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Abstract Fragmentation is a common phenomenon in complex rock‐avalanches. The fragmentation
intensity and process determines exceptional spreading of such mass movements. However, studies focusing on
the simulation of fragmentation are still limited and no operational dynamic simulation model of fragmentation
has been proposed yet. By enhancing the mechanically controlled landslide deformation model (Pudasaini &
Mergili, 2024, https://doi.org/10.1029/2023jf007466), we propose a novel, unified dynamic simulation method
for rock‐avalanche fragmentation. The model includes three important aspects: mechanically controlled rock
mass deformation, momentum loss while the rock mass fiercely impacts the ground, and the energy transfer
during fragmentation resulting in the generation of dispersive lateral pressure. We reveal that the dynamic
fragmentation, resulting from the overcoming of the tensile strength by the impact on the ground, leads to
enhanced spreading, thinning, run‐out and hypermobility of rock‐avalanches. Thereby, the elastic strain energy
release caused by fragmentation becomes an important process. Energy conversion between the front and rear
parts caused by the fragmentation results in the enhanced forward movement of the front and hindered motion of
the rear of the rock‐avalanche. The new model describes this by amplifying the lateral pressure gradient in the
opposite direction: enhanced for the frontal particles and reduced for the rear particles after the fragmentation.
The main principle is the switching between the compressional stress and the tensile stress, and therefore from
the controlled deformation to substantial spreading of the frontal part in the flow direction while backward
stretching of the rear part of the rock mass. Laboratory experiments and field events support our simulation
results.

Plain Language Summary Rock‐avalanches often fragment into pieces when they slide down
mountain slopes. Fragmentation converts the rock mass into a deformable granular avalanche. This leads to
high‐velocity fragments, resulting in more extensive lateral spreading of rock particles. However, no operational
dynamic simulation model exists to describe rock fragmentation and the subsequent granular avalanche. Here,
we introduce a simple model for the simulation of rock‐avalanche fragmentation dynamics that unifies
important processes of mechanically controlled deformation, momentum loss as the rock mass impacts the
ground, fragmentation, energy conversion among fragmented clasts and the induced dispersive pressure. The
model is capable of automatically simulating rock mass movements as rigid blocks, the fragmentation of these
blocks into granular avalanches, and the deposition process. This explains many important phenomena observed
in fragmenting rock‐avalanches, including the exceptional lateral spreading, thinning, and hypermobility in the
run‐out zone. We implement this model in the freely available computer simulation program r.avaflow, and
present some tests on simple computer‐generated landscapes to demonstrate that the model works well.

1. Introduction
Large rock slides or rock falls usually fragment into pieces when they impact the ground, experience a sudden
decrease of the slope angle in the direction of the flow path, or hit a rock wall or a counter‐slope. This converts the
previously solid‐like sliding rock mass into a largely deformable granular avalanche of fragmented rock particles
(T. R. Davies & McSaveney, 2002; Stead et al., 2006; Eberhardt et al., 2004; Gao et al., 2021; S.‐L. Zhang
et al., 2023). Figure 1 shows some examples of rock‐avalanches with fragmentation. Observations suggest that
deposits of large rock‐avalanches consist predominantly of fragmented rock debris with exceptionally long run‐
out (T. R. Davies & McSaveney, 2009; Dufresne et al., 2016; Q. Lin et al., 2022). Rock fragmentation results in
high‐velocity fragments of the moving rock mass leading to more extensive longitudinal spreading of the rock
particles, compared to non‐fragmenting granular avalanches (Haug et al., 2021). Consequently, the increased
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mobility and run‐out of the rock avalanche is proposed to be the result of this additional fragmentation‐induced
spreading (T. R. Davies & McSaveney, 2009).

At the very beginning of its impact at the ground, the velocity of the entire moving mass can be the same as if it
was a rigid body. However, as the coherent block‐type rock mass impacts the ground, and as fragmentation
occurs, the velocities of the front and the rear masses become substantially different. The impact converts the
remaining strain energy (the elastic and inelastic strain energy) stored in the fragmented rock mass into the kinetic
energy of the fragments. This may energize the fragments even to fly outward during dynamic fragmentation, as
observed in laboratory experiments (Bowman et al., 2012; Q.‐W. Lin et al., 2020). At the local fragmentation
stage, there is an increasing trend of velocity and kinetic energy at the front part of the rock mass, and an opposite
trend at the rear part, as experiments have shown (Q. Lin et al., 2022).

Aiming to explain the frequent occurrence of fragmentation in rock‐avalanches, a fragmentation spreading model
was proposed by T. R. Davies et al. (1999), who argued that the extraordinarily long run‐out of rock‐avalanches
would result from the continuous fragmentation of the clasts through the different stages of the motion. They
propose that the strong dispersive pressure (pressure generated by stress fluctuation or fragmentation: Bag-
nold (1954), Melosh (1986), T. R. Davies et al. (1999)) originates from the elastic energy transfer, enhancing the
kinetic energy of the fragmented rock particles during the process of fragmentation. Laboratory experiments and
simulation results show that the velocity of frontal masses strongly increase after impact‐fragmentation but in the
run‐out, the center of mass is usually pushed back indicating a high energy consumption (Bowman et al., 2012; Q.
Lin et al., 2022; S.‐L. Zhang et al., 2023). However, how fragmentation and dispersive pressure are related is still
a subject of discussion and yet to be recorded in natural cases. Additionally, fracturing and fragmentation
inevitably consume part of the elastic energy, which leads to different arguments about dispersive pressure‐
induced hypermobility caused by fragmentation (T. R. H. Davies et al., 2020; Locat et al., 2006). In recent
years, fluctuated stress (the component of the total stress other than the overburden load) has been monitored in
experiments and reproduced in simulations. This type of stress is regarded as one reason for the high mobility of
rock‐avalanches and might possibly explain the dispersive stress (Choi & Goodwin, 2021; K. Li et al., 2022;
Lima, 2010; Taberlet et al., 2007). Yet, the flow mobility can be enhanced by different mechanisms. An extensive
list of transport mechanisms has been proposed to explain reduced friction and the hypermobility of large ava-
lanches. This includes: large volume, fine powders at the base, interstitial fluids, pore fluid pressure, air pockets,
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Figure 1. Examples of rock avalanches with fragmented deposit that is substantially finer than the bedrock in the source area.
(a) Differential fragmentation in the outcrop, and (b) the fragmented blocks on the surface of the deposit of the giant
prehistoric Nyixoi Chongco rock avalanche in Tibet, China (Wang et al., 2018). (c) The Hitardalur rock‐avalanche, Iceland,
of 7 July 2018 composed of exceptionally fragmented clasts, characterized by a very high mobility. (d) Prehistoric Cerro
Tolosa rock avalanche, Argentine Andes with fragmented clasts deposited at the toe of the slope.
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dispersive grain flow, local steam generation, frictionites, lubrication, fluidization, entrainment of the bed ma-
terial, oscillation, and dynamic fragmentation (Cagnoli, 2024; Cagnoli & Quareni, 2009; Collins &Melosh, 2003;
T. R. H. Davies, 1982; T. R. Davies & McSaveney, 2009; T. R. Davies et al., 1999; T. Davies et al., 2010;
Hsu, 1975; Kent, 1966; Legros, 2002; Pudasaini & Krautblatter, 2021; Pudasaini & Miller, 2013; Shreve, 1966).

Some simulations have also been conducted to reproduce the fragmentation‐induced run‐out of rock avalanches
(T. R. Davies & McSaveney, 2002; Eberhardt et al., 2004; Gao et al., 2021; Stead et al., 2006). However, the
fragmentation of rock‐avalanches involves the initiation and propagation of fractures, which is a highly non‐linear
process requiring complex models even for the simplest configuration (Turcotte, 1997). No general and unified
dynamic simulation model exists to date to describe rock‐fragmentation resulting in avalanching rock particles,
induced additional spreading and run‐out of rock avalanches. Therefore, based on a continuum mechanical
framework, we propose the first such formally derived dynamic model and simulation technique for dynamic
fragmentation and the associated granular rock mass propagation, spreading, and deposition. We expect to
provide insights into the effects of fragmentation on rock avalanche dynamics. Here, we focus on presenting the
model and its sensitivity analysis with the involved physical parameters and the mechanical aspects. Application
of the proposed model against real events from the field is out of scope here, and should be dealt with separately.

The proposed model includes the mechanically controlled deformation before the fragmentation, momentum loss
during the avalanche impact at the ground, fragmentation and overcoming of the mechanical control against the
deformation potential, conversion of the elastic strain energy into the kinetic energy of the fragmented clasts,
mainly caused by the impact with the ground, but also due to particle interactions during motion, and the induced
dispersive pressure that is combined with the lateral hydraulic pressure gradient. Depending on the particular
event, the fragmentation mechanism can be employed through the whole track, or for a given sector. The new
model explains many important phenomena observed in fragmenting rock avalanches, including the exceptional
lateral spreading, thinning, and hypermobility in the run‐out zone.

2. A Unified Dynamic Avalanche Fragmentation Model
2.1. The Fragmentation Mechanism

The dynamic fragmentation of an intact block is violent and rapid. Generally, the disintegration of rock masses
along joints may occur during the initial stage of the movement. However, the fragmentation may also take place
after a while as the block‐type sliding mass impacts the ground, or the shear force acts continuously before the
rock avalanche stops (Perinotto et al., 2015; M. Zhang & McSaveney, 2017; M. Zhang et al., 2019). Both the
fragmentation along joints and of intact blocks play an important role in determining the run‐out behavior of a
rock avalanche. During the fragmentation of the rock mass, the fracturing process along some preexisting joints
and newly generated joints overcomes their tensile strengths. In this process, the velocity of the system changes.
As it does, the slope parallel velocity (and therefore also the kinetic energy) of the frontal mass increases strongly.
However, the velocity of the rear part of the mass decreases substantially. This describes the phenomenon of
fragmentation‐induced energy transfer (Q. Lin et al., 2020, 2022). The energy convey between the front and rear
parts of the mass caused by the fragmentation process results in the enhanced forward movement of the front and
the hindered movement of the rear portion of the rock‐avalanche. And, it is argued that the fragmentation‐induced
energy transfer from the rear part to the frontal part is due to the release of elastic strain energy and its conversion
to kinetic energy (Bowman et al., 2012; T. R. Davies & McSaveney, 2009; De Blasio & Crosta, 2015; X. B. Li
et al., 2005; Z. X. Zhang et al., 2000). However, at least two questions remain unsolved: (a) Which factors in-
fluence the energy transfer and hyperspreading in the deposition area; and (b) what are the internal mechanisms
involved in this phenomenon? To answer these questions, we propose a unified theoretical model and simulation
technique. It is revealed that this process is tightly coupled with the prevailing mechanically controlled defor-
mation, momentum loss due to the impact, and the lateral pressure of the rock mass.

The elastic strain energy release caused by fragmentation is an important dynamic process (X. B. Li et al., 2005;
Z. X. Zhang et al., 2000). As the rock mass slides down and experiences a sharp decrease of the slope, part of its
kinetic energy is transformed into elastic strain energy stored in bonds. Then, already during the mass collapse,
due to shearing, or once the impact force is larger than the bond strength near the transition zone, the bond breaks.
Importantly, in the meantime, the elastic strain energy stored in the entire rock mass is released. Eventually, this
process converts the strain energy into the kinetic energy of fragments, enhancing the kinetic energy of the rock
mass (Q.‐W. Lin et al., 2020; Q. Lin et al., 2022).
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There are three important phenomena tightly connected to fragmentation. First, as the rock mass impacts the
ground, or experiences a sharp decrease in slope, part of its momentum is lost. We dynamically consider this
aspect by momentarily embedding (introducing) the momentum loss in the momentum balance equation. Second,
as the longitudinal dispersive force acts effectively in the direction of decreasing mass depth, it causes the rear part
of the avalanche to decelerate and halt and the front part to accelerate (T. R. Davies & McSaveney, 2009).
Accompanied with the impact and fragmentation, a significant amount of the fragmented mass moves relatively
slowly, mainly in the back, as compared to the non‐fragmented solid‐type mass, and substantially more slowly,
compared to the frontal fragmented particles. Therefore, fragmentation results in the delayed movement of the
center of the moving mass in comparison to the motion of a non‐fragmented rigid‐type mass. Third, the strong
lateral (particularly longitudinal) dispersive pressure leads to exceptional spreading and long run‐out of the
fragmented mass. We mechanically model the second and third processes by including the longitudinal dispersive
pressure in the momentum balance equation. This is done by dynamically enhancing the force induced by the
lateral hydraulic pressure gradient induced by the free‐surface of the landslide, the natural candidate to accom-
modate the lateral pressure. We dynamically combine the dispersive pressure with the lateral pressure gradient. In
contrast to the mechanical control against deformation (Pudasaini &Mergili, 2024) that may prevent deformation
of the rock mass for quite a while, this enhancement of the lateral pressure results in the frontal spreading, thinning
of the rock mass, and a tremendous increase in the mobility of the avalanche.

2.2. Controlled Deformation, Momentum Loss, and Energy Transfer

There are three major components of the proposed fragmentation dynamics leading to the extraordinary
avalanching motion.

2.2.1. Mechanically Controlled Rock Mass Deformation

After its release, the rock mass may freely deform as if it was a frictional granular material, or it may just slide as a
rigid body virtually without any deformation. In general, based on its material strength against deformation, it
may move with the mechanically controlled deformation mechanism applied in controlling the deformation
potential induced by the force associated with the hydraulic pressure gradient. Here, we consider the mechanically
controlled landslide deformation model proposed by Pudasaini and Mergili (2024):

∂(hu)
∂t

+
∂
∂x
[hu2 + Kxgz

h2

2
(1 −

SMp

ρgz
)] = h[{gx −

u
|u|

μδ (gz + κu2)} − Cvxu|u|]. (1)

In Equation 1, t [s] is time, x [m] is the distance along the slope, h [m] is the landslide depth in the direction
perpendicular to the slope, and u [ms− 1] is the velocity along the x‐direction. Similarly, gx and gz are the com-
ponents of gravitational acceleration along and perpendicular (the z [m]‐direction) to the slope, μδ [− ] is the
Coulomb friction coefficient, κ [m− 1] is the curvature of the slope,Cvx [m

− 1] is the viscous drag coefficient,Kx [− ]
is the earth pressure coefficient, and SMp

[kg m− 2s− 2] (the specific weight of the avalanching mass) is the me-
chanical strength against deformation. The later controls the deformation induced by the force associated with the
hydraulic pressure gradient (Pudasaini & Mergili, 2024) such that SMp

/(ρgz) ∈ (0,1). When SMp
/(ρgz) = 0 the

mass deforms as if it was a granular fluid (flow) as ruled by the lateral hydraulic pressure gradient. In contrast,
when SMp

/(ρgz) = 1 it slides virtually without any deformation, as a rigid body, because the tendency of the
lateral hydraulic pressure gradient to cause deformation is fully controlled. So, any deformation scenarios can be
described by adequate values of the mechanical strength SMp

against deformation.

As can be seen from Equation 1, we can describe both the block sliding (elastic rigid material) without defor-
mation when SMp

/(ρgz) = 1, and the granular flow (granular plastic material) with deformation when
SMp

/(ρgz) = 0. Any other scenario in between can be described by considering the deformation controller
SMp

/(ρgz) between 1 and 0. As we will show later, this plays a crucial role in the impact at the ground, frag-
mentation, and the subsequent granular flow dynamics and deposition.

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007689

PUDASAINI ET AL. 4 of 25



2.2.2. Momentum Loss During Impact

As the block‐type solid mass impacts the ground that can be on the inclined or the horizontal section of the
surface, some of its momentum is lost. This is a complex process. However, the intensity and magnitude of the
momentum loss depends on many factors, including the slope geometry and the material strength of the
avalanche, mainly its physical properties, sayMl [s

− 1], the momentum loss rate. The momentum is the product of
the rock‐avalanche mass and its velocity. It is therefore proportional to hu, and the momentum loss can be
explained by − Ml hu. With this, we enhance the momentum balance Equation 1 by supplementing the source
(right hand side) by the quantity − Ml hu = − h[Ml u] :

∂(hu)
∂t

+
∂
∂x
[hu2 + Kxgz

h2

2
(1 −

SMp

ρgz
)] = h[{gx −

u
|u|

μδ (gz + κu2)} − Mlu − Cvxu|u|]. (2)

By definition, Ml ∈ (0, 1) models the momentum loss of the rock mass as it impacts the ground, and is a local
quantity. In particular, Ml → 0 indicates virtually no momentum loss akin to granular flows in smoothly varying
slopes, whereasMl→ 1 represents almost all momentum loss at impact, a scenario closer to the vertical fall of the
rock mass.

2.2.3. The Energy Transfer During Fragmentation, and the Dispersive Lateral Pressure

As discussed earlier, the energy transfer during the fragmentation results in the dispersive lateral pressure. The
rock‐avalanche switches from controlled motion to fragmentation and then to granular flow. So, the effective
lateral stress Kxpzz − KxSMp

h/2 in Pudasaini and Mergili (2024) needs to be enhanced by a positive quantity
KxSMl

h/2 that describes the dispersive pressure. Here, Kx is the earth pressure coefficient, SMl
[kg m− 2s− 2] (has

the dimension of the specific weight of the avalanching mass) is the dispersive pressure parameter describing the
fragmentation induced enhanced lateral pressure, and h/2 emerges due to the consideration of the mean of the
lateral pressure (Pudasaini & Mergili, 2024). Therefore, the total effective lateral pressure pxx [m

2s− 2] (per unit
density) for the fragmented rock now reads as:

pxx = Kxpzz − KxSMp

h
2
+ KxSMl

h
2
, (3)

where pzz [m2s− 2] is the overburden pressure (normalized with density) of the rock mass in the direction
perpendicular to the slope. This combines the dispersive pressure KxSMl

h/2 with the compressional pressure
− KxSMp

h/2 (Pudasaini & Mergili, 2024) against the usual lateral hydraulic pressure Kxpzz induced by the free‐
surface gradient of the rock mass (Pudasaini & Hutter, 2007). Moreover, as in the deformation controller
− KxSMp

h/2 (Pudasaini & Mergili, 2024), Kx also appears in KxSMl
h/2 for the structural convenience. Otherwise,

we could just use SMl
h/2. This establishes a direct connection between the dispersive pressure and the lateral

pressure gradient. It will become clearer in Section 2.3 where the unified momentum balance equation for
fragmented rock‐avalanches is presented.

In our modeling, the lateral earth pressure coefficient is dynamically determined by the mechanical functional
relationship (Pudasaini & Hutter, 2007):

Kx = 2sec2 ϕ{1∓(1 − cos2 ϕsec2 δ)1/2} − 1, (4)

where the − sign indicates the active earth pressure coefficient (Ka
x) when ∂u/∂x ≥ 0, describing an extensional

motion, and the + sign indicates the passive earth pressure coefficient (Kp
x) when ∂u/∂x < 0, describing a

compactional motion. In Equation 4, ϕ [°] is the internal friction angle (friction between the granular particles in
the avalanche), and δ [°] is the basal friction angle (friction between the avalanche and the sliding surface).

The dispersive pressure parameter SMl
can be a complex quantity. It can be a constant, or a linear‐ or a non‐linear

function of several physical and dynamical quantities. As the fragmentation induces the dispersive pressure, this
then requires the consistent enhancement of the term associated with the hydraulic pressure in the momentum
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balance equation. Before the fragmentation process, SMp
may be effective, while the lateral pressure parameter SMl

may be ineffective. As the process of dynamic fragmentation begins, it activates SMl
whereas SMp

is (fully, or
partly) de‐activated. This is the main mechanical process and transition from solid‐type motion to fragmentation
to the avalanching motion of granular particles. Based on the intensity and mechanism of the disintegration and/or
the impact on the ground and fragmentation, the dispersive lateral pressure SMl

can even be much higher than the
compressional pressure, SMp

. This ultimately defines the thickness, spreading andmobility of the fragmented mass
in the run‐out zone. However, which parameter (SMp

and/or SMl
) is effective, when and how, and to which degree,

is a technical question. It depends on the topographic situation, the material properties and the mechanical
strength of the rock‐avalanche, the disintegration process, the impact intensity and the fragmentation process.
Consequently, these parameters should be properly defined and chosen by the practitioner. The possible range of
physical parameters and mechanical constructs and their plausible estimates are provided later in Sections 3 and 4.
However, it is out of scope here to provide guiding parameter values for practitioners. This will require calibration
and evaluation with some well‐documented real‐world events. Here, we have provided a general frame for
simulating rock‐avalanche motion and spreading following its impact at the ground, disintegration and
fragmentation.

Now, assuming the standard hydrostatic pressure distribution through the depth, pzz = (s − z)gz (s [m] is the free‐
surface of the sliding mass), applying the gradient operator (∂/∂x) and depth averaging Equation 3 following the
usual procedure (Pudasaini & Hutter, 2007; Pudasaini & Mergili, 2024), we obtain:

∂
∂x
[Kxgz

h2

2
(1 −

SMp

ρgz
+
SMl

ρgz
)]. (5)

This is the total effective lateral pressure gradient that systematically emerges in the proposed momentum balance
equation below.

2.3. The Dynamic Rock‐Avalanche Fragmentation Model: Geometrically Two‐Dimensional

Although structurally simple, the three processes mentioned above, the mechanically controlled landslide
deformation, the momentum loss in impact and the energy transfer resulting in the dispersive pressure, are
mechanically complicated. We unify and formally include all these aspects in the momentum balance equation for
the first time aiming at dynamically simulating the processes of controlled deformation, energy loss during
impact, disintegration or fragmentation, energy transfer and the subsequent granular flow, exceptional spreading
and hypermobility of the granular mass with unprecedented thinning in the run‐out. With the three mechanical
components mentioned above for the fragmented avalanche motion, generalizing Equation 2 with Equation 5, we
obtain the unified mass and momentum balance equations:

∂h
∂t
+
∂(hu)
∂x

= 0, (6)

∂(hu)
∂t

+
∂
∂x
[hu2 + Kxgz

h2

2
(1 −

SMp

ρgz
+
SMl

ρgz
)] = h[{gx −

u
|u|

μδ (g
z + κu2)} − Mlu − Cvxu|u|]. (7)

Equations 6 and 7 are written in conservative form. We call Equations 6 and 7 the dynamic simulation model for
the rock‐avalanche fragmentation. We call

SMu
= − (

SMp

ρgz
−
SMl

ρgz
), (8)

the unified mechanical strength that combines both the mechanical control against deformation and
fragmentation‐induced lateral pressure. It is a non‐dimensional number. As the simulation results show later, SMu

and Ml are central in the description of the fragmentation‐induced rock‐avalanche dynamics.

In laboratory experiments, the rock mass may be solid‐like before impact, and it may become deformable and gain
the dispersive lateral pressure after impact. Thus, impact‐fragmentation may control both SMp

and SMl
. In this
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situation, one may just use SMl
to represent the combined effect caused by impact‐fragmentation dynamics. For

real‐world rock‐avalanches, due to the possible disintegration occurring at the very beginning, avalanche mass
may always be deformable. Thus, it is often necessary that SMl

is always activated, to some degree, high or low,
depending on the situation. However, the fragmentation activity in the real‐world event can be a progressive
phenomenon during the entire motion of the rock‐avalanche. So, depending on the process, SMl

can be a variable
(or a function) connected with the fragmentation process. Similarly, SMp

may also vary with the avalanching
process. In that situation, both SMp

and SMl
should be appropriately used in the simulation. However, the dynamics

of SMp
and SMl

should be explored with the data from laboratory experiments and real‐world events of rock‐
avalanches with fragmentation. Data may include the rock strength before fragmentation, strength loss during
fragmentation, particle size, internal and basal friction, and speed during and after fragmentation.

As shown in Equation 7, eight different forces (or processes) are involved in the complexity of rock‐avalanche
fragmentation. These are the forces due to gravitational acceleration, friction, curvature, viscous drag, the hy-
draulic pressure gradient, mechanical control against deformation, momentum loss at impact and the dispersive
pressure. We note that the viscous drag force is the force that is proportional to the square of the velocity of the
moving rock mass (material or object), and is induced by the viscosity of the ambient fluid (air for subaerial rock‐
avalanches) (Pudasaini & Hutter, 2007; Pudasaini & Krautblatter, 2021). The gravitational acceleration, friction,
curvature and the viscous drag lead to changes in the free surface gradient of the landslide. The deformation
control mechanism involves the resistance against the deformation associated with the hydraulic pressure
gradient, gravitational acceleration, friction, curvature and the viscous drag forces. The momentum loss updates
the actual available energy after impact. And, the dispersive pressure enhances the lateral pressure gradient,
causing the wide spreading in the run‐out zone.

2.4. Advancement and the Model Structure

An important aspect of our model Equations 6 and 7 is that, by settingMl = 0, SMp
= 0 and SMl

= 0, and imposing
the linear increase of the earth pressure coefficients in its active and passive states by the same amount, but
globally through the entire path of the propagating mass, we recover the model by T. R. Davies and McSave-
ney (2002). So, in this respect, our model may be perceived as an extension to the T. R. Davies and McSave-
ney (2002) model. However, here, we have fundamentally advanced by presenting a general, unified and flexible
model for the fragmentation‐induced rock‐avalanche motion in a mechanically controlled manner. This was done
by including the four important mechanical aspects associated with Ml, SMp

and SMl
, and by considering an

automatically, dynamically evolving earth‐pressure coefficient without any bias. Moreover, in our modeling
frame, Ml, SMp

and SMl
can be constrained as local quantities.

As SMl
→ 0 andMl→0, Equations 6 and 7 reduce to the mechanically controlled landslide deformation model by

Pudasaini and Mergili (2024). Thus, the advantage of the proposed model is that the existing efficient numerical
methods (Pudasaini & Hutter, 2007) and computational tools, such as r.avaflow (Mergili & Pudasaini, 2024;
Mergili et al., 2017) can be directly applied to the model Equations 6 and 7.

2.5. Essence of the Model

The novel unified dynamic fragmentation model Equations 6 and 7 developed here enhances the mechanically
controlled deformation (with compressional strength) model proposed by Pudasaini and Mergili (2024) by
embedding the two additional important aspects of momentum loss at impact and the mechanism of overcoming
the tensile strength of the rock mass into the momentum balance equation. The unified mechanical strength for the
controlled deformation plays the key role as dynamically ruled by the force associated with the hydraulic pressure
gradient that precisely reigns the landslide deformation and spreading. Subsequent to the controlled deformation,
the disintegration, impact and fragmentation processes, the new model describes the energy loss due to the impact
and the energy conversion in fragmenting rock‐avalanches by amplifying the hydraulic pressure gradient in the
opposite direction: enhanced for the frontal particles and reduced for the rear particles. The main principle is the
switching between the compressional stress (the controlled deformation) and the tensile stress and its overcoming
due to fragmentation, resulting in the development of the dispersive pressure. This leads to the substantial
spreading of the frontal part of the mass in the flow direction and, at the same time, the backward stretching of the
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rear part of the rock mass. This also implies that fragmentation enhances the run‐out, with less energy con-
sumption compared to granular flows. We elaborate on this at Section 3.2.3.

2.6. The Dynamic Rock‐Avalanche Fragmentation Model: Geometrically Three‐Dimensional

Equations 6 and 7 can be directly extended to the evolution of geometrically three‐dimensional landslide frag-
mentation and its dynamics as:

∂h
∂t
+
∂(hu)
∂x

+
∂(hv)
∂y

= 0, (9)

∂(hu)
∂t

+
∂
∂x
[hu2 + Kxgz

h2

2
(1 −

SMp

ρgz
+
SMl

ρgz
)] +

∂
∂y
[huv] = h[{gx −

u
|u|

μδgz − gz
∂b
∂x
} − Mlu − Cvxu|u|], (10)

∂(hv)
∂t

+
∂
∂x
[huv] +

∂
∂y
[hv2 + Kygz

h2

2
(1 −

SMp

ρgz
+
SMl

ρgz
)] = h[{gy −

v
|u|

μδgz − gz
∂b
∂y
} − Mlv − Cvyv|u|], (11)

where b is the basal topography, and u = (u, v) is the slope‐parallel velocity of the moving mass. Equations 9–11
are in conservative form. For practical purposes in higher dimensions, as in Pitman and Le (2005), Puda-
saini (2012), and Pudasaini and Mergili (2019), these equations are written in locally varying Cartesian co-
ordinates. This is often preferable in practical applications with advanced computational tools such as r.avaflow
(Mergili & Pudasaini, 2024). Note that in practical applications, SM, Ml, and Cv may be different in the x‐ and y‐
directions, depending on the anisotropy of the material and the flow dynamics. The analyses presented above for
the geometrically two‐dimensional model Equations 6 and 7 also apply for the geometrically three‐dimensional
dynamic rock avalanche fragmentation model Equations 9–11.

3. Dynamics of Rock‐Avalanche Fragmentation
3.1. Numerical Method, Initial Configuration, and Physical Parameters

To explore the fragmentation effect on the spreading and mobility of rock‐avalanches, three scenarios are
considered here: rock‐avalanches with and without fragmentation, and debris avalanches (same material as rock‐
avalanches but composed of smaller clasts instead of bedrock). From the design of these conditions, our proposed
model can reproduce the dynamics of rock‐slides without any deformation, rock‐avalanches with intensive
fragmentation, and rock‐avalanches composed of debris with free deformation (means, without any resistance
against the deformation induced by the free‐surface pressure gradient, Pudasaini & Mergili, 2024). We present a
set of simulation results for a landslide down a slope with different resistive forces against the force induced by the
hydraulic pressure gradient and the momentum loss at impact. Simulations are performed by numerically solving
the unified dynamical model Equations 6 and 7 with the high resolution and very efficient TVD‐NOC numerical
method (Pudasaini & Hutter, 2007), which has been extensively applied and validated in mass flow simulations
with the advanced open source computational tool r.avaflow (Mergili et al., 2017, 2020; Pudasaini & Mer-
gili, 2019; Shugar et al., 2021). Referring to the experiments conducted by Q. Lin et al. (2020, 2022), the traveling
path for the simulation consists of an inclined slope at an angle ζ = 45° from x = 0 to xa = 350 m. Then, it
continuously transits from xa = 350 m to xb = 650 m decreasing in slope from ζ = 45° to ζ = 0° to the horizontal
run‐out zone. The initial mass of depth h0= 5 m lies between x= 40 m and x= 60 m in the upper part of the slope.
This mass of bulk density ρ = 2,000 kgm− 3 is released with an initial velocity u0 = 0. Following the relevant
literature (Pudasaini &Mergili, 2024), the coefficient of viscous drag is chosen as Cv= 0.002 m− 1. Moreover, the
internal and the basal friction angles are ϕ = 33° and δ = 27°, respectively.

Before presenting our simulation results, first, we need to specify Ml, SMp
and SMl

. For granular flows or sliding
blocks without substantial fragmentation, one may setMl→0.0. However, for intense fragmentation,Mlmay take
a significantly large value (De Blasio & Crosta, 2015; De Blasio et al., 2018). So, subsequent to strong frag-
mentation we use Ml = 0.3 [s− 1] for the momentum loss from x = 400 m to x = 460 m during the impact of the
rock mass at the ground, assuming that it takes a while until the major energy loss commences. This represents an
inelastic impact. Otherwise Ml = 0.0. The typical value of SMp

can be estimated with reference to ρgz. In the
incipient motion, for the material and geometrical parameters given above, as gz = g cos ζ, ρgz = 13,873 [kg
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m− 2s− 2]. Based on this, to apply no deformation control and a strong deformation control, we respectively take
SMp

= 0.0 and SMp
= 13,422 [kg m− 2s− 2]. For the fragmentation, due to the intense and strong energy conversion

from the elastic strain energy to the enhanced kinetic energy of the rock fragments, from xa > 350, a relatively
high value of SMl

is used: SMl
= 93,957[1.0 + (x − xa)/ l], l = 35.0 m. Here, these values are used for numerical

purposes assuming a substantially higher value of SMl
, compared to that of SMp

. This is consistent with the
argument presented in Section 2.2.3. However, these values must be scrutinized with laboratory and real‐world
event data. The linearly slowly increasing value of SMl

describes the higher frontal velocity of the fragmented
particles. With these mechanical (strength) parameters, we simulate three scenarios of rock‐avalanches. These
include a rock‐avalanche, a rock‐slide, and the dynamics of rock fragmentation with extensive spreading as
caused by the mechanically controlled enhanced deformation.

3.2. Results

3.2.1. Granular Rock‐Avalanche

Fragmentation can occur at the very beginning of the failure stage of rock‐avalanches (Pudasaini & Hutter, 2007).
So, the classical model can be applied for the flow of a freely deformable granular mass (Pudasaini & Mer-
gili, 2019). In this situation, the energy loss as the mass impacts the horizontal plane may be considerable or
insignificant, whereas the friction and drag can play a major role in energy dissipation. For simplicity, first we
consider a rock avalanche composed of a granular mass without any energy loss (due to fragmentation) at the
impact (i.e., no energy loss due to impact with the horizontal surface) withMl = 0. The other parameters take the
trivial zero values, that is, SMp

= 0 and SMl
= 0. Figure 2 presents such a granular mass flow down an inclined

channel that transits to a horizontal run‐out plane at x = 350 m. Immediately after the release, the granular mass
stretches in downslope direction. As soon as it transits to the horizontal plane, the mass begins to quickly
accumulate in the run‐out zone due to the basal friction. Such a dynamically changing rock mass deformation
happens along the entire flow path, because the mass is assumed to be freely deformable as described by the force
induced by the hydraulic pressure gradient, and there is no mechanical control against such deformation
(SMp

= 0, SMl
= 0).

If the energy loss due to the impact is considered, the mass will lose some momentumwhen entering the transition
zone. This will result in the loss of kinetic energy of the flow, decreased run‐out, and the associated increased flow
depth in the deposition zone. The results are presented in Figure 3 withMl= 0.1 at impact. This is assumed to be a
plausible choice for a loose and freely deforming granular flow, because the results indicate that an increase from

Figure 2. Granular rock avalanche, its slide dynamics and deposition when the momentum loss in the impact is disregarded,
and when there is no mechanical control against deformation caused by the pressure gradient.
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Ml = 0.0 toMl = 0.1 does not lead to a substantial change in the flow dynamics and deposition. In Section 4, we
have further increased the value of Ml from Ml = 0.0 to Ml = 0.2 to analyze how it influences the dynamics of
large‐scale rock‐avalanche fragmentation, and the change is not that substantial. The centers of mass without
momentum loss at time t = 16, 18, 20, 21 s are at Cm = 396.00, 447.00, 481.00, and 491.00 m, respectively,
whereas with momentum loss, the corresponding centers of mass are at Cm = 395.49, 443.00, 471.87, and
479.38 m. There are some differences between Figures 2 and 3 as the mass transits. However, the difference
between Figures 2 and 3 is not that large. This indicates that, for granular flows, the effect of momentum loss at
impact may not be very substantial as can be seen from the front and rear positions and the flow depths in these
two figures.

3.2.2. Rock‐Slide

The second test considers the scenario of a rock‐avalanche without fragmentation, which is similar to rock‐slide
propagation as an intact mass. In this scenario, the rock mass may just slide, virtually without any deformation.
The deformation potential caused by the hydraulic pressure gradient is fully controlled by the material strength of
the rock mass. Then, the rock mass just translates along the slope and also in the run‐out plane virtually without
any deformation. Figure 4 depicts this situation withMl = 0, SMp

= 13, 422,SMl
= 0 as no energy loss in impact is

considered, and no fragmentation takes place. Compared with Figure 2 simulating a granular rock‐avalanche, the
rock‐slide dynamics in Figure 4 is fundamentally different from the inception of the motion, through the path to
the deposition in the run‐out area. The main differences are the geometrical pictures at each time step, the front
and the rear positions of the avalanching masses and their extent, the flow depths, and the run‐out morphology.
Most of these differences can be explained by the mechanical control against the deformation potential associated
with the lateral hydraulic pressure gradient.

3.2.3. Rock‐Avalanche With Fragmentation

Rock‐avalanches with a high degrees of fragmentation display extensive spreading, thin deposits and very high
mobility, as field investigations have shown (Crosta et al., 2017; Wang et al., 2018). Fragmentation‐induced rapid
energy transfer explains these phenomena. There can be different scenarios of fragmentation. One possibility to
switch from the controlled motion to fragmentation and the subsequent deformation as a granular flow is when it
reaches the transition zone where the impact and fragmentation is intense. This is more likely to happen for huge
rock‐falls and rock‐slides with undulating travel path or abrupt changes in the slope (De Blasio et al., 2018; Strom
& Abdrakhmatov, 2018). Previous fragmenting rock‐fall and rock‐slide experiments and simulations consider

Figure 3. Granular rock avalanche, its slide dynamics and deposition when the nominal momentum loss in the impact is
considered, but the mechanical control against deformation caused by the pressure gradient is disregarded.
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this scenario (Bowman et al., 2012; De Blasio & Crosta, 2015; Haug et al., 2016 Q.‐W. Lin et al., 2020). In
another scenario, the switching can already be considered in the early stage of the motion if the fragmentation
already takes place after the rock mass detachment, and if the deformation is substantial. Moreover, disintegration
(passive fragmentation) of jointed rock masses cannot invoke such an intense dispersive pressure (McSaveney &
Davies, 2006). However, when and how to activate the fragmentation parameter in the simulation is a technical
question that should be decided by the practitioner. Here, in the simulation, we mainly focus on the fragmentation
following the rock mass impacting the ground in the transition zone. However, in principle, any scenario of the
fragmentation dynamics and the subsequent flow of granular rock masses can be simulated by the proposed model
Equations 6 and 7. The fragmentation mechanism can be employed through the whole track, or for a given sector
of the track even in the run‐out zone. All that depends on the particular event and the underlying mechanism. As
the avalanching mass continues to impact the ground or local shearing commences, further local fragmentation
occurs around this location. The fracturing and fragmentation begins. Then, as the rock fragments completely, the
rear material pushes the front part of the mass forward (Q. Lin et al., 2022), transferring the energy from the clasts
from the back whose energy is reduced to the frontal clasts. In the meantime, the strain energy stored in the
impacting mass is redistributed and released, boosting (enhancing) the velocity of the clasts in the frontal part and
reducing the velocity of the clasts in the rear part (De Blasio & Crosta, 2015; Q. Lin et al., 2022).

Here, we consider that the fragmentation starts at the frontal part of the moving mass as it passes through the
transition between the inclined plane and the horizontal run‐out plane. One possible place at which the rock mass
loses the tensile strength is where it impacts the horizontal plane where one can assume that most of the bonds are
broken (Haug et al., 2016; Q.‐W. Lin et al., 2020).

Here, we focus on the situation where fragmentation takes place as the mass transits from the inclined slope into
the run‐out area. As the rock mass hits the ground, several important processes happen simultaneously, or in
immediate succession: accumulation of the elastic strain energy, fragmentation and the momentum loss of the
rock mass, conversion of the stored elastic strain energy into the kinetic energy, generation of the dispersive
pressure, and overcoming of the lateral mechanical control (compressional stress). This results in spreading of the
fragmented rock particles. The new fragmentation‐induced rock avalanche model Equations 6 and 7 includes
these aspects through the mechanical parameter SMp

for the mechanical control against deformation, Ml for the
momentum loss at impact, and SMl

for the induced lateral pressure. This is the first model of this kind to
dynamically simulate the fragmentation process and the subsequent rock‐avalanche flow in a unified way.

Figure 4. Rock‐slide and deposition, virtually without any deformation as the material strength of the rock mass mechanically
fully controls the deformation, and the momentum loss due to the impact is disregarded.

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007689

PUDASAINI ET AL. 11 of 25



Figure 5 shows the depth evolution of the avalanching mass considering the process of deformation control,
momentum loss, overcoming of the tensile strength and the fragmentation after its passage from the inclined slope
to the transition into the run‐out with parameter valuesMl = 0.3 (in the region 400 < x < 460), SMp

= 13, 422 (for
0 < x < 350), SMl

= 93, 957[1.0 + (x − 350)/ 35.0] (for 350 < x < 650). The reason for the choice of these
parameters has been explained in Section 3. Otherwise, these parameters are zero. Parameters are selected ac-
cording to Pudasaini and Mergili (2024) for demonstrating the functionality of the proposed model. For real‐
world applications, they have to be constrained through field data or laboratory experiments (Q. Lin
et al., 2020, 2022). Here, the rock mass slides on the inclined slope until x = 350 m, virtually without any
deformation as the deformation is fully controlled mechanically by the strength of the rock mass against
deformation. Then, as the rock mass enters the transition zone, the mechanical control against deformation is
removed, assuming that the tensile strength of the rock mass is overcome by the impact. Overcoming of the tensile
strength and removal of the mechanical control can take place synchronously. The rapid overcoming of the tensile
strength due to the impact at the ground, that breaks the bonds between the rock elements, and the lifting of the
mechanical control against the deformation induced by the hydraulic pressure gradient reflect the dispersive stress
effects caused by the high‐intensity fragmentation, eventually leading to distal spreading. Then, deposition takes
place in the run‐out zone. As compared to the fully controlled deformation in Figure 4, now, after t > 14 s, the
mass begins deforming, first slowly, then faster and faster. The rapid and strong conversion of the strain energy
into the kinetic energy results in very intense spreading, thinning, long run‐out, and the hypermobility of the
propagating granular rock mass. Since the efficiency of fragmentation‐induced energy transfer is higher than that
of collision‐induced energy transfer, dynamic fragmentation enhances the run‐out and spreading of rock masses
more efficiently than interactions of non‐breakable particles during the propagation of rock‐avalanches (Q. Lin
et al., 2022). Figure 5 reveals this important phenomenon as compared to Figure 4.

Another important observation is that the front of the granular mass flow in Figure 2 moves substantially faster
than the front of the rigid rock‐slide followed by the fragmented mass in Figure 5 until t = 16 s. Thereafter, the
front in Figure 2 decelerates and moves slowly because the friction controls the motion in this region. However, in
Figure 5, with fragmentation, even with substantial momentum loss during impact, the front of the mass first
accelerates rapidly in downstream direction. Only then, it begins decelerating. This resulted in the extraordinary
spreading of the mass running out to a tremendous distance with completely different dynamics and morpho-
logical features in the deposition fan. Thus, the rock‐slides and the fragmented rock mass flows are character-
istically different phenomena.

Figure 5. High‐intensity fragmented rock‐avalanche dynamics, extraordinary spreading, run‐out and mobility as the rock
mass impacts the ground (transition to the run‐out at x = 350 m). Initially, the rock mass slides on the inclined slope without
any deformation due to its mechanical strength. Momentum loss at impact is considered.
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After the transition, the center of mass in Figure 4 without fragmentation is at Cm = 400, 451, 486, and 495 m at
time t = 16, 18, 20, 21 s, respectively. In comparison, the center of mass in Figure 5 with fragmentation is at 399,
440, 462, and 470 m, respectively, at the same time slices. However, note that, in Figure 4 the energy dissipation is
a consequence of the basal friction and the drag, but not of the momentum loss at impact. Here, simple basal
sliding is considered without fragmentation and deformation. As compared to the non‐fragmented rock‐slide in
Figure 4, in Figure 5 with the high‐intensity fragmentation, the center of mass is effectively hindered (by about 1,
11, 25, and 25 m) for the same time slices (after t = 14 s) as the mass enters the transition zone to the run‐out. The
evolution of the center of mass without fragmentation and with fragmentation (including the energy loss as the
mass impacts the horizontal plane) are shown in Figure 6 after the fragmentation process begins. The substantially
delayed motion of the center of mass when the rock avalanche fragments and moves as a granular flow is clearly
shown.

Another important observation from Figure 5 is the highly mobile behavior of the particles (high velocity) in the
frontal part and the delayed motion of the particles (low velocity) in the back of the fragmented mass. This is clear
from the frontal and the rear position of the rock mass at selected points in time after the fragmentation took place
(t > 14 s).

The positions of the front, the center of mass and the rear of the avalanche are presented in Figure 7. Until t= 14 s,
or while the mass slides on the inclined chute, the position of the center of mass lies more or less in the center
between the front and the rear positions. However, it is very interesting to observe that, as the rock mass impacts
the run‐out plane, and the complex fragmentation process commences, the center of mass deviates away from the
mid position between the front and the rear of the avalanching granular flow. Although it is moving forward, the
center of mass approaches the rear position and moves away from the front position. This can be explained
dynamically with the underlying mechanism of the momentum loss in the impact and the fragmentation‐induced
dispersive pressure. In the rear, a portion of the fragmented mass decelerates and quickly comes to rest, while the
frontal part of the mass is pushed much farther away, it spreads and thins in the distal run‐out zone. This defines
the position of the center of mass.

The velocities of the front, the center of the mass and the rear positions are shown in Figure 8. As the frag-
mentation takes place and intensifies after t = 14 s, although the velocity of the rear position drops rapidly, the
velocity of the front increases sharply. However, at this instance, the velocity of the center of mass increases
moderately. After t = 16 s, as the intensity of the fragmentation decreases, the velocity of the rear continues to
drop sharply. A similar behavior, but to a lesser extent, is visible for the velocity of the center of the mass. The
decrease of the velocity of the front, however, is much slower than the other two. The rear motion ceases at

Figure 6. Time evolution of the position of the center of mass without fragmentation and with fragmentation as the
fragmentation process begins in the rock‐avalanche after t = 14 s. With fragmentation, the center of mass is substantially
pushed upslope, and this pushing back is intensified with time.

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007689

PUDASAINI ET AL. 13 of 25



t = 20 s, but the center of mass is still moving at a significant velocity. Yet, the velocity of the front is quite high,
indicating that its motion continues for quite a while until it comes to a halt.

Next, we dynamically explain what determines the motion of the rear and the frontal portion of the fragmented
clasts. After the fragmentation, the clasts have different contributions to the velocities. Upslope from the impact
and fragmentation apex, the particle velocity has two contributions, acting in opposite directions. First, the ve-
locity in the forward (downslope) direction follows the momentum of the slide. Second, the dispersive pressure
induced by the fragmentation tends to strongly push the clasts in backward (upslope) direction. The resultant of
these mutually opposing velocity contributions determines the subsequent motion of these particles, and the
morphology of the back side of the deposition. However, the clasts downslope from the impact apex experience
two velocity contributions, from the movement from the upslope and the dispersive pressure, both in the forward
direction. The resultant of these velocities can be incredibly large, leading to superspreading of the mass in the
frontal run‐out zone, with rapid thinning of the front in the deposition area. Consequently, the dynamics of the rear
and the front determine the position and the velocity of the rear, the center of mass and the front of the avalanching
body.

Figure 7. Time evolution of the front, the center of mass and the rear position of the rock‐slide with fragmentation.

Figure 8. Time evolution of the velocity of the front, the center of mass, and the rear of the rock‐slide with fragmentation.
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4. Large‐Scale Simulations on Synthetic Nature‐Oriented Topography
Motivated by the performance of the new model Equations 6 and 7 for small‐scale simulations of geometrically
two‐dimensional motion and deformation of fragmenting rock mass movements, presented in Section 3, we now
study the influence of the mechanism of the deformation control, energy loss in impact and fragmentation, and the
dispersive lateral pressure on a set of large scale synthetic, geometrically three‐dimensional, mass flow simu-
lations with the model Equations 9–11.

4.1. Simulation Set‐Up

We apply a series of tests on a synthetic landscape. This landscape, with an extent of 5,000× 5,000 m, represents a
slope in longitudinal (x) direction, and a horizontal run‐out plane. The elevation z is calculated as

z = if [x< 2100,700 −
x
3
,0], (12)

where x is the position along the x‐axis. A release mass assuming the shape of a flattened hemispheroid with a
radius of 400 m and a maximum height of 200 m is centered at the position x = 1,000 m and y = 2,500 m:

h = 0.5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4002 − (x − 1000)2 − (y − 2500)2
√

. (13)

The setup of the topography and the release mass is illustrated in Figure 9 where the inclined plane is shown in
dark‐gray color and the horizontal plane is represented in light‐gray color.

Our generic case represents a very large rock avalanche, with a volume of 67 million m3. Landslides of this order
of magnitude, and even much larger, have occurred in the past (Legros, 2002; Pudasaini & Miller, 2013). One of
the most recent examples of very large rock slope failures is the Daguangbao Landslide in China, triggered by the
2008 Wenchuan Earthquake, with a volume exceeding 1 km3 (1,000 million m3) and an initial maximum
thickness of 700 m (Cui et al., 2020; Huang et al., 2012). The scar of the 2021 Chamoli Landslide in India (Shugar
et al., 2021) displayed a vertical depth of up to 180 m, the same order of magnitude as applied in our generic case.
We therefore consider our generic setup representative for a large rock avalanche in nature.

A set of six simulations (Table 1) is performed on the setup illustrated in Figure 9, using the open‐sourcemass flow
simulation framework r.avaflow (Mergili & Pudasaini, 2024). In the experiments FR0 − FR3, the fragmentation
coefficientCF is varied, whereas all other parameters are kept constant.CF [− ] is introduced in r.avaflow as amore
intuitive and user‐friendly alternative to SMl

, in an analogous way to the deformation coefficientCD [− ] (Pudasaini
& Mergili, 2024). CF = CD would mean that the effects of fragmentation offset the effects of deformation control

Figure 9. Synthetic landscape (extent 5,000 × 5,000 m) and release mass with a flattened hemispheroid (radius 400 m,
maximum height 200 m) used for testing the fragmentation model. Oblique view roughly in positive y direction.
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(CD). In contrast to CD, which is always in the range [0, 1], CF can take values much higher than 1. SMl
is

conveniently derived as follows:

SMl
= CFρgz. (14)

Substantially higher values ofCF than those ofCD are consistent with the argument that dispersive lateral pressure
can be much higher than the compressional pressure mentioned in Section 2.2.3, and considered in the simulation
in Section 3.2.3.

In the experiment FR0, fragmentation is generally switched off (CF = 0). In all other experiments, fragmentation
is only enabled on the run‐out plane, after the moving mass has reached the sudden break of the slope. Frag-
mentation is disabled on the slope, with a small transition zone in between. Deformation control, in contrast, is
generally enabled on the slope, and disabled on the run‐out plane. However, these are only some possible sce-
narios. Fragmentation on the slope would also be possible with enough load above the rock. The experiments FR6
and FR9 investigate the effect of Ml on the momentum loss of the landslide after it has passed the break in the
slope and moved onto the run‐out plane. Constant values of density ρ [kg m− 3], internal friction angle ϕ [°], and
basal friction angle δ [°] are applied (Table 1). All simulations are run at a spatial resolution (raster cell size) of
10 m, and stopped after a process duration of 150 s.

4.2. Computational Tool: r.avaflow

r.avaflow (Mergili & Pudasaini, 2023; first introduced in its initial version by Mergili et al., 2017) represents a
comprehensive open‐source computational framework for the simulation of gravitational mass flows. It is most
efficiently run as an extension to the GIS software GRASS. The multi‐phase, multi‐mechanical, flexible model
introduced by Pudasaini and Mergili (2019) is used to route different types of mass flows (such as rock ava-
lanches, flow‐type snow avalanches, debris flows, or floods) down a natural or generic topography. The multi‐
phase model is also particularly suitable for the simulation of complex geomorphic process chains such as
glacial lake outburst floods (Mergili et al., 2020). The model equations are solved through a TVD‐NOC numerical
scheme (Pudasaini & Hutter, 2007). r.avaflow offers various additional functionalities such as entrainment,
stopping, or hydrograph input, all out of scope here, and therefore not considered in the present model
simulations.

For the present work, the multi‐phase model (considering coarse particles, fine particles and viscous fluid
with fundamentally different physical properties and mechanical responses) (Pudasaini & Mergili, 2019)
used in r.avaflow is equipped with the controlled deformation, momentum loss in impact and dispersive
pressure model introduced in Section 2, considering only the first (solid) phase.

4.3. Results

Applying the dynamic rock‐avalanche fragmentation model Equations 9–11, we now present and analyze the
simulation results based on three important aspects controlling the motion and deformation, run‐out and depo-
sition of the landslide. These are the mechanically controlled deformation, momentum loss during impact, and the
dispersive lateral pressure.

Table 1
Parameters for the Computational Experiments Performed on the Setup Shown in Figure 9

Exp./Param. ρ ϕ δ CD CF Ml

FR0 2,700 35 16 1.0 0.00 0.0

FR1 2,700 35 16 1.0 2.00 0.0

FR2 2,700 35 16 1.0 5.00 0.0

FR3 2,700 35 16 1.0 10.0 0.0

FR6 2,700 35 16 1.0 10.0 0.1

FR9 2,700 35 16 1.0 10.0 0.2
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4.3.1. Mechanically Controlled Deformation

In all the simulation results presented in Figures 10–13, a strong mechanical control against the deformation
induced by the hydraulic‐pressure gradient is applied on the entire inclined surface (indicated by left dark‐gray
plane in Figures 10 and 12). This models a largely intact rock mass until about t = 50 s. Except for some un-
avoidable numerical diffusion, the moving mass slides down the slope without deformation. As the mass impacts
the horizontal run‐out plane (t ≥ 50 s), the mechanical control against the deformation is removed, allowing the
rock mass to freely deform in the transition and the run‐out zone, as well as in the deposition zone (indicated by
the right light‐gray plane in Figures 10 and 12).

4.3.2. Spreading Caused by Dispersive Lateral Pressure

4.3.2.1. Ground Plot Evolution

One of the major aspects in rock‐fragmentation and subsequent dynamics is associated with the fragmentation‐
induced dispersive pressure resulting in the spreading of the fragmented rock clasts. To model such dynamics, we
apply different dispersive lateral pressure parameter values for SMl

. The results are depicted in Figure 10. Panel
(a), FR0, is without dispersive lateral pressure CF = SMl

/(ρgz) = 0, and is considered as the reference for
analysis. As the mass transits from the inclined plane to the horizontal plane (t ≥ 50 s), it starts deforming
substantially due to the force associated with the hydraulic‐pressure gradient, because the deformation control is
removed. In this region, the moving mass behaves as a granular material. As the basal friction is the main energy

Figure 10. Evolution of the landslide flow height for four selected numerical experiments. The radius of the release mass
(indicated by the dashed circle) is 400 m, providing the scale. The dashed lines indicate the longitudinal profile lines used to
generate Figure 11 for the landslide height profiles. FR0 − FR3 are the simulation experiments. The deformation control CD
is activated on the inclined plane (on the left side). The fragmentation coefficient CF is activated on the horizontal plane (in
the right). The momentum loss during impact Ml is de‐activated.
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dissipation mechanism and the gravitational acceleration is zero in the run‐out plane, the mass deforms more in
the transversal direction than in the longitudinal direction. The mass quickly starts accumulating just beyond the
slope break (t ≥ 70 s), and finally comes to a standstill at t = 150 s, within a narrow area.

The situation becomes more interesting as we apply and increase the dispersive lateral pressure parameter values
for CF from CF= 2 (panel (b), FR1) to CF= 10 (panel (d), FR3). The most spectacular dynamics and spreading is
shown with CF= 10 (panel (d), FR3). As soon as the mass impacts the ground (t ≥ 60 s), due to the fragmentation
induced dispersive lateral pressure, the mass starts to spread radially outwards in all (plane) directions. The
fragmented granular mass thins outward forming the tapered structure. This effect is much stronger with CF = 10
(panel (d), FR3) than with CF = 5 (panel (c), FR2), or CF = 2 (panel (b), FR1).

4.3.2.2. Profile Evolution

Detailed and better dynamical and local information can be acquired by looking at the profile evolution along the
central line of the flow in the downslope direction as extracted from Figure 10. The results are presented in
Figure 11. Again, FR0 (with CF= 0) is considered as the reference for the analysis against the higher values of the
dispersive pressure. In this situation, as the mass impacts the plane surface and the deposition process begins (after
t ≥ 60 s), we observe that, due to the vanishing gravitational acceleration and dominant basal friction, the rapidly
descending front starts decelerating swiftly. As the frontal portion of the mass can now deform on the run‐out
plane, it quickly develops into the surging front, in contrast to the still largely intact mass behind on the in-
clined slope (t = 70 s). The strong pushing from the upper portion (solid‐type) of the large mass, and the firm
frictional resistance from the front, result in the momentarily very sharp peak at around t= 80 s. As time proceeds,
the sharpness of this peak diffuses, it becomes more gently curved. The mass has deposited at t= 150 s with most
of it lying in the run‐out zone, whereas some portion remains on the inclined slope.

Figure 11. Flow height evolution for four selected experiments (Table 1) and six selected points in time, along the
longitudinal profile illustrated in Figure 10. Note that the aspect ratio is out of scale. For better visualization, the flow height
is 2‐fold exaggerated; offset: x‐axis by − 100 m, z‐axis by 100 m.
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We now focus on the more interesting situation when the dispersive pressure is employed, with CF = 2, 5, 10,
corresponding to FR1, FR2 and FR3. With the highest value of the dispersive pressure in FR3, we observe that,
already at t = 60 s, the front propagates substantially away from the inclined slope. Because the strong frag-
mentation starts at the slope break, the frontal portion of the mass on the run‐out plane is fluidized. So, no sharp
front as in FR0 can form after t = 60 s. Rather, the moving mass quickly spreads out in a progressively thinning
outward front, and eventually comes to rest at t= 150 s. Probably the most important information can be gathered
from the comparison of the deposition patterns among the simulations with FR0, FR1, FR2, and FR3. As
compared with FR0, the frontal position for FR3 is approximately 1,500 m farther away from the slope break,
which is a huge difference. The fronts simulated in the experiments FR2, FR1, and FR0 are very much behind.
The maximum flow height decreases quickly from FR0 to FR1 and, at a lower rate, from FR1 to FR2 to FR3.

Figure 12. Evolution of the landslide flow height for three selected numerical experiments. The radius of the release mass
(indicated by the dashed circle) is 400 m, providing the scale. The dashed lines indicate the longitudinal profile lines used to
generate Figure 13 for the landslide height profiles. FR3 − FR9 are the simulation experiments. The deformation control CD
is activated on the (left) inclined plane. The momentum loss during impact Ml and the fragmentation coefficient CF are
activated on the horizontal plane on the right side.
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Thus, the fragmentation‐induced lateral dispersive pressure plays a fundamental role in the overall mass transport,
transition and deposition of the fragmented rock clasts.

4.3.3. The Control of the Momentum Loss During Impact

4.3.3.1. Ground Plot Evolution

Another crucial aspect of fragmenting rock‐avalanches is the energy loss as the rock mass experiences a suddenly
decreasing slope (here, impacting the horizontal plane). Part of the momentum carried by the moving mass is
consumed during impact. Depending on the intensity of the momentum loss in this process, the subsequent
dynamics may change substantially to strongly. The results are presented in Figure 12 for different values of
momentum loss. For this, we consider FR3 (from Figure 10d) as a reference, and apply Ml = 0.1 and Ml = 0.2
(FR6 and FR9, respectively) for the simulations with 10% and 20%momentum loss. We analyze the situation with
FR9. As soon as the mass impacts the ground (t ≥ 50 s) in panel (c), spreading and the propagation speed are
controlled. The overall control of the momentum loss in mass propagation and spreading during transition, run‐
out, and deposition can be accessed by looking at the final morphology of the deposit at t = 150 s. The mass
spreading during deposition for FR3 is quite intense, whereas the mass spreading in FR9 is substantially
controlled, that is, the deformation and propagation are radially restricted due to the momentum loss, as can be
seen by comparing panel (c) with panel (a). However, the change between FR6 and FR9 is less than the change
between these and FR3. This means that even a small amount of momentum loss can exert a strong effect on the
dynamics and deposition of the fragmenting rock avalanche. As no mass impact at the ground, and no frag-
mentation can take place without momentum loss, we emphasize that proper models and simulations of the mass
transport require inclusion of the momentum loss.

Figure 13. Flow height evolution for all three experiments (Table 1) and six selected points in time, along the longitudinal
profile illustrated in Figure 12. Note that the aspect ratio is out of scale. For better visualization, the flow height is 2‐fold
exaggerated; offset: x‐axis by − 100 m, z‐axis by 100 m.
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4.3.3.2. Profile Evolution

For a better understanding of the main characteristics of the mass transport, it is preferable to analyze the dy-
namics, run‐out and deposition along the central flow line. The results are shown in Figure 13. As before, we focus
for the motion after t ≥ 50 s (for FR9). With the energy (or the momentum) loss in impact during fragmentation,
the propagation speed is immediately and strongly reduced as can be seen for t ≥ 70 s. This results in a sub-
stantially increased flow height with a type of folding, already before the transition, yet strongly reduced travel
distance. This effect is clearly seen in the deposition profiles at t= 150 s. As compared to FR3, the reduction of the
run‐out length in FR9 is about 1,000 m, demonstrating the importance of the momentum loss. Another key
observation is that, because of the momentum loss at and after the slope break, the motion, mainly in the back, is
delayed. Consequently, a substantial fraction of the mass now remains on the inclined slope. However, as shown
in Figure 13, the difference between FR6 and FR9 is minimal.

The results presented in Section 3 and in this section are in line with the phenomena observed in laboratory
experiments and real‐world events of rock fragmentation and the subsequent flow dynamics. This indicates that
the proper modeling and implementation of the associated aspects of mechanically controlled deformation, en-
ergy loss in impact, fragmentation induced dispersive pressure and earth pressure is essential for the purposeful
simulation of dynamic rock fragmentation and its effects on the overall behavior of rock‐avalanches. Three‐
dimensional animations of the experiments FR0–FR9 are included in Supporting Information S1.

5. Discussion
There are five important aspects in our unified dynamic simulation model for the fragmentation‐induced
avalanching motion of rock mass movements. First, the deformation of the rock mass is mechanically
controlled until it disintegrates and flows as a granular mass. Second, we introduced an intensive momentum loss
during the impulsive impact by the rock mass at a slope of lower inclination (in our test cases, a horizontal run‐out
plane). Third, as the impact and disintegration process overcomes the tensile strength of the rock mass, the
mechanical control against the deformation is removed. Fourth, synchronously, the elastic strain energy converts
into the kinetic energy that is combined with the force associated with the lateral pressure gradient as the
dispersive pressure, enhancing the frontal motion and distal spreading. Fifth, all these mechanical processes can
be controlled locally. We have, therefore, presented a unified and flexible model for the dynamic simulation of
rock slides, their fragmentation, and the resulting avalanching motion with substantial thinning, spreading, and
extraordinary mobility in the run‐out zone.

With the fragmentation‐induced rock avalanche model Equations 6 and 7, we obtained some interesting and
meaningful results. First, velocity boosting (enhancing, De Blasio & Crosta, 2015) of the frontal mass caused by
impact‐fragmentation is consistent with laboratory experiments (Bowman et al., 2012; Haug et al., 2016; Q.‐W.
Lin et al., 2020; S.‐L. Zhang et al., 2023). It implies that the new model captures some essential features of the
experimental phenomena of rock mass movements and fragmentation dynamics. Second, as shown in Figure 5,
the profile of deposition considering the rock fragmentation displays a much higher degree of spreading with the
deposited mass being thinner compared to the simulation without considering fragmentation. Such a highly
spreading feature is similar to that observed in real‐world rock avalanches, which are usually characterized by
wide and thin deposits (Strom & Abdrakhmatov, 2018; Wang et al., 2018).

We would like to emphasize that our conclusions on the plausibility of the simulation results build on the
qualitative analysis of the variation of the fragmentation parameters, which are evaluated against our physical
understanding of the governing processes rather than against empirical evidence. The latter would be a chal-
lenging task due to mixed effects of different phenomena and parameters (friction, fragmentation, deformation,
energy loss through shearing, etc.), and the resulting equifinality issues. This requires further research on this
topic.

We note that the dispersive pressure was also included in the simulation model by T. R. Davies and McSave-
ney (2002). However, in their model it was considered as a parameter by linearly increasing the earth pressure
parameter by the same amount for the active and passive states. Here, we do not impose any condition on the earth
pressure parameter, which evolves dynamically as determined by the state of motion, described by Equation 4.
Rather, the dispersive pressure is modeled separately by introducing the dispersive pressure parameter SMl

that
can have any form. We hypothesize that the lateral pressure due to fragmentation evolves (amplified or de‐
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amplified) automatically when the material is in the active or passive state without imposing any condition on it.
Moreover, while T. R. Davies and McSaveney (2002) used the same dispersion effect down the entire slope, we
distinguish different local sections of the flow path as mechanically controlled sliding zone, impact zone, energy
conversion and dispersion zone, and the distal zone without any of these effects. Such a zoning can more real-
istically capture the main fragmentation process of real‐world events. However, the zoning depends on specific
situations of the rock avalanche, and has to be determined for each case individually.

The new model Equations 6 and 7 can also be applied to better simulate the influence of fragmentation on the
dynamics of multi‐phase mass flows. This includes phenomena such as the devastating Piz‐Cengalo Bondo
(Mergili et al., 2020) and Chamoli (Shugar et al., 2021) rock‐ice avalanche events. Both have previously been
simulated with the multi‐phase mass flow model of Pudasaini and Mergili (2019), but without considering the
mechanism of fragmentation. As these, and also the Bliggspitze rock‐ice avalanche (Pudasaini & Kraut-
blatter, 2014), involve intense fragmentation of the rock and the ice elements involved in the dynamic motion, it is
logical to assume that they can be better simulated by employing the new mechanisms associated with frag-
mentation, energy loss, energy conservation, and dispersive pressure, by embedding these principles into the
multi‐phase mass flow model by Pudasaini and Mergili (2019). The mechanism of the mass and momentum
transfer in rock‐ice mixtures, following the principles introduced by Pudasaini and Krautblatter (2014) and
Pudasaini (2024), should be included, too. Another important aspect is that, as strong fragmentation takes place, it
converts the previously intact rock mass into finer and coarser rock particles. With the fragmentation, we should
better couple the single‐phase simulation model to the two‐ or multi‐phase simulation model (Pudasaini &
Mergili, 2019) in which particles of different physical properties (grain size, density, friction, viscosity, etc.) can
be considered as different phases. In the subsequent granular mixture flow, the particles of different physical
properties tend to separate from one another. Here, the mechanical phase separation model proposed by Pudasaini
and Fischer (2020) can be applied to describe the phase separation phenomenon in mixture mass flows. Only
some main aspects of fragmentation are simulated here. For real‐world rock‐slides and rock‐avalanches, the rock
fragmentation process may continue until the avalanche mass finally stops, particularly the shear‐induced
fragmentation in the basal layer. So, the shear‐induced fragmentation should be embedded into the proposed
model.

The discussion presented above for the geometrically two‐dimensional model Equations 6 and 7 also applies to
the geometrically three‐dimensional dynamic rock‐avalanche fragmentation model Equations 9–11. Evaluation
of the model against laboratory experiments and real‐world events will be an important further task which,
however, is out of scope here.

Fragmentation is one of several possible mechanisms for the enhanced flow mobility of rock‐avalanches. The
other agents of mobility may include the excess volume, fine particles or powders along the sliding surface,
interstitial fluids and pore fluid pressure, air pockets, collisions between particles, steam generation, melting of
the particles, basal lubrication and internal fluidization, and the entrainment of bed material. Further details on
this can be found in Legros (2002), Pudasaini and Miller (2013), Pudasaini and Krautblatter (2021), and
Cagnoli (2024).

As reported in the literature, fragmentation is a pervasive phenomenon in rock‐avalanches and was proposed as
one possible mechanism for the extremely high mobility of rock‐avalanches. However, due to the destructive
capacity of rock‐avalanches, direct observations on rock‐avalanche emplacement are rare, which greatly limits
the research on the fragmentation effect of rock‐avalanches. In recent years, the fragmentation process of rock‐
avalanches was studied by simplified laboratory tests and it is argued that fragmentation is an energy consume
process and only can enhance the runout of the frontal part. Therefore, the contribution of fragmentation on the
mobility of rock‐avalanches is still in debate. Additionally, different processes and hypotheses have been pro-
posed to explain the high mobility of rock‐avalanches with the finding of different geological evidence, which
indicates that the propagation process of rock‐avalanches is complex. For example, the increase of volume,
generation of fine particles along the sliding surface, mineral melting, entrainment of bed material, and particle
collisions are all possible reasons controlling the mobility of rock‐avalanches. Each of the processes mentioned
above may operate synchronously, but some of the processes may dominate the others. In principle, each of these
processes may be connected to other processes with the possibility of feedback, and thus, altering the flow dy-
namics, runout and deposition. As the interactions between these aspects are complex, a detailed consideration
would go far beyond the scope of this paper.
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However, we mention that the entrainment of bed material can enhance the flow mobility (Pudasaini & Kraut-
blatter, 2021) with two immediate consequences: high impact force and higher momentum loss at impact.
Conversely, as the fragmentation alters the dynamics of the frontal and the rear of the sliding mass, the
entrainment rates in these regions are also altered depending on the locally applied shear loads. Moreover,
fragmentation produces coarse and fine particles with differing physical and rheological properties. Soon after
fragmentation, the flow often results in phase separation or particle sorting (Pudasaini & Fischer, 2020). As the
finer particles dominate the bottom and the rear of the flow, here the (shear‐induced) fragmentation process may
be weak or negligible. Whereas, since the top, and particularly the front, are dominated by coarse particles, here,
even in the later stage of motion, the fragmentation process may still play a significant role. Thus, as the frag-
mentation amplifies the phase separation process, this, in turn, changes the local fragmentation dynamics.

The comprehensive principle of rock‐avalanche fragmentation and associated dynamics can be viewed as a novel
and unified explanation for super‐spreading and long run‐out. The fragmentation‐induced velocity boosting is a
crucial addition to our understanding of rock‐avalanches. Mechanically, there is stronger evidence for the results
presented here in explicitly explaining the hyper‐mobility and extraordinarily thinning run‐out than for the other
processes mentioned above. However, the proposed principle should be scrutinized and validated.

6. Conclusions
We proposed a novel, unified and flexible mechanical model for the dynamic simulation of fragmentation in rock
mass movements, and the motion of the resulting avalanching flows. The simple physically based model relies on
the mechanically controlled landslide deformation principle, energy loss at impact, and energy conversion during
fragmentation. Our analysis reveals that there are three mechanical processes of fundamental importance asso-
ciated with the fragmentation and subsequent dynamics of rock mass movements. First, the mechanical control
against deformation. Second, the momentum loss at impact. Third, the fragmentation‐induced impulsive evo-
lution associated to the lateral pressure. All these effects play important roles in controlling the deformation,
spreading, and hypermobility in the run‐out zone. The newly introduced, unified dynamical principle describes
the fragmentation‐induced energy transfer leading to a larger kinetic energy increase in the frontal material and
less energy loss in the entire moving mass. This leads to an energized and enhanced forward movement of the
frontal material, a reduced mobility of the rear portion of the propagating rock‐avalanche, and the lagged position
of its center of mass, as compared with non‐fragmenting rock‐avalanches. The analysis of the results shows very
interesting and important features of and mechanical insights to the fragmentation dynamics, spreading, run‐out,
and deposition morphology. These results are in line with observations in the field and with laboratory experi-
ments. The new model addresses the long‐standing question of dynamically simulating the fragmentation of rock
mass movements, and the propagation and wide‐spread deposition of the resulting rock‐avalanches, in a me-
chanically controlled way. This demonstrates the mechanical strength of our new dynamic rock‐avalanche
fragmentation model and its potential for more realistic simulations of real‐world events.
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