists to describe and dynamically simulate the genera-
tion and propagation of solid-rich lobes, levees, and surges and
the muddy viscous and particle-laden dynamical fluid pool in the
central-back and the tail, and in general, phase separation in the
flow of debris mixture consisting of sediment particles and viscous
fluid.

Proper, complete or comprehensive description of these com-
plex flows require a two-phase mixture flow model, including ba-
sic flow physics, describing the strong interaction between solid
and fluid phases, and at the same time, an enhanced phase sep-
aration mechanism resulting in solid-rich surges and coarse snout,
lateral levee formation and liquified pool of highly viscous and
muddy body and tail. This is the main task of the present pa-
per. To do so, here, we enhance the general two-phase mass flow

model (Pudasaini, 2012) by introducing in it a new separation-
flux mechanism to describe the phase separation phenomena. The
phase separation model presented here can be directly extended
to multi-phase mass flows with different physical and rheological
properties of different constituents in the mixture (Pudasaini and
Mergili, 2019, 2020).

2. Phase separation mechanism in mixture transport
2.1. Two-phase mass flow model

In two-phase debris mixtures, phases are characterized by dif-
ferent material properties. The fluid phase is characterized by its
material density py, viscosity 7y and isotropic stress distribution;
whereas the solid phase is characterized by its material density ps,
internal friction angle ¢, the basal friction angle §, an anisotropic
stress distribution, and the lateral earth pressure coefficient K. The
subscripts s and f represent the solid and the fluid phases re-
spectively, with the depth-averaged velocity components for fluid
u; = (u; vp) and for solid us = (us, vs) in the down-slope and
the cross-slope directions. The total flow depth is denoted by
h, and the solid-volume fraction by o (similarly the fluid vol-
ume fraction ap=1 — ). us, ug, h and o are functions of space
and time.

In the following equations, x, y and z are coordinates in down-
slope, cross-slope and flow normal directions, and g* g¥, g* are
the respective components of gravitational acceleration. L and H
are the typical length and depth of the flow, € = H/L is the aspect
ratio, and u =tan§ is the basal friction coefficient for solid. Cpg
is the generalized drag coefficient. Simple linear (laminar-type, at
low velocity) or quadratic (turbulent-type, at high velocity) drag is
associated with j =1 or 2, respectively. Uy is the terminal veloc-
ity of a particle and P € [0, 1] is a parameter, or a function, which
combines the solid-like (G) and fluid-like (F) drag contributions to
flow resistance. Py, and pj, are the effective fluid and solid pres-

sures, and By, By,; ,BXf, ﬁyf are associated with the hydraulic pres-
sure gradients. y = py/ps is the fluid to solid density ratio, C is
the virtual mass coefficient (kinetic energy of the fluid phase in-
duced by solid particles), M is a function of the particle Reynolds
number (Re,), x includes vertical shearing of fluid velocity, and &
takes into account different distributions of o;. A is the mobil-
ity of the fluid at the interface with the solid particles, and Ng
and Ng , respectively, are the quasi-Reynolds number and mobility-
Reynolds number associated with the classical Newtonian and en-
hanced non-Newtonian fluid viscous stresses. Slope topography is
represented by b = b(x,y). More descriptions on these parame-
ters and functions can be found in Pudasaini (2012). For enhanced
and fully analytical descriptions of generalized drag and virtual
mass force, we refer to Pudasaini (2019, 2020) and Pudasaini and
Mergili (2019).

The solid and fluid mass balance equations are given by
Pudasaini (2012):

d d 0

&(Olsh) + ﬁ(ashus) + aiy(aShvs) = 0,

9 9 9 W
&(Olfh) + a(afhuf) + iy(afhuf) =0.
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Similarly, momentum conservation equations for the solid and the fluid phases, respectively, are:

% ash(us — yC(us — us))} + % [ash<u§ —ye(u —ul) + ﬁxsg)] + 8% [ozsh(usvS —ye(usvyp— usvs))]z hS,..

[ 9 9 , . h

3 ash(vs — yC(vy —v5)) | + o ash(usvs — yC(usvy — usvs)) [+ 3 ash( vZ —ye(vi—v2) + B.s ) |= 1Sy

al o 0 5 Os o5 5 h 0 s

0| ash Uf+a7fC(Uf*u§) + 5 |@rh Uf+07fc(uf*us)+/3xf§ 3y agh ufvf+a—fc(ufvffusv5) = hS,,.

o os 0 os d 2, Yo o h

3 afh<vf + a—fc(vf - vs)>] + 5 |:afh<ufvf + a—fc(ufuf —~ usvs)):| 3y |:afh<vf + a—fc(vf -12) + ﬁyf2>] = hSy,. ()

where the inertial terms on the left hand sides contain the virtual mass force contributions associated with C, and the hydraulic pressure
gradients for the solid and fluid, respectively, are represented by By, By, and B = By =

Equations (1) are the depth-averaged mass balances for solid and fluid phases respectively, and (2) are the depth-averaged momentum
balances for solid (first two equations) and fluid (other two equations) in the x- and y-directions, respectively.

In (2), the source terms for solid and fluid are as follows:

U ab] [0h  3b] 1
Sy, = 05 _g"—mtanSpbs—epbsﬁ_ —80lsypbf _a-Fa_ +CDG(uf_uS)|uf_uS|J > 3)
I Vs ob] [0h  3b] 1
R _ep 22 o ob _ —ul
Sy, = o5 _g .l tandpy, — &P, | Qs Py, & + 3y + Co (v — vs) g — w7, (4)

Sxfzaf_g“e[l h da db 1{82uf vy ur  xuy

2P ax TP Gx T aNg | k2 T ayax T dy2  e2h

(5)
1 J [ dx d [ da o Eas(uy —u 1 _
+7OlfNRA {23X< 3Xs (uf - ”S)) + 3y< axs (Uf - Us) + ays (Uf - uS))} - gzscngRAhzs)}} - ;CDG(uf - us)|uf —u|/ 1,

1 h 80{5 ab 1 82Uf 82uf azvf XVr
— Y _ _ 7 __ _ _
Syy = O‘f|:g 8|:2pbf oy 0y t Py a;Ng {2 9> T axdy T ax  e2h?

(6)

1 d (da d [ da o Sas(vf—v 1 _
b () (-0 )| S e

The first, second and the third terms on the right hand sides of (3)-(4) are due to the gravity acceleration, Coulomb friction and the
topographic pressure gradients. The fourth and the fifth terms emerge due to the buoyancy effect. And the sixth or the final terms
are due to the viscous drag exerted by the fluid on the dispersive solid particles. These, together with the virtual mass force and the
hydraulic pressure gradients, constitute the applied forces for the solid phase. As for the solid, there are different forces in the fluid
source terms in (5)-(6). The first, second and the third terms are due to gravity acceleration, fluid pressure at the bed together with the
particle concentration gradients and the force due to the topographic pressure gradients. The terms associated with Ny are the viscous
dissipations, whereas Ng, represent the non-Newtonian viscous stresses, which vanish only if the relative velocities and the particle
concentration gradients can be ignored. And, the final terms are the viscous drags.
The pressures and the other parameters involved in the above model equations are as follows:

asa(1—y)
[eUr{PF(Rep) + (1 — P)G(Rep)}V’

Bx, = €Kipp,, By, = €Kybo,. Bx, = By, = €Pb,. P, = —8&, Pv, = (1 = V) Py, Coc =
(7)

ap\3 M(Re,)—1
F=15(3) Rep. G=a "y

A

du LH /gLH

= 8 Rep= PICUT Ny VEPT o VP g o, A= Aay).
0s ny oy Ang

It is important to note the buoyancy reduced normal load of the solid particles as indicated by the factor (1 — y). This directly affects the

basal normal load of solid, py,, and thus the hydraulic pressure gradients of the solid By, By,. the Coulomb friction, and the generalized

drag coefficient Cpg. Thus, the buoyancy plays an important role in mixture mass flows.
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2.2. A novel mechanical model for phase separation in mixture mass
flows

Without any complex mechanical knowledge of the phase sep-
aration mechanism, it can phenomenologically be summarized
as follows: Mass fluxes are described for each material phase
in the mass balances (1), where no explicit phase interaction
and separation terms appear. Without any additional separation-
fluxes, the solid and fluid materials would tend to homogeneously
move down-slope, preventing significant to strong phase separa-
tion, which is often observed in field events and laboratory exper-
iments (Iverson, 1997; 2003; Fairfield, 2011; Battella et al., 2012;
Johnson et al., 2012; Braat, 2014; de Haas et al., 2015; 2016). An
increase, e.g., of solid material flux results in more solid material
farther down-slope, while in the mean time, a respectively reduced
separation-flux for the fluid material results in more fluid mate-
rial farther upslope. The same process can be applied to the lat-
eral direction: solid material fluxes are enhanced outward from
the longitudinal central line, and conversely, the fluid material
fluxes are enhanced inward to the longitudinal central line. This
brings more solid material towards the outer and frontal regions
and more fluid material towards the center and back of the flow.
Longitudinal or lateral phase separation-fluxes can be considered
separately as uni-directional phase separations. More complex and
complete situations require combining both the longitudinal and
lateral separation-fluxes and the resulting phase separations, as of-
ten observed in field events or laboratory debris flow experiments
(de Haas et al., 2015).

While mass flux induced phase separation appears to be phe-
nomenologically clear, here, we develop a new mechanical model
to describe the phase separation in two-phase debris flows. This
mechanical approach appropriately accounts for phase separa-
tion processes in geometrically three-dimensional mixture mass
flows.

2.2.1. The relative velocity

For the purpose of developing separation-flux models, we for-
mulate the total net force balance taking into account the forces,
that appear in the source terms in (3) and the hydraulic pressure
gradient, that appear in the flux term of the solid momentum bal-
ance in (2). Additionally, the solid shear forces may be considered
in the total net force balance. For simplicity, we consider only the
linear drag, i.e., j = 1. This is applicable for more laminar-type, rel-
atively smooth flows. For turbulent and relatively fast flows the
quadratic drag (j = 2) might better represent the flow dynamics.
Ignoring the inertial and acceleration terms, the relative velocity
between solid and fluid, uj = uy — us, is expressed dividing the net
force balance by the drag coefficient Cps. The relative velocity u}
is of key importance for the phase separation mechanism, which
is directly linked to the net forces that appear in the system. The
down-slope solid momentum equation indicates that the relative
velocity u} results from different effective force contributions, in-
cluding those listed below:

1
7(Fc+Fp+FB+FT+F5+...),

ur=f(k, B, K. Fr.E,...) = o

(8)
where F¢ is the Coulomb force, Fp is the force due to the lateral
hydraulic pressure gradient, Fg is the force associated with buoy-
ancy, Fr emerges from the topographic pressure gradient, and Fs is
related to the shear force. For convenience, written in dimensional
form, these force components are:

Fo = pn(1-y)aspsgcosg,
s

K, 0 oh
E 7"(1 - y),osgcosg“(h I ) +K.(1-— y),osgcos{(ozsax),

B

oh ab
Vpsgcosé‘<asax>, F = ,OsgC05§<0158x>,

u
= xs as,ush*;, 9)
g

where, for simplicity, —g* has been replaced with gcos ¢ with slope
angle ¢.

Different forces contribute differently in producing phase sep-
aration. For example, the Coulomb force is effective due to fric-
tion while buoyancy related force emerges due to the density con-
trast between the solid and fluid phases. Similar to the hydraulic
pressure gradient, the topographic pressure gradient also may con-
tribute to phase separation. Another force which also contributes
to the phase separation is the velocity shearing (shear-rate) in the
xy-, xz- and yz-planes. Although shearing is virtually neglected in
the depth-averaged models, it may contribute to phase separation
and can be revived. Furthermore, depending on the flow situation,
this shearing may be localized in a thin layer, or otherwise may
be present through the entire flow depth (Domnik and Pudasaini,
2012; Domnik et al.,, 2013). This has been included in the above
expression through the approximated shear-rate yx, ~ us/hs (any
other suitable expression can be used), where yx is the associated
shear factor, and u; is the dynamic viscosity (Pudasaini, 2012), re-
sulting the shear-force Fs in (9). Moreover, the corresponding ex-
pression for the relative velocity v} in the lateral y-direction can be
constructed. However, any other physically important and relevant
forces can be included in (8), and thus in the list (9). Examples
may include cohesion, and electrostatic forces. The virtual mass is
the inertial part of the system and contains the time derivative. So,
it has been kept in the inertial part in (2) rather than in the group
of other forces in (8).

2.2.2. Separation-fluxes

Here, we develop a new mechanical model for separation-fluxes
resulting in separation between solid and fluid phases in a mix-
ture flow. Let k represent one of the n phases in the mixture and
m represent the subscript associated with the (bulk) mixture. The
mixture density pm,, the mass fraction C, of the phase k, the mix-
ture velocity u;;, and the mixture mass flux pnu, are given by
(Manninen et al., 1996; Krasnopolsky et al., 2016)

O Py 1
Pm = Zak,ok, Chk=——\ Up= om Zak,okuk = chukv
m m

PmUm = Zakpkukv (10)

where >« =1 is the holdup constraint, and uy = (Um, Vm, Wm)
are the mixture velocity components along the down-slope x,
cross-slope y and flow depth direction z, respectively. For any
phase k, the full dimensional phase mass balance equation is given
by:

d 0 d 0
g(akpk) + a(akpkuk) + a*y(akpkvk) + &(Olkpkwk) =0.
(11)

The slip velocity u fi of the phase k with respect to the velocity of
a background (continuum) phase f, and the diffusion velocity up,
of the phase k, respectively, are denoted by

U, = U — Uf; Up, = U — Up. (12)

Then, the diffusion velocity up, = u; —um of a dispersive phase !
can be written as

Up, = Uy — Uy = U, — [chukfuf]

=Uj - [ch(”k —up)+ ) Celly — ”f] =ug — Y Cliy,

(13)
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where the identity ) o, =1 has been employed. This representation is crucial. The formulations (10)-(13) can be applied to a general
mixture with any number of phases (Pudasaini and Mergili, 2019). However, here, we are mainly concerned with the two-phase solid-fluid
mixture flow. For the mixture consisting of a fluid-phase f and a single dispersive (particle, or) solid-phase s, (13) reduces to

up, = uy, — Cstty, = (1 - Co)up, = (Cs — 1), (14)

where, Cs = asps/pm; and dy = —uy, is the relative (or, slip) velocity between the solid and the fluid phases that can be obtained from the
momentum balance, as shown in Section 2.2.1. Here, @i} indicates the full non-depth-averaged velocity field such that u} is its mean (depth-
averaged) value. u} should contain all the forces resulting in slip velocity that yields phase separation. For the ease of notation, here, we
drop tilde from the corresponding variables until we again introduce the depth-averaged variables while developing the depth-averaged
enhanced mass balance equations. The expressions as in (8) and (9) can also be derived for the full non-depth averaged descriptions of
the relative velocities (u}, vi, wi) in all three flow directions.

The diffusion velocity for the fluid-phase, up,, can be written as:

Up, = Up — Um = Up — (Us — Up,) = uy + up, = uy + (Cs — Duy = Csuy. (15)
Expressions similar to (14) and (15) can be analogously derived for the y- and z- directions:
Up, = (CS — I)U;f, UD[ = CgUy,f; Wp, = (CS - I)Wy,f, WD, = CSW;‘. (16)

As we will see below, due to the unique structures of the diffusion velocities, (14)-(16) play fundamental role in developing the novel
separation-flux model.
For a mixture consisting of a solid and a fluid phase (11) reduces, respectively, to the solid and fluid phase mass balance equations as:

9 9 9 9
a7 (@sPs) + 5= (s ostls) + a—y(aspsvs) + 5 (@spsws) = 0, (17)

ad a ad ad
3t (@ror) + g (spsus) + 5o (@rpsvp) + 5 (@rorwy) = 0. (18)
Summing up (17) and (18) and using (10) yields the (bulk) mixture mass balance:
ad ad a ad
&(pm) + 5(pmum) + afy(pmvm) + &(pmwm) =0, (19)
which, with the definition of p;;, can be written as
ad ad ad ad a ad ad ad
|:8t(055,0s) + ﬁ(aspsum) + Ty(asl)svm) + az(aspswm)] + [&(afpf) + 5(af)0fum) + afy(afpfvm) + &(afpfwm)il =0 (20)

From (12) with the diffusion velocities, (20) takes the form

-2 o i o u u i o 1% v, é (0% w. w
_8t( s0s) + 8X( s,os{ s — DS}>+ay< sps{ s — DS})+82< sps{ s — DS}) +

:aat(“fpf) + % (“fpf{uffunf}) aay (Olfpf{vf Up; })+ % (Olfﬂf{WfWDf}ﬂ =0.

Inserting the expressions for up,, Up; Upg, Vp; Wpy, Wp, from (14), (15) and (16), this becomes:

[0 d apr ), 9 Py d Py )
_8t(asps)+8 <Olsps{us+ Om ur })+ay<asps{ om r}>+8z(asps{ws+ om W} +

IE] d o 0 o d
g(“fpf)Jrﬁ(“fpf{“f— ;:su¢}>+ay<oefpf{vf— ;:51; }>+az<afpf{wf— %sPs r})]:0.

This can be split into dynamically coupled and balanced system of mass conservations for solid and fluid phases:

9 9 I AW I AW 5Py } _
&(as;os)"‘&(asps{us‘f‘ o })+a—y(asps{vs+ o })+az(asps{ws+ om wy )—0, (23)

(22)

a d s Os bl ;5 Os ad 05 Os
= (o — (o Up— uy o % vy o wr— —=ZBwit)=0. 24
gt ( fpf)+8X( fpf{ T pm ’})+8y< fpf{ I om })+Bz< fpf{ I om r}) (24)
This splitting is legitimate and appears naturally when viewed (interpreted) in terms of a coupled system, preserving the total mass
balance, because adding (23) and (24) results in the entire system (19). The advantage of the dynamically coupled system is that without
adding or losing any mass the system (23) and (24) enhances the solid mass flux by the amount +(oesotfp5pf/,om)u;‘, and the fluid mass

flux is reduced by the same amount —(otsozfpspf/pm)u;‘ in the down-slope x-direction. The same holds in other flow directions, y and
z, the transversal and flow depth directions. These enhanced and reduced fluxes for the solid and fluid are separating the solid and fluid
components in mass flows resulting in the phase separation in the mixture. Furthermore, the new separation-flux models (23) and (24) are
free of any empirical parameters and are derived without any assumptions.
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Since the material phase densities ps and pf are constant, momentum can be easily converted into dimensional form as in
(23) and (24) can be further simplified: Pudasaini and Mergili (2019).
Ja. d o0 d oo 0 o0

S 9 (gt L8N ) b O o+ LI ) 4 % (aawe + LB e ) =0, (25)
ot 0x s+ Yoy ay s+ yay 0z s+ Yoy
day 0 Qs f d Q50 g 0 as0Lf
-+ = | Uy — ———u; — | o — ———f —lowr— ———w; | =0. 26
ot T\ Y T et ) Ty \ Y T arya, ) T\ Y T vy (26)
These are full three-dimensional phase separation models. For the
sake of use in large scale mass flows (Pudasaini, 2012), next, we re- It is important to mention that due to the strong phase interac-
duce them to depth-averaged form. In the derivation of the depth- tions, considering only the momentum equations and the applied
averaged models, it is legitimate to assume that the velocity scal-  forces therein would not yield realistic phase separation magni-

ing in the flow depth direction can be some orders of magnitude tudes. This is a very important and novel finding for phase separa-
smaller than the velocity scaling in the longitudinal and lateral  tion in mixture flows. So, in order to model the phase separation
flow directions (Savage and Hutter, 1989). Then, following the stan-
dard procedures (Pitman and Le, 2005; Pudasaini, 2012) the mass
balance equations (25) and (26) can be depth averaged to yield:

in two-phase debris mixture flows, the separation-fluxes (S,fs, S§f>

d 9 y hasoy 0 y hasoy
— (osh) + =— h —u — h — v ]=0 27
at(a5)+ax<o‘5 us+as+yafur oy vs+a5+yafvr . (27)
d 0 hoasoy d haso g
—(arh — huf — ————uf |+~— hy, — ————1vF ) =0, 28
ot (af ) + Ix (af Us as + yar u. |+ 8y ANV ¢ as + yar vy ( )
where all the dynamical variables involved are now the depth-
averaged quantities. FOoF . o
For convenience, we introduce the notations for separation- and (Sys’syf)’ as emerged in the derivations (31) and (32), must

fluxes for solid (SF SF) and fluid <5F SF ) in the down-slope and be considered in the down-slope and cross-slope solid and fluid
1Y X fluxes, in the solid and fluid mass balances, respectively. As men-

cross-slope directions, respectively, tioned earlier, this does not affect the mass balances for solid and

S)i = Murasash, g)ff - X;u;‘asafh; ﬂuid. because, this process does not induce additional mass pro-
; . (29) duction or loss.

Sy, = AMviasash, Sy, = )»?U;‘Olsafhv There are several mechanically important aspects in the

where separation-fluxes in (31) and (32). These appear mainly in the solid

and fluid separation-fluxes (29). Flux separations are triggered by
AP = V/(Ols + J/Olf) AP = 1/(015 + yozf) (30) inter-phase forces, resulting in the non-zero slip velocities u} and
9 f 9 « . . .

vi. These separation-fluxes are amplified simultaneously by the
are called the separation-rate-intensity factors. The structure in solid and fluid volume fractions through their product asas. The
(29) indicates that the separation-fluxes (SF ;55 vanish for magnitude is further amplified or controlled by the total (mixture)
I s flow height and the density ratio. Furthermore, the separation-flux

vanishing o, oy and h or the vanishing relative velocities, uy, v}, . . .
which are the natural conditions. magnitude is uniformly enhanced by the factor 1 /(as + )/Olf) for

all the separation-flux components (Sf, Sf) and (SF SE ) More-

Xpoys
2.2.3. Phase separation model equations over, the separation-fluxes can be triggered in one or more flow
With the separation-fluxes (29), the model equations for the directions, and depending on the flow dynamics these can be dif-
enhanced solid and fluid mass balances (27) and (28) yield: ferent as indicated by u; and v}, which, in general, can be differ-
9 9 9 ent quantities. The most important characteristic of the separation-
&(ash) + ﬁ(ashus +5§:) + a(ashus + Si) =0, (31) fluxes is that separation ceases as soon as one of the components

(either a, or «y) in the mixture vanishes. This is a natural condi-
9 9 9 tion, because if the presence of the counter (or, complementary)
5 (aph)+ % (aghug — S,fj) + % (aghvy — 55/) =0. (32)  component vanishes nothing needs to be separated.

Equations (31) and (32), together with momentum balances

(2), constitute a set of novel mechanical model equations 224 Model .reduction. » )

(Pudasaini, 2015) capable of describing a three-dimensional time The relative (or, slip) velocities (uy,v7), that trigger the phase
and spatial evolution of complex phase separation phenomena in ~ SéParation mechanisms, have been presented in Section 2.2.1. In
two-phase debris, or mass flows. Importantly, by appropriately simple situations, it may suffice to consider only some particular

switching the signs of the separation-fluxes, the phase separa-  force components for uy (and vy) in (9). To begin with, we con-
tions can be reversed. Such a switch can also be applied to gain sider the pressure gradlent Fp. For the sake of 51mp11§1ty, and with-
mixing in two-phase flows and inherently depends on the mate- out loss_of_ genera}nty, we may assume that the grgdnent of the to-
rial (phase) interaction processes and properties. We note that to tf'l debris is dominated by the gradient of the Sf)lld volume frac-
be compatible with (2), equations (31) and (32) should be real-  tion, and that das/dx and das/dy can be approximated or param-
ized as in non-dimensional form, although the dimensional and  eterized (say, as, as a function of x, or simply a parameter; sim-
non-dimensional form of mass balance equations look the same. ilarly s, ). Alternatively, we could also assume that A{(dots/0x)

However, the non-dimensional balance equations for mass and and AP (das/0y) can be approximated by two constants. Then, the
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separation-fluxes are:

Sk =Sfasash, Sf =S} asach; S)ff = S,‘ff(xsoth, 55, = S}’f[asotfh,

(33)
where, the separation-rates 553. ; and S}'fs‘ ; are given by:
=3 oii- y)psgcosuf(haaf),
$=5 - y)psgcosmf(ha;;);
Sh=5 ori- y)psgcosm;(h aa‘fj), o4
SJ’ff = % %(l — ¥)psgcos {A?(h aa(;s).

It is important to analyze in detail the separation-rates appearing
in (34). For example, consider

1 K Jo
R _ 1 M0 P s
Se = 2 Coc (1 —y)psgcossAg (h Ix

) = Mfup = A2 (up — us).
(35)

If daes/0x is positive u} is positive, so is the separation-flux that en-
hances the solid flux in (31). The simple expression (35) explains
some major aspects of the fundamental mechanisms of formation
of the frontal solid-dominated surge (due to the ever increasing
amount of solid in the down-slope flow direction, dos/dx > 0) that
is pushed by the relatively high velocity fluid from the back (be-
cause uy — us > 0). Similar analysis holds for the formation of the
lateral levee walls that are pushed away, laterally outwards, by
the high velocity fluid as compared to the solid. As explained in
the Introduction, these phenomena have been observed in exper-
iments and field events. So, the proper understanding of the dy-
namics of separation-rate is essential for the appropriate descrip-
tion of separation-flux. Such a dynamics is revealed here for the
mixture mass flow.

The advantage of utilizing the terminology separation-flux is
that it can be considered as a general function of the separation-
rate, solid and fluid volume fractions and the flow depth. Conse-
quently, the separation velocity emerges from separation-flux as a
function of the relative phase velocity, volume fractions of solid or
fluid, and the factors )Ls f The relations (33) indicate that struc-
turally SR oy = Alufarp =1 u$ and SR o5 = A?u;‘as =:ul are the ef-
fective down-slope separation velocities for solid and fluid phases,
respectively. Thus, Ag 5 are the separation-rate, or the separation-
velocity intensity factors. The effective cross-slope separation ve-
locities for solid and fluid phases can be obtained analogously. This
indicates that the effective separation velocity for solid varies with
the local volume fraction of fluid and the separation-rate for solid.
Some important aspects of (34) in its form are as follows: As the
true solid density approaches the true fluid density, the buoyancy
reduced normal load of the solid vanishes. Consequently, solid and
fluid are close to neutrally buoyant condition so that both phases
tend to move together. This reduces the phase separation intensity.
Furthermore, as the drag increases, the two phases come closer, re-
sulting in the reduction of the phase separation. These mechanical
aspects have been explained in more detail in Pudasaini (2012).

In general, depending on the complexity of the flow configura-
tion and phase separation, all force components F; that influence
the relative velocities u; and v can contribute to the separation-
fluxes. Then, the separation-rates (34) can be written in general
form as:

Sﬁs = )\,Spui, 555 = kfv:; S)Iff = )\If?u;{, S§f = }\,?U? (36)

Moreover, in the new separation-flux approach, terrain slope
changes the apparent forces, and changes of mass flux are repre-
sented by separation-fluxes. Such observations for snow avalanches
(Bartelt et al., 2012) are in line with the new modelling approach.

Concentration gradients, that are key parameters in the separa-
tion mechanism (34), may require proper treatments after an op-
timum or desired separation has been achieved. This may demand
for some upper and/or the lower limits of the solid concentra-
tion gradients, which could be important for technical and applied
problems. As in chemical phase separation process (Hillert, 1956;
Cahn and Hilliard, 1958; Vladimirova et al., 1999), this may result
in near phase-equilibrium. The systematic emergence of S,'fs ; and

S§Sf in (31) and (32) result in a complex non-linear anti-diffusion

(see, Section 2.2.5) of solid volume fraction that acts in combi-
nation with the other non-linear expressions in fluid momentum
equations in (2) and (5)-(6) that resulted from non-Newtonian vis-
cous stress emerging from the solid fraction distribution (the terms
associated with Ng,). This connection between the solid volume
fraction gradients balances the dynamics of the concentration gra-
dients in (34).

The new separation-flux model can also be compared to the re-
sults of the pioneering work by Gray and Thornton (2005), where
segregation originates from pressure gradients. In their formu-
lation, simple drag or the Darcy law was used with bulk ve-
locity in a dry granular mixture consisting of particles of dif-
ferent sizes. Down-slope and cross-slope separations were ig-
nored. Bulk velocity is prescribed, and the transport equation
for volume fraction was used without the mixture momentum
equations. The segregation-rate for a mixture of small and big
solid particles as derived by Gray and Thornton (2005) (also
see, Johnson et al. (2012)) can be realized from (34) with S =
(B/c)gcos ¢, where B is a perturbation constant and c is a sim-
ple drag coefficient. So, Gray and Thornton (2005), which includes
an ad-hoc constraint on the pressure scaling, can be related to the
pressure gradients Fp.

Here, we have fundamentally advanced in modelling and simu-
lating two-phase, and geometrically three-dimensional phase sep-
arations in a real two-phase debris flow consisting of a mixture
of essentially two different materials, solid particles and viscous
fluid. In contrast to Gray and Thornton (2005), in our model,

(Sff [ # SRSk | # S§S) are possible, resulting from different material

properties for the solid and fluid constituents. Our new model in-
cludes phase separation in both flow directions. The new mechan-
ical model includes several contributing factors leading to phase
separation. As the model is fully coupled with solid and fluid phase
mass and momentum balances no assumption on the bulk and slip
velocities is required. The new method now presents a possibility
to simulate time and spatial evolutions of phase separation in mix-
ture flows.

The comparison of the presented model to other approaches is
constrained by their inherent structures and fundamental mecha-
nisms. The most obvious approach would be to compare the results
between our model and other models, for example, in relation with
some laboratory data or field observations (Johnson et al., 2012;
de Haas et al, 2015). This way, with respect to the considered
flows, we could see the performances of the different model types.
However, this again would require an appropriate parameter esti-
mates for the corresponding flow observations. Nevertheless, this
is not within the scope here. Another way to compare different
modeling approaches (e.g., Gray and Thornton, 2005) would be
to explicitly examine the fluxes in the mass balance equations as
the separation-fluxes showing the mechanism to separate the fluid
from the solid. For other formulations, such as the models aris-
ing from kinetic theory (Drahun and Bridgwater, 1983; Brey et al.,
2011; Garzo, 2011; Fan and Hill, 2011; Daniels and Schroter, 2013;
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Fei et al,, 2017; Tunuguntla et al., 2017; Fry et al., 2018; Duan et al.,
2019) a direct comparison may structurally be not possible. How-
ever, any other approach for phase separation or particle size seg-
regation inducing a relative velocity between the phases could be
mechanically compared with our formulation, examining driving
forces and the resulting relative velocities between the phases.

2.2.5. Up-hill diffusion and separation-potential

Here, we show that the enhanced solid mass balance (31) de-
scribes the phase separation as an advection, and up-hill diffusion
process. Similar analysis also holds for fluid. Up-hill diffusion is
a typical process in the direction against the concentration gradi-
ent resulting in phase separation in mixture (e.g., alloy) (Hillert,
1956; Cahn and Hilliard, 1958). This anti-diffusion process essen-
tially leads to phase separation in the flow of a debris mixture. For
simplicity, in this Section, we only consider the flow along down-
slope. Without loss of generality, we assume that the variation of
h with x is negligible. Then, from (31) and (34), we obtain

das 0 a0 [ 4005
W + 5(“5”5) + a (Ds Ix =0, (37)
where, the coefficient of anti-diffusion, DY, 1is given by

DY = (Kx/2Cpg) (1 — y) psgcos §)L§’oesotfh. Since D§ >0, (37) gov-
erns an advection, and an anti-diffusion for «s, which advects
with us and diffuses up-hill with D¢. Furthermore, in analogy to
the chemical-potential in alloy (Hillert, 1956; Cahn and Hilliard,
1958; Vladimirova et al., 1999), a5 in the diffusion term in (37) is
called the separation-potential. However, unlike in the chemical-
potential, here, the anti-diffusion coefficient D? is a complex
function of several physical and mechanical quantities, and the
flow variables, including the solid and fluid volume fractions,
and the flow height. It clearly shows that the phase separation is
triggered by the concentration gradient do/0x, or effectively the
non-zero separation-potential, and it is amplified (or, reduced) by
the magnitude of DY. Furthermore, the phase separation ceases
either, when the gradient dos/0x is close to zero, or when the flow
is neutrally buoyant, or if locally one of the phases is negligible.
Phase separation varies inversely with the drag coefficient, which
means the phase separation process is faster in a mixture with
less viscous fluid than the same in the mixture with more viscous
fluid.

3. Simulation set-up, parameters, and numerical method

To assess the capabilities of the new separation-flux model,
two-phase flow simulations are performed down an inclined slope
with angle ¢ = 45°. Initially, the uniform mixture consists of 50%
solid particles and 50% viscous fluid, kept in a triangular-wedge
x € (0, 50) m, y € (-35,35) m that is released instantaneously
(Fig. 1). The material parameter values chosen for the simulation
are: ¢ =35°, 8§ =15°, p;=1,100 kg m=3, p;=2,500 kg m~3,
Nk =30,000, Ng, =1,000, Rep=1, Ur=10 ms~!, P=0.5,
J=1, x=0, &€=0, C=0. These parameter selections are
based on the physics of two-phase mass flows (Pudasaini, 2012;
Pudasaini and Krautblatter, 2014; Pudasaini, 2014; Kafle et al,,
2016; Kattel et al.,, 2016). To highlight the process, the separation-
rates (S§,S’}) can be estimated as follows: for dilatational flows,
with the above values of ¢ and §, K is about 0.3 (Pudasaini and
Hutter, 2007), for a relatively dense flow Cgp is of order unity
(Pudasaini, 2012). Considering a typical flow height of about 2 m
(Mergili et al., 2020a) and a gentle deviation of dos/dx from a
local equilibrium (e.g., 0.003 m~1), for a typical solid fraction of
0.65 (Mergili et al., 2020b), the separation-rate intensity factors

are obtained as (A?, )\?) ~ (0.55,1.20). Then, the separation rates
as estimated from (34) are (S§,S’}) ~ (5,10) ms~!. The separation
rate SR =5 ms~! is a reasonable estimate for the enhancement of
the solid separation-flux on inclined surface. With this, the sep-
aration velocity for solid is about 1.75 ms~!. This indicates that
phase separation is a fairly fast process. Although it depends on
the flow configuration and dynamics, it is a plausible velocity en-
hancement for the solid as the flow velocity can be on the order of
10 ms~'. Similar analysis holds for the fluid phase. Since, for the
flow considered here, (Sf,Sﬁ) = (5,10) ms~! produce similar re-
sults as (34), we chose these values for simulation. These estimated
values of the separation-rate-intensities and separation-rates are
consistent with some typical values of the physical parameters
and the dynamical variables derived from some debris avalanche
events from literature (Qiao et al., 2018; Gnyawali et al., 2020;
Mergili et al., 2020a, 2020b). So, these values are assumed to be
reasonable. However, in real and more complex debris flows S§,
and S’} should be computed from (34) or (36) that may result
in different values of separation-rate-intensities and separation-
rates. Moreover, for simplicity, we have set x =0.0, £ =0.0, C =
0.0. However, simulations were also performed (not shown here)
with their non zero values, typically x =3.0, £=5.0, C=0.5
(Pudasaini, 2012). Particularly with ¢ = 0.5, the fluid kinetic energy
is increased, and thus this slightly enhanced the solid separation-
flux, and accordingly reduced the fluid separation-flux. This is
in line with the structure of the separation-rate in (35). Other-
wise, with x = 3.0, & =5.0 simulation results remain almost un-
changed.

The model equations (31) and (32), together with momentum
balances (2) are a set of well-structured, non-linear hyperbolic-
parabolic partial differential equations in conservative form with
complex source terms (Pudasaini, 2012; Kafle et al., 2016). These
model equations are used to compute the total debris depth h,
solid volume fraction o, velocity components for solid (us, vs), and
for fluid (uy, vf) in x- and y-directions, respectively, as functions of
space and time. The model equations are solved in conservative
variables W = (hs, hy, mxs,mys,mxf,myf)‘, where hs = ash, hy =
ash are the solid and fluid contributions to the debris mixture,
or the flow depth; and (my,, my,) = (ashus, ashvs), (mxf,myf) =
(othuf,otfhvf), are the solid and fluid momenta. This facilitates
numerical integration even when shocks are formed in the field
variables (Pudasaini, 2014; Kattel et al., 2016). The high-resolution
shock-capturing Total Variation Diminishing Non-Oscillatory Cen-
tral (TVD-NOC) scheme has been implemented (Tai et al., 2002;
Pudasaini and Hutter, 2007; Domnik et al., 2013; Pudasaini, 2014).
Advantages of the applied innovative and unified simulation tech-
nique for real two-phase debris flows and the corresponding com-
putational strategy have been explained in Kafle et al. (2016) and
Kattel et al. (2016).

4. Simulating phase separation in mixture mass flows

Next, we simulate phase separation between solid and fluid
phases as a two-phase debris mass moves down-slope. By applying
the two-phase mass flow model (Pudasaini, 2012), enhanced with
the new separation-flux mechanism, the predominant phenom-
ena are revealed in Fig. 1 and Fig. 2 for debris flow simulations.
Since the two-phase debris flow simulations without phase sepa-
ration mechanisms have been reported in several previous contri-
butions (Kafle et al., 2016, 2019; Kattel et al., 2016; Pudasaini and
Mergili, 2019; Mergili et al., 2020a, 2020b), here we mainly focus
on the simulations with the phase separation in the mixture mass
flow. However, we will also briefly present some results without
phase separation mechanism.
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Fig. 1. A. Solid-, B. fluid-phase, and C. debris-mixture evolutions and their phase separations resulting from the bi-directional separation-fluxes for solid and fluid. This
clearly shows the formation and evolution of solid-rich levee and frontal-surge, and the central-and-back viscous fluid in two-phase debris flow with phase separation as
described by the novel separation-flux mechanism. Arrow indicates flow direction. Color bars indicate flow depths in meter. (For interpretation of the references to colour in

this figure, the reader is referred to the web version of this article.)

4.1. Time evolution of bi-directional phase separation

Multi-directional phase separations are observed in many mix-
ture flows. Examples include the debris flow experiments by
Johnson et al. (2012) and de Haas et al. (2015). In this section the
simulation and analysis of the phase separation in complex flow
situation that simultaneously includes phase separations both in
the longitudinal and lateral directions is described. The analysis
has been presented with the detailed investigations based on the
dynamics of the solid-phase, fluid-phase and the total debris mix-
ture. Most importantly, a frontal surge and largely solid-rich me-
chanically very strong frontal wall and lateral levee walls, followed
by relatively weak viscous fluid in the flow body and tail are ob-
served.

4.1.1. Bi-directional solid phase separation

Bi-directional phase separation is presented in Fig. 1. The fig-
ure displays the time evolution of the phase separation for t =
0,1,2,3,4,4.5 s, for the debris flow taking place down a plane in-
clined at 45°. The top panels with t =0 refer to the initial con-

figuration of the flow. The left panels A show the bi-directional
solid phase separation. This includes the separation of solid from
the fluid in both the down-slope and cross slope directions. To ob-
tain such phase separation, the simulation considers the enhanced
solid separation-fluxes in both the flow directions. Similarly, the
reduced fluid separation-fluxes are applied in both the flow di-
rections. As soon as the debris mass is released, the solid-phase
separation takes place already at t =1 s. This process separates
solid from the fluid from initially uniformly mixed debris mate-
rial and pushes the solid material to the sides and to the front
of the dominantly downward moving debris body. Although phase
separations are effective in both directions, immediately after the
flow release, the solid separation appears to be dominating in the
lateral direction until t =1 s, afterwards, separation also becomes
stronger in the down-slope direction. Lateral solid walls begin to
develop around t = 1 s. Then, these levees are pushed outward and
apart in the cross-slope. This process intensifies for t > 1 s. As the
down-slope solid separation gains pace for t > 2 s, the solid lev-
ees are connected in the front of the moving mass, thus forming
frontal surge of solid material. The intensity of the lateral separa-
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tion of solid also depends, including other forces, on the competi-
tion between the gravity forces, pressure gradients, and the phase
separation-fluxes. As time elapses, from t =2 s to t =4.5 s the
separation intensifies. In time, the phase separation induced strong
solid lateral levees and a frontal surge-head are amplified. As the
solid mass migrates rapidly to the lateral sides and to the front
of the flow, due to the mass balance, the amount of solid in the
back and the center of flow is largely reduced. This forms a beau-
tiful three-dimensional double-wing shock wave of solid fraction.
This coupled hydrodynamic shock-wave is sharpened and consol-
idated in the front head, and progressively widens and thins in
the rear-lateral portion of the solid mass. The emergence, evolu-
tion and propagation of such a fish-tail-like solid structure is novel
in simulating two-phase solid-fluid mixture flow.

4.1.2. Bi-directional fluid phase separation

The middle panels B in Fig. 1 display the process of fluid phase
separation which is the reverse of the solid phase separation.
Separation-fluxes for fluid bring more and more fluid to the back
and central regions of the debris mass. In fact, the solid mass is
transported to the lateral sides and front of the debris body. This
is how these processes and solid and fluid mass evolutions (migra-
tions) are reversed to each other. As the debris mass is released,
at first slowly then rapidly, the fluid mass is accumulating in the
center and back of the debris body as indicated by the amount
of the fluid in panels B. The phase-vacuum, induced by the solid
phase separation, has been filled by the now separated fluid, thus,
creating the viscous and particle-laden fluid (pool) in the center-
and-back of the debris body. The solid concentration minimizes
along the central line and decreases to the tail side while the
fluid concentration is enhanced in this region. With respect to the
amount of fluid, this pool is shallow in the front, side, and rear,
i.e,, along the frontal and lateral margins. This part of the flow is
mechanically weaker as compared to the solid-rich front. So, the
mechanically weakest material is in the central-back of the debris
mixture. As the solid and fluid phases, and the solid and the fluid
separation-fluxes are coupled, the solid and the fluid structures
in the left (A) and the middle (B) panels are also coupled by the
complex dynamics of the solid and the fluid and their interactions.

4.1.3. Bi-directional phase separations in a debris mixture

Even more interesting is the dynamics of the total debris mix-
ture as shown in the right panels C in Fig. 1. This is the combina-
tion of the solid and the fluid phases obtained by summing up the
solid and fluid evolutions. Although detailed and separate knowl-
edge of the solid and the fluid phase evolutions are very important
and essential to understand the actual state of these phases and
their potential domination in the total debris composition, from
engineering, technical and application point of view, evolution of
the total debris bulk mixture is perhaps more important than the
solid only and fluid only evolutions (Kafle et al., 2016; Kattel et al.,
2016). Inundation and destructive power of the debris flow are
connected to impact pressure and total energy of the mixture-
debris (Kattel et al., 2018; Kafle et al., 2019). For this reason, the
evolution of the total debris mixture with phase separation mech-
anisms both for solid and fluid phases with enhanced separation-
flux for solid and reduced separation-flux for fluid is presented in
the right panels C (Fig. 1). Although these panels are combinations
of the solid and fluid phases, they show how the separation-fluxes
for the solid and fluid are interacting with each other.

The overall phase separation in the debris mixture is presented
in the right panels C in Fig. 1. At the early stage of the motion
the solid-fluid phase separations balance each other leading only
to small changes in the total flow depth. Nevertheless, at t =1 s,
the central region shows a weak separation as that in the solid
phase in the left panel. This separation intensifies at t = 2 s, as the
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Fig. 2. Formation of levee and frontal-surge in two-phase debris flow with phase
separation as described by the novel separation-flux mechanism at time t = 4.5 s.
The figure is obtained by subtracting fluid-phase panel (with fluid in the central-
back) from the solid-phase panel (with solid-levee and front wall) from Fig. 1. The
figure shows the solid (in red) - fluid (in blue) phase dominance regions. Color bar
indicates flow depth in meter. (For interpretation of the references to colour in this
figure, the reader is referred to the web version of this article.)

lateral levees are clearly visible, stronger in the back, and weaker
in the front. For t > 2 s, as in the solid phase, the lateral levees
and frontal wall develop, evolve and consolidate. Since we have
the distinct and explicit knowledge of the solid and fluid phase
evolutions and their separations from each other, the right panels
C, from t =2 s to t =4.5 s reveal the evolution of the solid-rich
frontal surge and lateral levees with higher debris depths while
the central and the back of the mixture is mainly composed of the
particle-laden, viscous pool of weak (fluid) material with lower de-
bris depths.

4.14. Phase dominance

Besides absolute solid and fluid distributions, phase dominance
is an important aspect that appears while considering phase sep-
aration. It is defined as the difference between the solid-phase
and the fluid-phase (hS —hf), and provides the clear picture of
which phase is dominating, how and in which region. The quan-
tity (hs — hy) could also be called the order-magnitude, since o =

(as—ozf is often called the order-parameter, with o € (-1,1)
(Cahn and Hilliard, 1958). The result is shown in Fig. 2 and reveals
solid-rich frontal surge-head, lateral-levee and the binding-ring,
while the central viscous-fluid-pool emerges behind the reinforced
solid binding-ring. This is in line with observed phenomena in de-
bris flows (Iverson, 1997, 2003; Fairfield, 2011; Battella et al., 2012;
Johnson et al., 2012; Braat, 2014; de Haas et al., 2015, 2016).

4.1.5. Flow without phase separation mechanism

Fig. 3 displays the flow evolution without considering the
separation-fluxes. The situation is completely different as com-
pared to the simulation with phase separation in Fig. 1. As there
is no enhanced flux of solid and the reduced flux of fluid, the solid
and fluid phases are locally almost homogeneously distributed
as inferred from the color bar. This is expected. Locally, there
is about 50% solid and 50% fluid as in the initial debris mix-
ture. So, for the considered time here, the initial material com-
position ratio tends to propagate down-slope and in the cross-
slope without much change. Although the front positions are sim-
ilar, the main body, rear and the lateral positions of the solid
and fluid masses and their distributions are completely different
now than in Fig. 1 which was produced with the phase sepa-
ration mechanism. No frontal surge head and lateral levee walls
of solid, and the pool of the viscous fluid (in the central back)
could be formed. The same applies to the total debris evolution
in panel C. More importantly, the major portion of the debris ma-
terial still lies close to the central back of the debris body. This
is not realistic. The debris, mainly the solid component, could not
be pushed sufficiently to the front and the lateral directions. This
prevented from forming the front surge and lateral levees as ob-
served in Fig. 1 where the separation-fluxes were activated. The
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direct and quantitative comparison between the simulation when
the separation-fluxes are activated and de-activated, respectively in
Fig. 1 and Fig. 3, clearly highlights the dynamical response and the
importance of the phase separation mechanism in mixture mass
flows.

4.2. Application of the phase separation

The evolution of the total debris mass flow dynamics in
Fig. 1 shows a strong solid-rich frontal surge head. Taking into
account the detailed information of both, the solid and the fluid
phases (panels A and B), we can now determine the strength of
the material from its composition and dynamics, i.e., the accu-
rate solid and fluid volume fractions, and their velocities. Thus, the
overall strength of the debris mixture is very high in the frontal
region and this strength decreases towards the tail of the debris
body.

The detailed and explicit information on the evolution and dis-
tribution of the flow constituents allows to determine the dy-
namics and the impacts of the total debris mass. The results in
Fig. 1 and Fig. 2 indicate that the overall strength of the debris
mixture is very high in the frontal and lateral regions and de-
creases in the back side and the central part of the debris body.
Proper knowledge of the dynamics of the phase migration (or,
separation) is important, because due to its material composition
(e.g., with less bulk density and viscous dissipation), the fluid-rich
surge is mechanically much weaker and dynamically less destruc-
tive compared to the solid-rich surges in the frontal head. This in-
formation is important to accurately design the defense and impact
dissipation structures in the debris prone regions.

Phase separation between particle and fluid has been in-
creasingly realized in the recent simulations of mixture mass
flows including the real events. The relevant literature (Sweeneya
and Valentine, 2017; Wang et al, 2017; Kattel et al., 2018;
Qiao et al,, 2018; Qiu et al., 2018; Pudasaini and Mergili, 2019;
Yang et al., 2019; Wang et al., 2019; Gnyawali et al., 2020; Mergili
et al., 2020a, 2020b) have clearly indicated how the phase sepa-
ration could affect the actual flow dynamics, run-out, and depo-
sition morphology based on the initial material composition, ap-
plied forces, and more importantly the separation-fluxes. There-
fore, as a first step, we provide a mechanically appropriate descrip-
tion of the separation between the particles and the viscous fluid
in multi phase flows, presenting simulations with plausible pa-
rameter setting. The application of the model to experimental and
complex natural events of debris and avalanche mixtures would
require substantial additional work, and corresponding parameter
estimates either derived from field measurements or back calcu-
lations, requiring observation data which therefore has to be de-
ferred to some future contributions.

5. Summary

The phase separation between solid and fluid as a two-phase
mass moves down-slope is an often observed phenomenon and

is a great challenge for scientists and engineers. To address this
issue, we proposed a fundamentally new separation-flux mech-
anism capable of resolving the strong phase separation in geo-
physical mass flows such as avalanches or debris flows. This is
achieved by extending the general two-phase debris flow model
(Pudasaini, 2012) with a separation-flux mechanism. The novel
separation-flux model incorporates several dominant physical and
mechanical aspects that result in strong phase separation. The sim-
ulation results show that the new flux separation mechanism ad-
equately describes and controls the dynamically evolving phase
separation and levee formation in two-phase, geometrically three-
dimensional debris flows. As the separation mechanism influences
the flow dynamics, solid particles are brought to the flow front
and the sides. This results in a solid-rich and mechanically strong
frontal surge head, and the lateral levees followed by a weaker
flow body and a viscous fluid dominated tail. These phase sep-
aration phenomena are revealed here for the first time in two-
phase debris flow modeling and simulations. These simulations are
in line with the field observations and laboratory experiments of
debris flows.

The in-depth knowledge of the local structural and composi-
tional evolution of the debris mixture together with the explicit
picture of the solid and the fluid phases is very important for the
proper understanding of the complex debris flow process. The pro-
cess understanding is required to investigate the mechanical, dy-
namical, depositional and morphological aspects of the flow that
play a vital role in structural engineering of defense structures and
developing proper mitigation plans and hazard assessments in de-
bris flow prone regions. Not taking into account these effects may
result adversely as those structures cannot withstand the impact
pressures exerted by the front that has much larger destructive
power than that estimated in a classical fashion by single phase
models, implying an uniform distribution of the composite mate-
rial through the entire debris body. For typical debris flows, the
solid density is about a factor three of the fluid material, and fac-
tor more than two of the mixture. Thus, just taking into account
the material composition difference (neglecting the difference in
the velocity evolution), impact pressure estimates of uniform mix-
ture concepts may appear a factor two too low. This is of great im-
portance, considering structural design of infrastructure in poten-
tially endangered areas and justifies the application of the present
model.
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