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Simulating glacier lake outburst floods (GLOFs) 
with a two-phase/layer debris flow model  
considering fluid-solid flow transitions

Abstract Glacier lake outburst floods (GLOFs) initiate with the 

rapid outburst of a glacier lake, endangering downstream popula-

tions, land, and infrastructure. The flow initiates as a mud flow; 

however, with the entrainment of additional solid material, the 

flood will often transform into a debris flow. As the run-out slope 

flattens, the coarse solid material deposits and the flow de-waters. 

The flow transforms back into a muddy, hyperconcentrated flow 

of fine sediments in suspension. These flow transitions change the 

flow composition dramatically and influence both the overall mass 

balance and flow rheology of the event. In this paper, we apply a 

two-phase/layer model to simulate flow transitions, solid–fluid 

phase separations, entrainment, and run-out distances of glacier 

lake outburst floods. A key feature of the model is the calculation of 

dilatant actions in the solid–fluid mixture which control flow tran-

sitions and phase separations. Given their high initial amount of 

fluid within the flow, GLOFs are sensitive to slope changes inducing 

flow transitions, which also implies changes in the flow rheology. 

The changes in the rheology are computed as a function of the flow 

composition and do not need any adaptation by ad-hoc selection of 

friction coefficients. This procedure allows the application of con-

stant rheological input parameters from initiation to run-out. Our 

goal is to increase the prediction reliability of debris flow modeling. 

We highlight the problems associated with initial and boundary 

(entrainment) conditions. We test the new model against the well-

known Lake 513 (Peru, 2010), Lake Palcacocha (Peru, 1941), and Lake 

Uchitel in the Aksay Valley (Kyrgyzstan) GLOF events. We show that 

flow transition modeling is essential when studying areas that have 

significant variations in slope.

Keywords Debris flow hazards · GLOFs · Two-layer model · Flow 

transition/phase separation · Entrainment/deposition · Debris 

flow rheology · Numerical modeling

Introduction

A longstanding problem in hazard engineering in mountainous 

regions is to accurately predict the possible inundation area of gla-

cier lake outburst floods (GLOFs) (Emmer et al. 2022; Emmer 2017; 

Dunning et al. 2023; Medeu et al. 2022; Lliboutry 1977; Zheng 

et al. 2021; Richardson and Reynolds 2000). These are gravity-driven 

mixtures of water and granular sediments that can exhibit a wide 

range of different flow behaviors, depending on the initial (release) 

and boundary (entrainment) conditions, as well as on the terrain 

topography which controls the onset of solid deposition in the run-

out zone and de-watering inducing subsequent flooding downstream 

(Westoby et al. 2014; Worni et al. 2014). GLOFs are a growing hazard 

due to the increasing amount of lakes forming close by retreating 

glaciers (Shugar et al. 2020; Westoby et al. 2014). They are also very 

sensitive to changing climatic conditions including extreme rain-

fall events, sediment accumulations, and increasingly unstable 

slope conditions caused by ice melt and permafrost warming and 

thawing (Petrakov et al. 2016; Farinotti et al. 2015; Zheng et al. 2021; 

Emmer 2017). Because GLOFs can travel extreme distances, often 

in the order of magnitude of tens of kilometers (Richardson and 

Reynolds 2000; Worni et al. 2014), they can cause extensive damage 

in populated areas with little warning (Dunning et al. 2023).

The main difficulty in accurately predicting the travel veloc-

ity and run-out of GLOFs is that there is considerable uncertainty 

in the fluid/solid composition of a single event (Fig. 1). The fluid 

and solid contents of a GLOF event can vary dramatically, from 

around 10% for a mud flow to more than 60% for a granular debris 

flow (Hungr et al. 2014; Pierson 2005) (see Fig. 2). Often a GLOF 

will undergo flow transitions (Fig. 2) by depositing solid material 

on flatter slopes to turn into a flood, or eroding solid material on 

steeper slopes to turn into a debris flow (Worni et al. 2014). Flow 

transitions tend to maximize GLOF run-out, but are difficult to 

model because they involve the interplay between flow rheology, 

sediment entrainment, and terrain topography.

The inherent variability of flow regimes represents one of the 

largest sources of uncertainties in the modeling of GLOFs, with 

critical implications for hazard management. This idea was first 

formulated by Iverson (2003) who formulated the idea that the 

diversity of flow regimes cannot be modeled by a simplistic, sin-

gle component flow rheology as the rheology myth. Even if the 

rheology of a specific flow regime (see Table 2, Pierson (2005)) 

is relatively well parameterized, the neighboring flow regimes, 

differing only in fluid and solid content, can require an entirely 

different parameterization. A common feature of this phenomena 

is the wide range of Coulomb friction values needed to model the 

correct run-out distance in practical case studies (Graf et al. 2019; 

Mikoš and Bezak 2021; Simoni et al. 2012) (see Fig. 2). This obser-

vation is well supported by real-size debris flow measurements 

at the Swiss Illgraben test site, which show a wide variation of 

Coulomb friction values and an explicit dependency of the basal 

shear on the fluid concentration in the flow (Meyrat et al. 2022; 

Meyrat 2007). Modern three-dimensional numerical schemes 

couple finite-strain elastoplasticity models to the conservation 

equations for mass and momentum in a relatively simple manner 

(Gaume et al. 2019, 2018). This combination allows for the set up 

of extremely complex events with a limited need for parameter 

calibration (Cicoira et al. 2022). However, this family of mod-

els is still in the development phase and is currently far away 

from practical applications from practitioners and authorities. 

http://crossmark.crossref.org/dialog/?doi=10.1007/s10346-023-02157-w&domain=pdf
http://orcid.org/0000-0001-9603-718X
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It appears that the search for an accurate numerical model for 

GLOFs and other saturated granular flows begins with the intro-

duction of a numerical model that can reproduce the flow com-

position and its complex spatio-temporal variability, not only 

from initiation to run-out, but also from the leading edge to the 

tail of the flow.

In this paper, we present the two-phase/layer extension of 

the RAMMS::DEBRISFLOW one-phase model developed at SLF 

(Ramms 2017; Frank et al. 2015). We apply this new model for the 

simulation of flow transitions and phase separations observed in 

three well-known GLOF case studies (Lake 513, Lake Palcacocha, 

and Aksay Valley). These flow transitions are responsible for the 

Fig. 1  Typical flow regime transitions during a GLOF event. The flow is initially a mud flow that can transform into a debris flow with the ero-
sion of solid debris. If the slope becomes flatter, for example, in the run-out zone, the core of the debris flow deposits and stops. The fluid can 
separate from the solid matrix and continues to flow downstream in the form of a muddy or hyperconcentrated flow (Hungr et al. 2014). If 
the slope becomes steeper, the entire process might occur again. The red dashed lines in the figure (between stages 2–3 and 3–4) indicate a 
potentially large distance between the different flow regimes, where flow transitions could occur again depending on the sediment availabil-
ity and terrain topography

Fig. 2  Different flow types and their corresponding solid concentrations ( �
s
 ) and rheologies ( � , Graf et al. 2019; Mikoš and Bezak 2021; 

Simoni et al. 2012). The corresponding values of � are not given, because they are still not well constrained
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long-range flow mobility of the mass movements. To this end, we 

must address the entire complexity of GLOF dynamics, including 

release conditions, flow rheology, entrainment, and long-distance 

flow over complex terrain. Unlike many existing models that use  

a Darcy-like approximation to compute the fluid velocity (Iverson 

and George 2014; George and Iverson 2014; Pitman and Le 2005; 

Bouchut et al. 2016), we formulate a two-phase/layer model that 

contains an independent fluid phase in order to model de-watering 

and subsequent flooding. The Darcy approximation can be con-

sidered valid only for flows with high solid concentration, which 

is not necessarily the case when for GLOF-type events. Models 

which do not use a Darcy-like approximation to simplify the fluid 

momentum conservation equation (Pudasaini 2012; Pudasaini 

and Hutter 2007) are confronted with the mathematical problem 

of computing the momentum transfer between the solid and the 

fluid phases. Such approaches require the introduction of addi-

tional free parameters (up to three for instance, in the case of 

r.avaflow Pudasaini (2012)), which are difficult to calibrate and, 

therefore, problematic to use by practitioners. To overcome these 

problems, we adopt the method developed by Meyrat et al. (2022) 

and Meyrat (2007). We first calculate flow dilations in the matrix 

of coarse granular sediments as a function of the basal shear stress 

and the volumetric solid concentration. Based on this, we predict 

the fluid mass that exists in the interstitial pore space between 

the solid, granular debris. Solid flow dilations induce fluid mass 

transfers between the solid and fluid layers. These mass exchanges 

are associated with interlayer momentum transfers. We show that 

this entire procedure can be modeled with only one additional 

free parameter, Γ (Annex) Meyrat et al. (2022), which controls the 

mean dispersion/contraction time of the dilatant configuration. 

This parameter is calibrated by back-calculating natural events to 

maximize the accuracy of the results.

To test the model, we analyze three GLOF events. The first two 

events are the outburst floods of the Lake 513 in 2010 and the Lake 

Palcacocha in 1941, both located in Peru. Lake 513 experienced a 

major GLOF in 2010, when a 450,000 m3 rock-ice avalanche impacted 

the lake, causing severe damages along the GLOF trajectory and in 

the city of Carhuaz (Carey et al. 2012; Schneider et al. 2014). The well-

known Lake Palcacocha outburst in 1941 destroyed a large part of 

the city of Huaraz (Wegner et al. 2014; Mergili et al. 2020). The third 

event is the outburst flood of the Uchitel Lake in the Aksay valley 

in Kyrgystan (Zaginaev et al. 2019a; Petrakov et al. 2020). All three 

events are well described in the literature (Carey et al. 2012; Schneider  

et al. 2014; Mergili et al. 2020; Somos-Valenzuela et al. 2016; Zaginaev 

et al. 2016, 2019a, b), providing us with valuable information and 

field data to validate, overturn, and evaluate the model results. The 

literature, supported by observations, indicates that all three events 

underwent flow regime transitions.

Before describing the model equations, we must address the sali-

ent problem of bed erosion. In GLOF events, the initial release volume 

may represent only a small fraction of the total volume—sometimes 

only 10 % (Bindereif 2022; Vicari et al. 2021). This indicates the impor-

tant role of erosion in predicting long-distance GLOF run-out. Flow 

regime transitions are dependent on the entrainment and deposition 

processes, coupled with the evolving head-tail structure of the event. 

Thus, we enter into a complex, mechanical feedback loop between 

debris flow structure, governed by rheology and mass balance (dif-

ference between entrainment and deposition). Erosion processes 

strongly depend on the internal solid concentration and, therefore, 

on the flow structure, which clearly depends on the availability of 

solid debris, and therefore erosion. In the past, such complexity was 

modeled by ad-hoc adjustments to the flow rheology (for example, 

by changing the friction coefficients along the flow path, see Table 2). 

Although we perform an a posteriori analysis with event back- 

calculations, our motivation is to establish a well-defined and general 

set of parameters for debris flows that undergo flow regime transi-

tions with entrainment.

Model definitions and equations

We model debris flows with a two-dimensional, depth-averaged 

shallow water formulation. The model consists of two mate-

rial components: a solid component (subscript s) consisting of 

coarse granular sediments (e.g., boulders, cobbles, and gravel) 

associated with a density �
s
 , and a fluid component (subscript f), 

hereafter referred to as the muddy fluid content, whose density 

is denoted by �f  (Fig. 3). The fluid component consists of water 

supersaturated with fine sediments that behave as suspended sed-

iments (e.g., sand, silt, clay). Many models, for example, r.avaflow, 

Pudasaini (2012), treat coarse and fine sediments separately. In 

our formulation, the fine sediments are assumed to be suspended 

in the fluid. For this reason, the fluid density is assumed to be 

Boulders/solid particles

h
sb

h
f,2

Boundary between 

the two layers

Fig. 3  Debris flow model. The flow consists of solid material in the form of boulders (granules) as well as two types of fluid. The bonded/inter-
stitial fluid is located between the boulders and is fixed to the solid. The so-called free fluid is located above the granular solid/fluid mixture 
and can move independently
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higher than water, approximately 1300 kg∕m3 (say). The coarse 

granular sediments form the solid phase. As the largest size of 

sediment in suspension is not well constrained in the literature 

(Uchida et al. 2021), we do not define the exact difference between 

suspended and non-suspended sediment size. It has been argued 

by Hooke and Iverson (1995) that particles larger than silt size are 

expected to contribute to the solid phase of debris flows. Others 

have demonstrated that the smallest particle size contributing 

to the solid phase in two-phase descriptions of flow is variable 

(Uchida et al. 2021).

We therefore employ a two-layer approach to define the 

movement of the debris flow (Bouchut et al. 2017; Pitman and 

Le 2005). The first layer (subscript 1) contains the granular solid 

material and a part of the fluid. This layer is termed the mixture 

layer. The fluid is contained in the interstitial space between 

particles and is assumed to be bonded to the solid matrix. The 

second layer (subscript 2) is formed by the fluid, which can flow 

independently from the first layer. All the fluid which flows 

above the first layer is considered free, and subsequently, it can 

escape the matrix of solid particles, allowing debris flow de-

watering and phase separation. Contrary to the approaches of 

Bouchut et al. (2017) and Pitman and Le (2005), we assume that 

the velocities of both fluid components (interstitial and free 

fluid) differ. This layer definition allows for the formulation of 

equations for the fluid phase (through the free fluid equations) 

without having to deal with the complex momentum transfer 

between the fluid and solid phases. Indeed, in the mixture layer, 

both solid and fluid are assumed to flow at the same speed. 

This model formulation allows us to describe highly complex 

momentum interactions via mass transfers associated with the 

dilations in the solid matrix. As a consequence, the number of 

model parameters is reduced.

To describe the motion of the three different components 

(solid, interstitial fluid, free fluid), we need a system of three 

depth-averaged mass balance equations (Wang et al. 2004),

(1)

𝜕h1
𝜕t

+ ∇⃗ ⋅ (h1v⃗1) =

[

𝜌f

𝜌s

]

Qe +

[

𝜌e

𝜌s

]

E1 solid and inter-granular fluid

where hf ,i is the fluid content of the i-th layer and v⃗
i
 its velocity (see 

Figs. 3 and 4). h
1
 is a pseudo-variable used to simplify the conserva-

tion equations (see next), E
1
 is the erosion rate, Qe is the fluid mass 

exchange due to the dilatant action of the solid matrix, �
e
 is the 

density of the entrained material, and ∇⃗ is the divergence operator 

in Cartesian coordinates.

As the mixture layer density is neither constant nor uniform, it is 

convenient to introduce the variable h
1
 , which is defined as the mixture 

layer mass, M
1
 (per unit of area), normalized by the solid density �

s
:

where h
s
 represents the volume of the solid in the first layer (per 

unit area). With the introduction of this variable, we obtain a sys-

tem of depth-averaged equations that can be defined by constant 

density and therefore be solved using existing shallow water solv-

ers. For more details about the numerical scheme, see Meyrat et al. 

(2022). The density associated with the variable h
1
 is �

s
 , which is 

constant and uniform. Importantly, the variable h
1
 is without physi-

cal meaning and is introduced to mathematically simplify the mass 

and momentum balance equations. In this paper, the physical first 

layer height will be noted h
sb

 and is the sum of both first layer com-

ponents (see Figs. 3 and 4):

The equations relevant for the mixture layer (Eqs. 1 and 2) con-

tain the erosion rate, denoted by E
1
 . To compute the erosion rate, 

we adapted the single component model proposed by Frank et al. 

(2015, 2017) into the two-layer model. In the modified model, the 

erosion rate E
1
 is no longer uniform nor constant as in Frank et al. 

(2015, 2017), but a function of the flow composition. If E
s
 represents 

(2)

𝜕hf ,1

𝜕t
+ ∇⃗ ⋅ (hf ,1v⃗1) = Qe +

[

𝜌e − 𝜌f

𝜌f − 𝜌s

]

E1 inter-granular fluid

(3)

𝜕hf ,2

𝜕t
+ ∇⃗ ⋅ (hf ,2v⃗2) = − Qe second layer, free fluid

(4)h1 =
M1

�s

=

�shs + �f hf ,1

�s

= hs +
�f

�s

hf ,1

(5)hsb = hs + hf ,1.

z

First layer

First layer

h
f,2

h
sb

 = h
s
 + h

f,1
 > h

0

h
f,2

h
sb

 = h
s
 + h

f,1 
= h

0

Boundary between 

the two layers

Fig. 4  Two different debris flow configurations consisting of equal amounts of solid and fluid masses. The left configuration is in a dilated 
configuration, occurring while flowing. The right configuration is the reference configuration, called the co-volume configuration, typically 
occurring when the flow is at rest. The different heights and other physical parameters are depicted in Meyrat et al. (2022). We define three 
variables associated with the solid mass: hs , h0 , and hsb . The height hs is the volume of the solid particles in the flow, h

0
 represents the refer-

ence height of the non-dilated mass, we call it the co-volume (It is different from hs because we consider that, even in the non-dilated con-
figuration, the void space is not zero), whereas hsb represents the dilated height of the solid mass, "Model definitions and equations"
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the erosion rate for a completely solid flow and Ef  for a completely 

fluid flood, the erosion rate E
1
 is expressed under the assumption 

that erosion rates vary linearly between the two phases:

where �
s
 and �f  are the first layer’s volumetric solid and fluid frac-

tion, respectively. They are defined as follows:

Erosion rates for debris flows have been calibrated with field 

events, and values for specific soil-types are available (see Frank 

et al. (2015, 2017)). However, the separation between E
s
 and Ef  is 

difficult to describe (non-linear) and therefore complicated to cali-

brate, partially due to a lack of experimental data. Therefore, we set 

as a first approximation that E
s
 is some multiple of Ef  . This reduces 

the number of free parameters in the model. Indeed, in this study, 

we prefer to describe the entrainment with a simple parametri-

zation, with fewer model parameters and a simple physical inter-

pretation rather than develop sophisticated but complex models 

(Cicoira et al. 2022). This approach facilitates the application to  

real events (and as we show in the results is sufficient to obtain 

realistic results). However, a better understanding of the erosion 

processes, more specifically the interdependency on the compo-

sition of the flowing debris, would help clarify the link between 

the solid and fluid erosion rates. The erosion rate is specified in 

the slope-perpendicular direction. Therefore, the model includes 

both downward erosion processes, but also lateral erosion from 

channel sides. Erosion begins when the shear stress is larger than 

some limit value. Because we adopt a Voellmy-type rheology, the 

basal shear stress is both a function of the normal stress and the 

velocity of the flow.

The free fluid can erode ground material only if the first layer 

height is zero (in fact, smaller than a typical granule size value, 

which we assume to be around 5 cm; see Annex). In the alternative 

case, in which the free fluid flows above the mixture layer, the free 

fluid layer does not touch the ground (it is, by definition, flowing 

above the first layer). In this case, the eroded material is directly 

inserted into the mixture layer (because the second layer cannot 

possess solid material). This is the reason why E
1
 is absent of Eq. 3. 

The erosion depth of the second layer is also computed using the 

model introduced by Frank et al. (2015, 2017), with an erosion rate 

corresponding to Ef  . The shear stress used in the erosion depth 

computation (Frank et al. 2015, 2017) is the total shear stress, i.e., 

the sum of the shear stress of both layers. We also added a criti-

cal erosion velocity, v
c
= 0.5 m/s (see Annex), which is the velocity 

threshold for erosion to begin.

The right-hand side of the mass conservation equations 

(Eqs. 1–3) contains the term Qe (Meyrat et al. 2022), which is the 

fluid mass exchange rate between the inter-granular and free fluid. 

As stated above, the mass exchanges between the mixture layer and 

free fluid result from the dilatant actions of the solid particles in 

the debris flow (Meyrat et al. 2022; Iverson 1997, 2005). Under inter-

actions with the rough bed of the channel, the solid matrix can 

dilate (Reynolds 1885; Buser and Bartelt 2009) and raise its center of 

mass from the co-volume configuration (whose height is noted h
0
 , 

right sketch on Fig. 4) to a dilated one (left sketch on Fig. 4). Under 

(6)E
1
(�s) = �sEs + (1 − �s)Ef

(7)�s =
hs

hs + hf ,1
=

hs
hsb

; �f = 1 − �s =

hf ,1

hsb
.

dilation, the void space between the particle increases (Bartelt 

et al. 2016), and free fluid fills this additional volume and is trans-

formed into interstitial fluid. The inverse process occurs during the 

contraction of the solid matrix, for instance, when the flow reaches 

the run-out zone. The mass exchange rate is completely defined by 

the movement of the solid matrix center of mass (and the amount 

of fluid in the second layer). Therefore, the dilatancy governs the 

evolution of the first layer density, �
1
 , which can vary even if the 

solid mass ( h
s
 ) is conserved, throughout the inter-granular fluid 

concentration �f = (1 − �s) (and then dilatancy) (Eq. 7):

Dilatant actions in the mixture layer are exploited to simulate 

de-watering and phase separations. Indeed, when the debris flow 

reaches the run-out zone, the flow decelerates, and the frictional 

shear works as well, which implies that the energy input coming 

from shearing is no longer sufficient to maintain the solid matrix 

in a dilated configuration. Consequently, the solid material con-

tracts (the opposite of dilating), leading to an increase in friction 

and eventual deposition. During the collapse of the mixture layer, 

interstitial water is squeezed out and transformed into free fluid, 

which can escape from the solid matrix. For more details about the 

mathematical structure of the dilatancy theory, see Meyrat et al. 

(2022) and Meyrat (2007).

The variable h
1
 is also used to simplify the two-dimensional, 

depth-averaged momentum balance equations (Wang et al. 2004; 

Savary and Zech 2007; Mandli 2011):

The vectors v⃗
1
 and v⃗

2
 represent the velocity of the first and sec-

ond layers, respectively. The left-hand sides of Eq. (9) are the total 

variation of the momentum with respect to time, including the 

effect of gravity and the influence of each layer on the other (Savary 

and Zech 2007; Mandli 2011). The right-hand side represents the 

change in momentum due to external forces (excluding gravity). 

The vector P⃗ is the rate of momentum exchange associated with the 

(8)�1 =
M1

hsb
=

�shs + �f hf ,1

hsb
= �s�s + (1 − �s)�f .

𝜕t(h1v⃗1) + ∇⃗ ⋅

(

h1v⃗1 ⊗ v⃗1 +
gh2

1

2
I

)

+ gh1∇⃗

(

b +
𝜌f

𝜌s
hf ,2

)

= −
𝜏1

𝜌s
+

𝜌f

𝜌s
P⃗

𝜕t(hf ,2v⃗2) + ∇⃗ ⋅

(

hf ,2v⃗2 ⊗ v⃗2 +
gh2

f ,2

2
I

)

+ ghf ,2∇⃗
(

b + hsb
)

= −
𝜏2

𝜌f
− P⃗

Fig. 5  The hydrograph is defined by three points. Qmax and t
max

 
are defined according to field works (Zaginaev et al. 2019a; Mergili 
et al. 2020; Carey et al. 2012), while tend is computed with Eq. 15 to 
reach the total volume of the hydrograph
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mass exchange Qe , and 𝜏
i
 corresponds to the shearing stress acting 

on the i-th layer. To compute the shearing forces, we use the two 

parameters ( � and � ) Voellmy-formulation, which is well-known 

in natural hazard mitigation practice in Switzerland and elsewhere 

(Mikoš and Bezak 2021; Simoni et al. 2012). In this simple model 

formulation, the Coulomb friction determines the debris flow run-

out, as it defines the critical slope angle �
c
 at which the flow begins 

to decelerate (Graf et al. 2019):

The hydraulic friction � controls the flow speed of the move-

ment. It allows for steady flow states to exist in ideal conditions, for 

example, infinitely long slopes with constant angle. Thus, we can 

control the approximate run-out distance and steady flow velocity 

with only two parameters.

The debris flow rheology, 𝜏
i
 , is not constant and uniform but 

a function of the flow composition (Iverson and Denlinger 2001). 

The friction decreases when increasing the volumetric fluid frac-

tion of the flow (or equivalently when decreasing the flow density). 

This empirical assumption is supported by well-constrained field 

measurements from Illgraben (Meyrat et al. 2022; Schlunegger  

et al. 2009; Badoux et al. 2009; McArdell and Sartori 2020). In 

order to take the flow composition into account, let us define 

four frictional coefficients: �
s
 and �

s
 , which describe the densest 

(9)tan �
c
= �.

configuration of the mixture, i.e., the co-volume, and �f  and �f  

describe the free fluid. As the free fluid layer is always entirely fluid, 

its coefficients do not evolve and are always the same. That is, �f  

and �f  are constants.

For the mixture layer, we compute the Coulomb and turbulent 

coefficients by partitioning according to the solid and fluid volu-

metric parts:

We assume that the Coulomb friction will be negligible if the 

flow is entirely composed of fluid, which means that �f = 0 (Eq. 10). 

This assumption is justified by the fact that the critical slope angle 

(Eq. 9) is zero for a liquid flow. Once the frictional parameters 

�
1
(�

s
) and �

1
(�

s
) are evaluated accordingly to the flow composition, 

we use the Voelly-Salm model to compute the frictional resistance 

of the flow, i.e.,

(10)�1(�s) =
hs�s + hf ,1�f

hs + hf ,1
= �s�s + (1 − �s)�f = �s�s

(11)�1(�s) =
hs�s + hf ,1�f

hs + hf ,1
= �s�s + (1 − �s)�f .

(12)𝜏1 =𝜇1(𝜙s)N1ê1 +
𝜌1g‖v1‖

2

𝜉1(𝜙s)
ê1 First layer

Table 1  Values of the input hydrograph parameters for the three case studies. The discharge of the Aksay Valley event is much lower, 
because it corresponds to a sub-glacial breaching process and not a wave that overtops the moraine dam or a moraine dam failure

Event Total volume (m3) Peak discharge (m3/s) Time of the peak discharge 

(s)

End time 

(s)

Lake 513 50,000 8333 2 12

Lake Palcacocha 10,000,000 20,000 20 1000

Aksay Valley 35,000 50 100 1400

Fig. 6  a Global map of Peru. b Location of the city of Carhuaz and the city of Huaraz. c Lake 513 (green cross) and ("Case study 1: Lake 513, 
Cordillera Blanca, Peru") the Lake of Palcacocha (blue cross) ("Case study 2: Palcacocha Lake, Huaraz, Peru, 1941") with their corresponding 
catchment (black dashed line). The original map can be found in Carey et al. (2012)
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where ê
i
=

v⃗i

‖v⃗i‖
 is a unit vector pointing in the direction of the i-th 

layer. For more details concerning the two-phase rheological model, 

we refer the reader to Meyrat (2007).

The evolving flow rheology is a fundamental aspect of the model. 

Friction is described as a process, depending on erosion and the 

immediate terrain. Indeed, it can switch from a mud flow rheology, 

governed almost entirely by the turbulent term, to a rocky configura-

tion, for which the Coulomb friction term is predominant. This fact 

will be of major importance when simulating complex GLOF events, 

because the flow composition, and therefore the flow rheology, does 

not change only from front to tail, as for standard debris flow, but 

can also endure important temporal transitions from muddy flow 

(13)𝜏2 =
𝜌f g‖v2‖

2

𝜉f
ê2 Second layer

to a granular debris flow composition, when the flood has entrained 

enough solid material. Conversely, in the run-out zone, the core stops, 

and the fluid is washed-out, which corresponds to a transition from 

a debris flow to a muddy flow. Therefore, the rheology changes sig-

nificantly during a single event, and a model which cannot take this 

evolution into account will likely not be able to give accurate numeri-

cal results with a simple set of frictional parameters. This will be dem-

onstrated in the following case studies.

Case studies

We apply a single set of rheological parameters to model all three 

separate case studies. The parameters are �
s
= 0.16 , �

s
=200 m/s2 , 

and �f  = 600 m/s2 . A fourth parameter, the Coulomb friction of the 

fluid phase, is always set to zero, �f = 0 . These parameters are in close 

agreement to the values derived from debris flow measurements in 

Fig. 7  a Map of the complete process chain of the 2010 GLOF at Lake 513. Six flow regime zones are defined following Carey et al. (2012) and 
Schneider et al. (2014). The flow alternates between mud, hyperconcentrated, and debris flows. A flow transition or phase separation occurs 
between each zone, leading to different flow regimes. The description of the flow in each zone, as well as the flow transitions, are listed in 
Table 2. b The inset depicts zones one, two, and three. We observe the deposition of solid material in zone two (Carey et al. 2012). c Picture 
taken at the star location (Pampa Shonquil) during the 2010 event of Lake 513. The flow is almost entirely fluid, corresponding to a mud flow 
(Photo taken by Luis Meza (Schneider et al. 2014))

Table 2  Description of the Lake 513 GLOF event. Due to the long and complex valley topography, the flow exhibits five flow transitions/
phase separations

The footnote a indicates lateral erosion of the bed channel

Zone Flow type erosion Description

1 Mud flow Yes Initiation as a nearly pure water surge, the solid concentration increases due to entrainment along the 

steep slope downstream of the lake.

2 Debris flow Yes The flow continues to entrain material, reaching a debris flow type.

As the slope flattens, the solid matrix deposits, while the fluid is washed-out from the core, leading to 

phase separation.

3 Mud flow Yesa After the phase separation, the flow is almost entirely fluid. The slope is not steep enough in this zone to 

cause significant erosion.

4 Debris flow Yes As the slope increases, the erosion becomes more important and the flow evolves into a debris flow.

5 Hypercon-

centrated 

flow

Yes In some flatter and wider parts of the channel, lateral deposition of solid material occurred, leading to a 

lower solid concentration.

The flow is closer to a hyperconcentrated flow.

6 Mud flow No The remaining part of the solid deposits in the flat valley close to Carhuaz, while the fluid continues to 

flow downstream.



Landslides

Original Paper

Switzerland (see Meyrat (2007)). All of the other model parameters 

can be found in Annex. Except for one erosion parameter (the critical 

shear stress), all parameters are equal in the three different simula-

tions. Once the initial conditions are fixed, the evolution of the flow 

friction (entirely defined by the value of � and � in our model) will be 

computed according to the flow composition which itself is governed 

by the erosion and deposition processes.

To simulate these GLOF events, we define a flow hydrograph in 

which the total volume of the discharge is selected to match the field 

observations (Somos-Valenzuela et al. 2016; Frey et al. 2018a; Carey 

et al. 2012; Schneider et al. 2014; Zaginaev et al. 2019a). The initial 

material released during the breaching process is almost completely 

fluid ( we assume 95% fluid, 5 % solid). The input hydrograph param-

eters are provided in Table 1. The values of the total released volume 

( V
tot

 ), the maximum peak discharge ( Qmax ), and the time associated 

with the maximum peak discharge ( t
max

 ) are based on previous 

studies (Zaginaev et al. 2019a; Mergili et al. 2020; Carey et al. 2012). The 

input hydrograph is defined by three points defining the discharge at  

a specific time (e.g., P1 = (0, 0) , P2 = (tmax ,Qmax) , and P3 = (t
end

, 0) ; 

see Fig. 5). We linearly interpolate the discharge, Q(t), between the 

time points (see Fig. 5). The discharge function is as follows:

The total release volume ( V
tot

 ) is defined by the integration of the 

discharge with respect to time, which is, using Eq. 14:

These equations allow the computation of t
end

 from the value of 

V
tot

 and Qmax . The peak discharge of the Aksay event is lower than the 

two others because we assume a sub-glacial breaching process and 

not a wave that overtops the moraine dam or a moraine dam failure.

All the events have been simulated using a 10 m x 10 m DEM. The 

dataset used for the Aksay Valley DEM is JAXA/METI ALOS PAL-

SAR L1.0 2007, accessed through ASF DAAC 25 June 2022. For Lake 

513, we resampled an 8 m resolution DEM derived from Spring 2012 

WorldView satellite imagery. For Lake Palcacocha, we resampled a 5 m 

photogrammetric DEM from 2013, provided by the Peruvian Ministry 

of the Environment (MINAM). To simulate the 1941 Lake Palcacocha 

event, we did not modify the 2013 DEM to account for terrain condi-

tions in 1941, as for example in Mergili et al. (2020). Although the 

channel clearly wandered between 1941 and 2013, we ran the simula-

tions assuming the slope inclinations of the channel were approxi-

mately the same and did not vary between 1941 and 2013.

(14)Q(t) =

{

Qmax

tmax

t, if t ∈ [0, tmax]

Qmax

tend−tmax

(tend − t), if t ∈ [tmax , tend]

(15)Vtot = ∫
tend

0

Q(t)dt =
Qmaxtend

2
.

Table 3  Color code used on Figs. 8, 14, and 19. Each color corre-
sponds to a different flow type. The flow type is computed by inte-
grating the volumetric solid concentration over time. This classifica-
tion is only used for visualization

Color Flow type Solid  

fraction Φs

µ1

Blue Water/mud flow 0 ≤ �
s
≤ 0.2 0 ≤ �

1
≤ 0.04

Green Hyperconcentrated 

flow

0.2 < 𝜙
s
≤ 0.6 0.04 < 𝜇

1
≤ 0.11

Red Debris flow/solid 

material deposition

0.6 < 𝜙
s
≤ 0.8 0.11 < 𝜇

1
≤ 0.2

Fig. 8  Reconstruction of the flow type evolution for the event of Lake 513 in 2010. The colors represent different flow types (see Table 3). The 
computation is based on the volumetric solid fraction integrated over time, shown in Fig. 9. The flow transitions and phase separations, gov-
erned by entrainment and deposition processes, are captured by the model (see Table 2 and Fig. 7)



Landslides

Case study 1: Lake 513, Cordillera Blanca, Peru

Lake 513 (4428 m a.s.l) is located in the Cordillera Blanca, Peru 

(Fig. 6). The lake is surrounded by imposing glaciers and high 

mountains (peaks higher than 6000 m a.s.l. are denoted by a tri-

angle; see Fig. 6). Lake 513 is located in the upper part of the 20 km 

long Chucchun catchment, which extends down to the city of 

Carhuaz (2640 m a.s.l.), where the Chucchun River joins the main 

Fig. 9  Volumetric solid fraction integrated over time of the Lake 513 event of 2010. Flow type (see Table 2 and Fig. 8) is computed from the 
volumetric solid content

Fig. 10  Value of the Coulomb coefficient, � , based on the flow composition and Eq. 10. The evolution of rheology is of primary importance to 
simulate complex events with multiple flow regimes
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Santa River. The valley exhibits a complex topography, with many 

step-like changes in elevation, slope angle, and channel width. On 

11 April 2010, a 450,000 m3 rock-ice avalanche detached from the 

bedrock beneath the steep hanging glaciers of Mount Hualcan. 

The avalanche impacted the glacial lake and triggered a 24 m high 

displacement wave that overtopped the rock dam of the lake with 

a 19 m freeboard by 5 m. The event triggered a GLOF that caused 

severe damage to bridges, houses, roads, and agricultural land as 

far down as the city of Carhuaz (see Fig. 6 and Table 2). The alterna-

tion between steep and flat terrain induces flow regime transitions 

and phase separations, due to the deposition of solid material on 

the flatter track segments (Fig. 7 and Table 2). The event of 2010 

is of particular interest because different flow regimes have been 

characterized by field work performed immediately after the event 

(Carey et al. 2012; Schneider et al. 2014). The main features of the 

flow evolution are described in Table 2 and depicted in Fig. 7.

The flow types are computed by the model according to the defi-

nition supplied in Table 3 (see Fig. 8). The blue color corresponds to 

a water/muddy flow, the yellow to a hyperconcentrated flow, and the 

red to a debris flow (see Table 3). Only zone five, i.e., corresponding 

to an hyperconcentrated flow, is not well reproduced by the model. In 

this region, the solid material is deposited at the beginning of zone 5. 

Deposition in this area agrees with field observations; however, part of 

the solid material continued to flow until the flat valley above the city 

of Carhuaz. In our simulation, the part of the material flowing down 

the lower valley appears to be underestimated. Indeed, it is possible 

that fluvial bedload transport, which is not included in our model, 

may have transported some of this coarse sediment downstream.

Fig. 11  a Flow density (for t = 940 s) in zone four. The density is high in the front and decreases toward the tail to reach the muddy fluid den-
sity, as expected for a standard debris flow. The model is able to compute the correct flow composition (or density) in time, as well as over 
the length of the torrent. b Representation of the phase separation occurring between regions two and three. The core of the flow is stopped 
(red region), while the fluid is washed out (blue region)

Fig. 12  Erosion depth of the Lake 513 event of 2010
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Figure 9 depicts the solid volumetric concentration integrated 

over time. The flow types, represented in Fig. 8, are based on these 

results. In zones four and five, the yellow ( �
s
≈ 0.65 ) sections cor-

respond to the flowing material, whereas the red zones ( �
s
≈ 0.8 ) 

located on the outer flow boundaries correspond to the deposition 

of solid material on the sides of the channel, which is consistent 

with Vilímek et al. (2015). The red part in the bottom valley (zone 

5, in Fig. 9) also represents solid material deposition, as described 

in Carey et al. (2012) and Vilímek et al. (2015).

In Fig. 10, the calculated values of � are depicted. Values of � are 

computed from the solid volumetric concentration (Fig. 9) using 

Eq. 10. The average value of the calculated � coincides for each flow 

type with the values found in Fig 3. This result indicates that it is pos-

sible to model completely different flow regimes with a single set of 

parameters describing a process controlled change in flow rheology.

Figure 11a shows the spatial evolution of the debris flow den-

sity in region four. The front of a standard debris flow is mainly 

composed of large blocks and is therefore associated with a high 

solid concentration. Towards the end of the flow in the upstream 

direction, the fluid concentration increases to reach an almost mud 

flow at the flow tail. Moreover, the largest density values are in the 

front and decrease towards the tail, as shown in Fig. 11a. The model 

appears to accurately compute the average solid–fluid concentra-

tion in time as well as over space.

Finally, Fig. 11b depicts the simulated phase separation between 

zones two and three. The core of the flow (red) is in the process of 

decelerating and stopping, compared with Fig. 7c, while the fluid 

(blue) is washed-out and can continue to flow downstream, trig-

gering a new debris flow farther down the valley.

The mass balance of this event, including specific erosion  

areas, was well characterized by Vilímek et al. (2015). The erosion 

depth obtained by our model is depicted in Fig. 12. According to 

Vilímek et al. (2015), lateral erosion was observed in zone 3 but 

was not completely captured by the model. This may be due to 

the fact that in a depth-averaged model, which divides the flow 

into slope-perpendicular normal and slope-parallel shear stresses, 

might underestimate the total basal stress at steep, lateral edges. 

However, the strong erosion processes that occurred in regions 1,2, 

4, and 5 coincide with the model results. The authors also noted 

deposition in zones 4 and 5, which also could be modeled (Fig. 9). 

Fig. 13  Map of the Huaraz region with the Lake Palcacocha, which initiate the GLOF of 1941, including the location of Lake Jircacocha in the 
Cojup valley (blue ellipse). This lake was completely entrained by the event of 1941. The black rectangle shows the extent of Fig. 15. Figure 
modified from Frey et al. (2018b), based on Somos-Valenzuela et al. (2016)
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In Vilímek et al. (2015), the valley was divided into twelve different 

regions. For our study, we used only. The results of Vilímek et al. 

(2015) have been averaged to fit our zone definition.

In this case study, the overall mass balance of the event as well as 

the solid deposition behavior are accurately reproduced indicating 

that the erosion behavior integrated over the entire length of the 

torrent appears to be reasonable. However, there can be regions 

where the simulated erosion is over or underestimated. Finally, we 

underscore the fact that with a model that cannot reproduce the 

solid–fluid internal composition of such a flow, the rheology has 

to be tuned by hand in order to obtain correct results. Indeed, in 

the case of the back-computation of Lake 513 with the one-phase 

RAMMS model (Carey et al. 2012), five different set of frictional 

coefficients have to be used to reproduce it accurately. This induces 

significant uncertainties about the numerical results and cannot be 

done without past information on the back-computed event.

Case study 2: Palcacocha Lake, Huaraz, Peru, 1941

Lake Palcacocha (4562 m a.s.l.) is located in the Cordillera Blanca, 

above Huaraz (3050 m a.s.l.), in Peru (Fig. 13). Similar to the Lake 

513 case study, the lake is surrounded by high mountains and 

large hanging glaciers. The lake drains into the Cojup river, which 

Table 4  Description of the Lake Palcacocha GLOF event, which occurred in 1941, destroying the center of the city of Huaraz and killing 1800 
persons. A more detailed description of this event can be found in Somos-Valenzuela et al. (2016); Mergili et al. (2020)

Zone Flow type Erosion Description

1 Mud flow No Initiation as a nearly pure water surge, the small amount of solid material entrained in the 

moraine and below the lake stops a few hundred meters below the lake.

At an elevation of ≈ of 4130 m a.s.l., the Lake Jircacocha was completely entrained by the flow

2 Hyperconcen-

trated to debris 

flow

Yes The flow starts to entrain a significant amount of solid material, increasing the solid concentration.

As the flow becomes flat before and inside the city, the solid content deposits, while the fluid is 

washed-out from the core, leading to a phase separation

3 Mud flow No After the phase separation, the flow is almost entirely fluid. The slope is not steep enough in this 

zone to cause significant erosion processes

Fig. 14  Different flow types (see Table 3) that occurred during the Lake Palcacocha event. The simulated flow behavior corresponds to the 
observations (Table 4). The red line represents the separation between zones one and two. The flow has a high fluid concentration compared 
to the other two case studies (Figs. 8 and 19). The high fluid concentration is due to the entrainment of the glacier lake while flowing in the 
Cojup valley
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arrives directly on the east side of Huaraz, after approximately 

20 km (Fig. 13). In 1941, a breach formed in the moraine dam of 

Lake Palcacocha, possibly triggered by the impact of a mass move-

ment (Mergili et al. 2020). The GLOF flowed downstream the Cojup 

valley. After completely entraining another lake (Lake Jircacocha), 

which does not exist anymore (Vilímek et al. 2005; Emmer and 

Vilímek 2014; Wegner et al. 2014) (see Fig. 13), the resulting debris 

flow reached and destroyed a large part of the city of Huaraz killing 

approximately 1800 persons Wegner et al. (2014). The damage to 

buildings and agricultural infrastructure, located either in the city 

of Huaraz, and also further downstream, was immense (Carey 2010; 

Evans et al. 2009).

Several numerical studies have already been performed of this 

event to back-calculate the 1941 outburst Mergili et al. (2020) 

and to predict future GLOF events (Somos-Valenzuela et al. 2016; 

Frey et al. 2018b). These studies indicate that the flow started as 

a water surge. The material entrained in the glacier moraine and 

on the steep slopes just below the initiation were deposited at the 

beginning of the long and flat Cojup valley. Up to an elevation 

of 4000 m a.s.l. (zone one in Fig. 14 and in Table 4), no surface 

erosion was observed, indicating a flow with a low solid concen-

tration. Before the 1941 event, a lake was present in the valley at 

an elevation of approximately 4130 m a.s.l. (see Fig. 13), which 

was completely entrained by the flow. At an elevation of around 

4000 m a.s.l. (limit between zones one and two Fig. 14), the slope 

increases and significant erosion starts, leading to an increase in 

the solid concentration. The core stopped on flatter terrain before 

and inside Huaraz. Detailed studies by the Instituto Nacional de 

Defensa Civil have been performed to quantify the deposit area 

in the city. In Fig. 15, we compare the observed deposit with the 

model outputs. The deposit area is slightly larger than the real 

one; however, we underlie that the simulation is done without any 

Fig. 15  Comparison between the observed debris flow fan of the 
1941 event (background picture) and maximum flow height com-
puted by the model. The black dashed line represents the observed 
deposit zone. The heights lower than 50 cm are not depicted. The 
background picture is from A. Cicoira

Fig. 16  Erosion depth obtained with the two-layer model. The red line represents the beginning of the area where significant erosion pro-
cesses have been observed in the field (Frey et al. 2018a). The red part before the red line (zone 1) represents the entrainment of the Lake 
Jircacocha (see Fig. 13)
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adaptation of the model free parameters. For example, in Mergili 

et al. (2020), the simulation is performed by adapting the model 

parameters as the Coulomb coefficient � (called frictional angle 

� in Mergili et al. (2020)). After the stopping and deposition of 

the solid material, the flow, which was mainly composed of fluid 

with fine suspended sediments, continued to flow downstream 

the valley and cause great damage. This lower region was not 

simulated due to the unavailability of an accurate DEM, as well as 

due to the fact that the flow did not transition into another flow 

region. Therefore, we define only two flow regime zones for this 

case, which are separated by a red line in the plots.

Figure 16 depicts the erosion depth obtained for the simu-

lation of the 1941 event. Simulation results found in Frey et al. 

(2018a) indicate that erosion occurred mainly a few hundred 

meters downstream the lake and in the lower part of the val-

ley (see Table 4). This region is steeper than zone two, shown 

in Fig. 16. In between these two regions, no significant evidence 

of erosion was observed. The model captures this behavior, 

where the erosion is much stronger just below the release and 

in zone two. The red polygon in the Cojup valley corresponds to 

the entrainment of the Lake Jircacocha present before the 1941 

event. The surface and depth of the lake have been calibrated to 

fit the lake volume, i.e., 3.3 ∗ 106m3 (Mergili et al. 2020). In this 

specific zone, the density of the entrained sediment is set to be 

the same as the fluid density, and stronger erosion is considered. 

The lake’s entrainment does not only change the mass balance 

of the flow but its entire dynamics due to the fluidization of the 

flow. Indeed, the correct debris flow run-out distance (Fig. 15) 

would be impossible to model without the entrainment of the 

lake. Indeed, without the entrainment of the Lake Jircacocha, the 

solid materials composing the debris flow would deposit before 

the city of Huaraz.

Fig. 17  a Location of the Ala-Archa Valley (National Park) in Northern Tien Shan. b Orthophoto of the Aksay valley. The glacier lake is indi-
cated in red, while the valley itself has been decomposed into three different regions. The first one (1) with a low slope angle, the step chan-
nel (2), the run-out debris flow zone (3), and finally the gentle valley (4) which flows downwards the plain. Each zone exhibits different types 
of flow behavior, and flowing transition occurs between them. However, no field observations concerning the flow types are available

Fig. 18  a Debris flow fan zone. The red dotted line is the deposit zone delineated according to field observations (Zaginaev et al. 2019a). b 
Map of the Aksay Valley. The erosion area is denoted by the red dotted line, while the initiating lake is marked by an orange circle. Credit for 
the map: Zaginaev et al. (2019a)
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Case study 3: Aksay Valley, Ala-Archa National Park, Kyrgyzstan

The Ala-Archa National park is located along the Kyrgyz Ridge, 

40 km south of Bishkek, Kyrgyzstan (Fig. 17a). The debris flow fan 

of Aksay Valley is the largest in the Ala-Archa National Park, and 

several studies concerning debris flow monitoring, analysis, and 

simulation have been performed in this specific torrent (Zaginaev 

et al. 2016, 2019a, b). The valley’s elevation varies from 4895 m a.s.l 

to 2200 m a.s.l (run-out on the fan). Two glaciers can be found 

in the catchment’s upper part: the Aksay glacier and the Uchitel 

Glacier (Fig. 17b). At the receding end of the Uchitel glacier stands 

a lake, which is the primary source of the GOLFs in this valley. 

The valley below the lake can be decomposed into three distinct 

areas. The first one (denoted (1) on Fig. 17c) is a 2.3 km section 

characterized by a low average slope angle (less than 10◦ ). It is fol-

lowed by a 4.0 km long steeper section (denoted (2) on Fig. 17c) 

with a slope angle around 15◦ which ends in the bottom valley, i.e., 

the run-out area ((3) on Fig. 17c). This run-out section is almost 

flat (less than 5 ◦).

As we assume that the GLOF initiates with the outburst of the 

glacier lake, we expect a flood-type flow in the upper region (zone 

1,Fig. 17c). Indeed, in this region, no significant erosion was observed. 

In zone 2, erosion processes started to become stronger; see Fig. 18b. 

As a consequence, we expect a flow with a higher solid concentration. 

Finally, the core of the debris flow stopped in the Aksay valley (see 

Fig. 18a and Zaginaev et al. (2019b)) (zone 3), and the fluid contin-

ued to flow downstream the valley (zone 4), almost without erosion 

processes. The flow history is summarized in Table 5.

Table 5  Description of the Aksay valley GLOF event

Zone Flow type Erosion Description

1 Mud flow to 

hyperconcentrated flow

no Initiation as a nearly pure water surge, the solid concentration remains low 

because no significant erosion occurs

2 Debris flow yes The flow starts to entrain material, and the volumetric solid concentration increases

3 Debris flow (deposition) no data As the flow reaches flatter terrain, a phase separation occurs

4 mud flow no After the phase separation, the flow is almost entirely fluid

Fig. 19  Solid volumetric fraction of the flow, integrated over time. As expected, the flow is in a low solid concentration configuration in the 
first zone, where no erosion was observed. In the steeper part (zone 2), the volumetric solid concentration increases due to the erosion of 
solid material. Finally, the core deposits (zone 3) and the fluid is washed out and continue to flow downward (zone 4). The sub-figure on the 
upper right corner is the solid deposit of the flow, which is in good agreement with field observation reported in Fig. 18a
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Figure 19 shows the solid volumetric concentration integrated 

over time. One can see that the general behavior detailed above, 

i.e., flow transition from zone 1 to 2 and phase separation in zone 

3, is captured by the model. Following Zaginaev et al. (2019a, b), we 

can estimate the run-out zone distance for the debris flow event  

of 1960 using satellite imagery, see Fig. 18a. The average run-out 

area of the previous monitored event is approximately A
run-out

≈ 

0.2 km2 (Zaginaev et al. 2019b). In our simulation, we have the 

same order of magnitude for the value of the deposition area. 

The discharge could have been adjusted to fit the disposition area 

perfectly; however, without precise information about the peak 

discharge, we did not do so. Further, the run-out area detailed on 

Fig. 18a, is similar to the one we obtain in Fig. 19.

In Zaginaev et al. (2019a), detailed observations of the erosion 

areas are provided (see Fig. 18b). Figure 20 depicts the numerically 

obtained spatial distribution of the erosion. The erosion depth is 

difficult to discuss due to a lack of information. However, the model 

accurately reproduces the erosion pattern (the region with or with-

out erosion).

Discussion and conclusions

GLOFs exhibit complex flow regime transitions due to the con-

tinually changing solid–fluid composition of the flow. Small 

inclination changes in the valley profile, or enlargement of the 

channel width, can produce solid–fluid phase separations, initi-

ating the deposition of solid material. As GLOFs, by definition, 

initiate from a lake outburst, the initial flow is mainly fluid, 

leading to a mud flow. However, with the mobilization of loose 

sediments from the bed and channel sides, the floods acquire 

solid material, which leads to a transition from a mud flow to 

a hyperconcentrated flow. With the entrainment of more solid 

debris, the flows evolve to viscous, granular-type debris flows. 

These types of flow transitions could be captured by applying a 

Voellmy-type flow rheology (Meyrat 2007) within the framework 

of a two-layer debris flow model (Meyrat et al. 2022). The evolu-

tion of the internal solid–fluid composition governs the flow-

ing properties, including the steady-state velocity in the channel 

or the run-out distance on flatter terrain. We apply a model to 

simulate the different flow regimes observed in the three case 

Fig. 20  Erosion depth obtained with the two-layer model. The red dotted line is the approximately observed erosion, shown in Fig. 18b, com-
puted after field observations
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studies (Figs. 8, 14, and 19). The Lake 513 event is of great interest 

because it exhibits different flow regimes due to the long flowing 

distance (around 20 km) over complex terrain topography. The 

field observations performed after the event (Carey et al. 2012, 

Schneider et al. 2014) permit a classification of the succession of 

flow types that enabled the validation of our model, which repro-

duces the events accurately from after the outburst to deposition. 

The erosion pattern and deposition area, described in Vilímek 

et al. (2015), are also captured by the model. Although the model 

predicts with reasonable accuracy the erosion patterns, the run-

out distances, the solid deposits, and affected areas of the other 

two events (Figs. 15, 16, 19, and 20), the evaluation of model per-

formance is more uncertain. The exact erosion depths are not 

known precisely, but the regions with and without erosion are 

well documented. These results indicate that both the erosion 

patterns and run-out distances can be captured by the model, 

which is an indirect validation of the model rheology.

The ability to model this complex flow behavior has three main 

origins. 

1. Firstly, a full two-component approach is used to predict the 

velocity of the solid debris with bonded fluid or the free 

(muddy) fluid. The physical and mathematical construction of 

the model is built on the foundation of a two-fluid, two-layer 

model involving well-constrained mass exchanges between the 

two fluid components. Unlike other models (Bouchut et al. 2016;  

Pitman and Le 2005; Iverson and George 2014; George and Iverson  

2014), the fluid velocity is not computed using a Darcy-like 

approximation, which reduces two-component models to the 

solution of a single phase.

2. Secondly, embedded into the governing equations is a theory 

of granular dilantancy. Mathematically, this requires the solu-

tion of an additional differential equation describing the 

production and decay of granular fluctuation energy, which 

drives the dispersive actions in the solid mixture. Although 

computationally more intensive, this approach enables us to 

predict the separation of the solid and fluid phases. The mass 

and momentum exchanges induced by the dilation of the solid 

matrix play a role in the interactions between the solid and 

the fluid components. It also controls the collapse of the solid 

matrix on flatter slope inclinations, allowing for phase separa-

tion and de-watering.

3. Finally, the central aspect of the model is the evolving rheology. 

A uniform and constant rheology fails to reproduce the dynam-

ics of complex events such as GLOFs (Westoby et al. 2014) even 

if they can be applied with significant tuning to model specific 

debris flow events. For example, five different zones associated 

with different rheology coefficients ( � and � ) had to be defined 

to reproduce the event of the Lake 513 (Carey et al. 2012) when 

using the one-phase, constant rheology RAMMS model. The 

use of Eq. 10 allows the two-layer model to reproduce a fluid-

like behavior, driven by the turbulent friction, but also a gran-

ular-like flow, driven by the Coulomb friction, within a single 

mathematical framework. In this model, we assume a simple 

relation between the flow composition, given by �
s
 and �f  , and 

the rheology, represented by �(�
s
) and �(�

s
) . More accurate data 

would be needed to develop a more sophisticated mathematical 

model. Preliminary laboratory studies show that in the range of 

0.3 < 𝜙
s
< 0.9 , the shearing intensity and the volumetric fluid 

concentration can be approximated by a linear relation.

The dependency of the rheological parameters on the flow com-

position also allows us to reduce the interval of possible values for 

the frictional parameters, �
s
 , �

s
 , and �f  . Indeed, the same set value 

was used for the three scenarios, which exhibit different behav-

iors and a wide variation of flow volumes, i.e., 35,000 m3 for the 

event of Aksay valley and 10,000,000 m3 for the Lake Palcacocha 

event (without entrainment). The uniformity of the rheological 

free parameters is one of the attractive features of the model and 

will be of primary importance when applying it to hazard analy-

sis prediction. Indeed, a model which is not able to reproduce the 

flow transitions and phase separations would have to be tuned to 

perform relevant simulations. This implies a major limitation for 

a priori-type applications, when there is no historical information 

available. Confidence in the free parameters is a central question 

in numerical models. A debris flow model should be able to per-

form accurate simulations of real events using the lowest number of 

free parameters possible. Back-calculation of existing events with 

models that contain few parameters is a first step to developing 

powerful, predictive tools for practical applications. We applied the 

same frictional parameters within the framework of a theory based 

on modeling flow dilations within the solid matrix. Modeling flow 

behavior in this way produced a model with only one free parame-

ter. This is the ratio between � , representing the production of solid 

dilations, and � , representing its decay. We fixed the production � ; 

hence, � is the free parameter governing flow regime transitions. 

Interestingly, we were able to use the same value of � for all three 

events. More case studies are clearly required to determine if this 

approach is valid in general.

The uniformity of the rheological parameters was also helpful to 

better model erosion processes. In the three case studies, the critical 

shear coefficient had to be adapted to correctly simulate the Palcacocha 

1941 event. Even if the release material, as well as the terrain topogra-

phy, are generally known with reasonable accuracy, the bed properties 

of the entire torrent are largely unknown. Therefore, the adaptation 

of the erosion parameters is rather linked to a need for more accurate 

knowledge about precise boundary conditions rather than a specific 

model deficiency. It is to be expected that the erosion parameters must 

be selected for a specific site. The selection of parameters remains a 

modeling problem that is, in the end, a more general problem well-

known to the debris flow engineering community.
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Annex

Name Symbol Value Unity 

[]

Solid density �
s

2500 kg∕m3

Fluid density �f 1300 kg∕m3

Co-volume density * a1 �
co

2000 kg∕m3

Solid Coulomb coefficient �
s

0.16 -

Fluid Coulomb coefficient �f 0.0 -

Solid turbulent coefficient �
s

200 m∕s2

Fluid turbulent coefficient �f 600 m∕s2

Configurational energy  
production

� 0.2 -

Configurational energy decay � 0.07 1/s

Steady state coefficient Γ =
�

�
2.86 s

Entrained density �
e

2000 kg∕m3

Solid erosion rate E
s

0.03 m/s

Fluid erosion rate Ef 0.003 m/s

Critical shear stress �
c
*b 0.5 kPa

Critical shear coefficient d�

dz
*b −0.2/−0.4*c m/kPa

Critical erosion velocity v
c

0.5 m/s

Gridsize Δx 10 m

Granule size Gr 7 cm

*a defined without fluid in the interstitial space in between the solid 
particles

*b For the definitions of these values, refer to Frank et al. (2015, 2017)

*c The first value corresponds to the Lake 513 and Aksay events and 

the second one to the Lake Palcacocha event
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