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ABSTRACT 

A new general two-phase debris flow model will be presented that includes many of the essential 

physical phenomena [1]. The model employs the Mohr-Coulomb plasticity for the solid stress and the 

fluid extra stress is modeled as a non-Newtonian viscous stress that is enhanced by the solid volume 

fraction gradient. The generalized interfacial momentum transfer is modeled by including the force on 

the particulate phase due to viscous drag, buoyancy, and the relative acceleration between the solid 

particles and the fluid (the virtual mass). Richardson and Zaki relationship for the terminal velocity of a 

solid particle falling in the fluid and Kozeny-Carman expression for fluid flows through densely packed 

grains are combined to develop a new generalized drag force which is expressed explicitly in terms of 

several essential physical parameters. This drag force reveals the most basic features of the flow, covers 

both the solid-like and fluid-like contributions in the mixture, and can be applied to problems ranging 

from linear to quadratic drags at low and high velocities. 

 

The new two-phase debris flow model is presented in a well structured conservative hyperbolic- 

parabolic form. There are strong couplings between the solid and the fluid momentum transfer, both 

through the interfacial momentum transfer and the enhanced viscous fluid stresses. Strong phase 

interactions lead to simultaneous deformation of the solid and the fluid phases; and mixing and 

separation between phases. Inclusion of the non-Newtonian viscous stresses is important in several 

aspects. The evolution, advection and diffusion of the solid volume fraction as a field variable play an 

important role. The new model, which includes three fundamentally new and dominant physical aspects 

(enhanced viscous stress, virtual mass, generalized drag) and constitutes the most general two-phase 

flows, can reproduce most of the previous relatively simple model equations for single and two-phase 

avalanche and debris flows as special cases [2,3,4,5].  

 

The general two-phase debris flow model is further extended to describe the dynamics of permafrost 

rock-ice avalanches. For this, we propose novel and well constrained rheological and mechanical 

models associated with the rock and ice (solid) and snow, water, slurry and fine particles (fluid). This 

explains the dynamic strength weakening of rock-ice avalanches including the internal fluidization and 

basal lubrication, and the mass and momentum exchanges between the solid and fluid phases. In these 

models, the effective basal and internal friction angles are described in terms of the effective solid 

volume fraction (rock and ice), friction factors, volume fraction of the ice, true friction coefficients; and 

the lubrication and fluidization factors that are functions of several physical parameters and mechanical 

and dynamical variables, including the volume fractions of the solid, shear-rate and the normal stresses. 

With this, the effective internal and basal friction angles are no more constant for permafrost rock-ice 

avalanche (as they classically are) but they are functions of evolving effective solid volume fraction. 

This fundamentally influences the overall dynamics. This leads to more rapid flows, cover large run-out 

distances, with different deposition geometry, and morphology as compared to dry rock avalanches. 

With this enhancement, the general two-phase debris flow model can be applied to permafrost rock-ice 

avalanches. The new model is a fundamental advancement over classically simplified single-phase pure 

rock avalanche models. Although the mass and the momentum exchanges between the sliding mass and 

the environment (so, through the material boundary) are modeled and analyzed in mass-flow 

simulations; e.g., avalanche simulations; internal mass and momentum exchanges between the phases is 
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novel. Permafrost rock-ice-water debris flow is a unique situation in which there is substantial mass and 

momentum exchange between the solid (ice) and the fluid (water or slurry). This is not the case in the 

usual debris flows and avalanches. As time evolves, with the momentum exchange, the debris front is 

amplified and the debris mass thins in the tail side as observed in debris flow events.  

 

These models have been applied to simulate benchmark flows of debris mixture sliding down an 

inclined channel. The effects on the evolution of the solid and fluid constituents, and also the volume 

fraction itself, are analyzed for six new and different physical aspects. These include generalized drag, 

buoyancy, virtual mass, Newtonian and non-Newtonian viscous stresses, and the initial distribution of 

the fluid (solid) volume fraction. The intensity of the generalized drag determines whether the phases 

are brought together or pushed apart, and whether the flow is contracted or stretched. Buoyancy 

enhances the flow mobility. The virtual mass force can significantly alter the dynamics by increasing the 

kinetic energy of the fluid. Newtonian viscous stress substantially reduces debris deformation, while 

non-Newtonian viscous stress can bring a large amount of fluid from the middle part of the debris 

towards the front. The initial volume fraction distribution strongly influences the overall dynamics and 

leads to different deformations, different front and tail positions, and different material compositions. 

Mobility and travel distance increases with effective fluid volume fraction. Gradual mixing during the 

debris slide is observed. The strong non-linear dynamics of the fluid volume fraction demonstrates the 

typical dynamics of the two-phase debris flow. These findings are new and consistent with intuition and 

observable phenomena in natural debris flows. These numerical simulations demonstrate that the 

general two-phase debris flow models are potentially able to adequately describe the complex dynamics 

of two-phase subaerial debris flows; particle-laden and dispersive flows; sediment transports; debris 

induced tsunamis and submarine debris flows; turbidity currents and associated sophisticated 

phenomena including the solid and fluid waves and their complex interactions and dynamic impacts. 

 

These results indicate the potential applicability of the full model to complex flow simulations of real 

two-phase permafrost rock-ice debris flow events. So, further benchmark numerical simulations were 

performed which reveal that the dynamics of permafrost rock-ice avalanche is fundamentally different 

than the pure rock avalanche in terms of its complex dynamics and exceptionally long run-out distances.  

These are observed phenomena in the field, and are typical characteristics of rock-ice avalanches. The 

model analysis includes mixing and separation of phases; inter-phase mass and momentum exchanges 

between the solid and the fluid phases; generation and interactions of solid and fluid waves. Our findings 

add substantial and fundamental values for the dynamical understanding of complex multi-phase 

systems and flows, proper modeling of run-out distances, geomorphological interpretation of past 

events, and hazard prediction and mitigation in debris-flow and debris avalanche prone mountain slopes 

and permafrost related high-mountain environments.  
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