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Rock-ice avalanches exhibit hypermobility due to thermo-hydro-mechanical (THM) processes involving ice-
water phase transitions, frictional heating, and thermal pressurization. They are typically characterized by
high velocities and extended runout distance, posing significant hazards to human life and infrastructure in cold
mountainous regions. This study presents a novel three-phase material point method (MPM) framework unifying
THM coupling among skeleton deformation, pore water seepage, heat transfer, and ice-water phase change
within the sliding rock-ice mixture. It also features a multi-material frictional contact model to describe the
interactions of multiphase porous mixture with the basal terrain, accounting for frictional heating and thermal
pressurization at the interface. The framework further introduces a shear band scaling technique to resolve sub-
grid thermal-hydraulic processes. It is validated against (i) the classical freezing process in a semi-infinite porous
medium, (ii) frictional heating in elastic/elastoplastic sliding blocks, and (iii) the 2016 Lamplugh rock-ice
avalanche. The predictions demonstrate that thermal pressurization substantially reduces basal friction,
reasonably explaining the extreme runout (10.5 km) at Lamplugh. The framework offers a unified prediction tool
for simulating THM-driven hypermobility in complex terrains.

1. Introduction

As global warming accelerates and high-altitude engineering activ-
ities increase, glacial geological hazards, particularly rock-ice ava-
lanches, are occurring frequently in high-altitude alpine regions
(Richardson and Reynolds, 2000; Zhang et al., 2024). Among them,
rock-ice avalanches, a type of high-speed, long-runout landslide con-
taining ice debris, are characterized by their large volume, high velocity,
and long travel distance, and have repeatedly caused catastrophic in-
cidents that shock the world (Shugar et al., 2021; Zhao et al., 2021). In
recent decades, the frequency and scale of rock-ice avalanches have
been increasing worldwide, which pose significant threats to human
lives and properties in those cold mountainous regions (Fan et al., 2021;
Kaab et al., 2021).

Rock-ice avalanches are defined as rock and debris avalanches that
involve ice or snow from initiation by the failure of high-mountain steep
glaciers or the entrainment of ice along their propagation paths (Yang
et al.,, 2019). Due to the presence of ice, rock-ice avalanches exhibit

higher mobility compared to classic rock avalanches, which are char-
acterized by lower friction of ice or snow surfaces and the lubrication or
fluidization facilitated by meltwater (Pudasaini and Krautblatter, 2014).
In the literature, lots of experimental studies have been conducted to
understand how ice fragments affect the mobility of rock-ice avalanches.
Schneider et al. (2011) and Dong et al. (2024) simulated the flow
transition from solid to fluid state in rock-ice avalanches using rotating
drum experiments, through which the evolution of friction coefficients
during the flow of rock-ice granular mixtures, as well as the mechanism
by which ice-water phase transitions affect flow regimes have been
investigated. Yang et al. (2019) and Ren et al. (2021) conducted flume
tests to examine how factors such as initial ice content, initial volume,
mixing methods of rock-ice fragments, and meltwater films influence the
runout and deposition behavior of rock-ice avalanches. Additionally,
Fan et al. (2025) highlighted a possible rock-ice segregation mechanism
contributing to the hypermobility of the avalanche, based on flume test
results. These experiments can partially replicate the flow behavior of
rock-ice avalanches and shed light on some mechanisms and factors
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contributing to the exceptional mobility of rock-ice avalanches. How-
ever, quantifying key processes, such as frictional heat-induced ice
melting, remains challenging under current experimental conditions due
to their strong dependence on scale effects.

Extensive numerical simulations have also been carried out to
reproduce the flow dynamics of rock-ice avalanches. Most simulations
simplify rock-ice avalanches as single-phase fluids and describe the
runout characteristics by the classic depth-averaged shallow water
equations with improved frictional models. Among these, Sosio et al.
(2012) incorporated thermodynamic equations to estimate the basal
frictional melting rates of ice fragments during sliding, while De Blasio
(2014) further accounted for the influence of sliding body thickness on
frictional melting and dynamic characteristics. To better reconstruct the
solid-liquid phase transition and fluidization processes, Pudasaini and
Krautblatter (2014) developed the first two-phase flow model that
explicitly considers mass/momentum exchange between solid and liquid
phases. Gnyawali et al., (2020) and Wang et al. (2023) subsequently
applied this model to analyze solid-liquid evolution in actual rock-ice
avalanche events. Based on Pudasaini and Krautblatter (2014)’s
model, Sansone et al. (2021) further established a three-phase flow
framework to explicitly distinguish solid ice and rock components, and
Liu and He (2024) further incorporated an energy conservation equation
to describe the evolution of mass temperature. Focusing on the thermo-
hydro-mechanical (THM) coupling process within the shear band, He
et al. (2021) and Wei et al. (2024) investigated THM-coupled effects in
two rock-ice avalanche cases by integrating the sliding block model with
THM-coupled formulations.

Rock-ice avalanches are essentially high-speed, long-runout land-
slides driven by THM-coupled processes during the extensive deforma-
tion of rock-ice granular mixtures. From this perspective, the above-
mentioned depth-averaged approaches often oversimplify the intrinsic
THM-coupled processes, while those sliding block models fail to capture
the complex deformation behavior of the sliding mass. In recent years,
meshless methods like the Material Point Method (MPM) (Bardenhagen
et al., 2000) and Smoothed Particle Hydrodynamics (SPH) (Bui et al.,
2008) have been widely adopted for landslide simulations. Among these
methods, MPM has been demonstrated to be highly effective for simu-
lating large deformations with multiphasic coupling effects (Soga et al.,
2016). For example, Pinyol et al. (2018) have developed a THM-coupled
MPM model for saturated soils to investigate thermal effects in landslide
mobility. While Lei et al. (2021a, 2024) and Yu et al. (2024) developed
THM-MPM models for unsaturated unfrozen soils and saturated frozen
soils, none address the three-phase (rock/ice/water) coupling and basal
thermal pressurization critical for rock-ice avalanches. This work
bridges this gap by (i) proposing a three-phase THM-MPM formulation
with ice-water phase change, (ii) integrating a multi-material contact
algorithm for frictional heating and thermal pressurization, and (iii)
introducing a shear band scaling method to model sub-grid processes.

Specifically, a novel MPM framework for modelling THM-coupled
processes within rock-ice avalanches is proposed. Within this frame-
work, a THM-coupled formulation is developed to capture the intricate
processes of skeleton deformation, pore water seepage flow, heat
transfer, and ice-water phase change within the sliding rock-ice mixture.
Simultaneously, the sliding interactions between this multiphase porous
continuum and the basal terrain are captured by a multi-material con-
tact model that accounts for frictional heating and thermal pressuriza-
tion effects. The framework is first validated by modelling the freezing
process of a semi-infinite porous medium. Its thermal pressurization
features are then illustrated by simulating the frictional heating process
in two scenarios: an elastic rock-ice block sliding with controlled ve-
locity, and an elastoplastic rock-ice mixture sliding on an inclined sur-
face. Finally, the framework’s capability in addressing engineering
problems is showcased by successfully reproducing the dynamic runout
process of the Lamplugh rock-ice avalanche and its intrinsic THM-
coupled hypermobility mechanism.
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2. THM-coupled MPM framework
2.1. Physical phenomena and conception

The core factor behind the hypermobility of rock-ice avalanches lies
in the fact that their sliding mass is a granular mixture composed of
randomly mixed ice fragments (including ice, snow, etc.), rock blocks,
and soil particles formed during the avalanches. The ice fragments in the
sliding mass are not only prone to the gradual disintegration and frag-
mentation commonly observed in non-icy granular flows, but also highly
susceptible to rapid melting under extensive basal frictional heating
(Schneider et al., 2011; Sosio et al., 2012). The presence of ice not only
directly reduces its internal and basal friction coefficients but also
transforms the mass flow into a series of complex THM-coupled pro-
cesses. As illustrated by Fig. 1a, the granular skeleton, composed of ice
and rock debris blocks, undergoes continuous shear deformation during
avalanching along the basal terrain. This process, accompanied by
frictional heating and ice-water phase transitions around the basal shear
band, leads to an increasing liquid water content within the sliding mass.
This meltwater further percolates through the granular skeleton’s pore
spaces, changing its mechanical properties and stress state, and
enhancing heat transfer. It not only directly changes the effective stress
and temperature distribution within the sliding mass but also, through
mechanisms like thermal expansion and shear contraction, generates
significant excess pore water pressure, thereby facilitating the lique-
faction and fluidization of the sliding mass. Throughout these processes,
the fragmentation and frictional melting within the rock-ice granular
mixture continuously alter the mixture’s gradation and solid-liquid
composition, accelerating the shear deformation of the sliding body.
Concurrently, the high-speed sliding of the debris mass further in-
tensifies the internal fragmentation and frictional melting processes.

In this paper, a set of THM-coupled formulation is developed to
capture these coupled processes occurring within the sliding rock-ice
mixture. Simultaneously, a thermo-mechanical contact model is adop-
ted to capture the sliding interactions between the rock-ice mixture and
the basal sliding interface. These two components are implemented with
a unified THM-coupled MPM framework, which can interact with each
other to capture the complex THM-coupled behaviour during rock-ice
avalanches.

As shown in Fig. 1b, the sliding mass of the rock-ice avalanche is
mathematically treated as a three-phase porous medium, consisting of
solid rock grains (S), liquid water (L), and ice crystals (I) phases. Within
the framework of continuum mixture theory (Coussy, 2004), the
representative elementary volume (REV), being heterogeneous at the
microscopic scale with their intrinsic densities p,, can be viewed as the
superimposition of three phase particles which simultaneously occupy
the whole REV volume with their corresponding apparent densities p*
(Lei et al., 2014). The apparent densities p* are linked to their corre-
sponding intrinsic densities p, through their respective volume fractions
n, via p* = nyp,. The corresponding volume fractions of each phase can
be defined as:

ng=1-n; m=n(l-S); n,=nS, (@)

where n is the porosity of the rock-ice mixture; Sy, is the liquid saturation.
Further, the effective solid volume fraction n§ is introduced to represent
the rock and ice volume fraction distribution together based on rock
density (Pudasaini and Krautblatter, 2014):

ng = (nsps + mupy) )
Ps

As the density of the ice is much lower than the density of the rock, their
density ratio in the above equation can be assumed as pg/p; ~ 3 for
simplicity.

During the THM-coupled processes, all phase temperatures within
the REV are equal by assuming local thermodynamic equilibrium. The
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Fig. 1. (a) Key physical mechanisms underlying rock-ice avalanche and (b) the conception of rock-ice mixture as a tri-phasic granular medium.

intrinsic density of each phase are assumed can be linked with the
temperature T and pore liquid pressure P, via the following state
equations (Yu et al., 2024):

dps dp; dp, _dP,
— d']"7 L= dT, = =_=_B3dT 3
p ﬂS P ﬁl oL KL ﬂL

S

where f, are the volumetric thermal expansion coefficient for each
phase. K, is the bulk modulus of the liquid phase, which accounts for the
compressibility of liquid under the pore liquid pressure P;. Furthermore,
when ice and liquid phases coexist in the pore, the Clapeyron equation is
assumed to be valid, which links the pore liquid pressure P; with the
pore ice pressure P; via (He et al., 2023):

T+273.15

PL
P =Ltp— pgin 202 4
LT T 97315 “

where L¢ is the latent heat of the formation of ice; T, is the freezing
point of bulk water (thawing point of ice), which is generally set to 0°C.

2.2. THM-coupled model of the rock-ice mixture

2.2.1. Mass balance equations

At an arbitrary time t, the local form of the mass conservation for
each phase within a given REV of the rock-ice mixture can be stated as
(Coussy, 2004):

a

i@ (Map,) +Nap,VVe =M, (5)

where & (*) = 2 (*) +V(*)-v, (a = S,I,L) is the particle derivative with
respect to the phase a, with v, being the velocity associated with this
specific phase. m, is the mass increase rate of each phase due to ice-
water phase change. In this work, it is assumed that there is no mass
exchange between the mixture and the surrounding environment, and
only the phase change between ice and water is considered, hence mg =
0 and TflL = —n'11.

By assuming the solid density gradient within the REV is sufficient
small (Vpg ~ 0), the combination of the state equation for solid density

rock-ice avalanche
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excess pore
T pressure

Ice crystals

p' =nS.p,

Eq.(3) with the mass conservation equation for the solid phase leads to
the following porosity evolution law (Lei et al., 2021a):

&n oT
g = -V vs—(A-n)fso (6)
According to the equation, porosity change as a consequence of both
mechanical deformation and thermal expansion. By assuming the ice
phase is immobile relative to the solid skeleton (v; = vs), the addition of
the mass conservation equations for both the ice and water phases in Eq.
(5) could cancel their corresponding mass increase terms m,, which
leads to:

&,
dt @

dn ds ds
[Supu+ (1 =Sy ) G+ S+ (1 = 81) <+ nlp, —py)

+V-[nSp, (v, — vs) |+ [nSpp, +n(1 — Sp)p[V-vs =0

By using the porosity evolution law Eq. (6), the state equation for ice and
water densities Eq. (3), and neglecting the liquid density gradient
Vp, ~ 0, the above mass conservation equation for both liquid and ice
phases can lead to the following pore liquid pressure equation:

dS _ KL Pr
EPL = —L{ |:SL + (1 - SL)p—L:| V'Vs+ |:ﬁm - n(l
_pl 6SL 6T_ .
PL) 0T:| ot vV } ®

which relates the pore liquid pressure variation P, to the skeleton

deformation V-vs, the thermal change rate %, and the pore liquid

seepage flux q; (defined as q; = nS;(vy —vs)). In the above, the term f,,
(1-n) |:SL +(1 - SL)%}ﬂs +  nSpL +

n(1 —SL)//)’—iﬂ,, which summarises the contributions related to thermal

is calculated with g, =

expansion coefficients. The pore liquid seepage flux q; is assumed to be
driven solely by the pore liquid pressure gradient, i.e. ¢, = —’;—t VP,
with k;, being the hydraulic conductivity and y; being the specific weight
of water. In this work, the shear band is idealized as a frictional contact
behaviour between the sliding mass and the basal terrain. For
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simplicity’s sake, we will focus on the excess pore pressure due to fric-
tional heating-induced thermal pressurization along the contact surface,
and the excess pore liquid pressure contribution related to V-vs in the
sliding mass is assumed can be dropped in what follows.

2.2.2. Energy conservation equation
By assuming equal temperatures for the phases within the whole
mixture, the energy conservation equation of the rock-ice mixture can be
expressed as (Bekele et al., 2017; Yu et al., 2024):
08, d&T

(PCy)m +pLi— | ——+p,C1q;VT+V-q; —q; =0 9
oT | dt

where (pCy),, = ;51 1MaP,Cq is the heat capacity per unit volume of

the porous mixture. The second term in the bracket is the thermal

contribution related to the latent heat of ice-water phase transition, with

as,
aT

freezing characteristic curve (SFCC), which is assumed depend only on
the temperature T in this work. The third term is the thermal contri-
bution due to liquid advection gq;. The fourth term is the thermal
contribution due to pure diffusion gy, calculated by the Fourier’s law
qr = —kp VT, with kpy = ZH:S‘LJnakTa being the thermal conductivity
coefficient of the mixture. The fourth term g is the thermal contribution
due to the heat source per unit volume, which is related to the frictional
heating mechanism in this work (Lei et al., 2024).

Ly being the latent heat of the formation of ice. &% is governed by the soil

2.2.3. Momentum balance equation

Following Pinyol et al. (2018) and Lei et al. (2024), the relative ac-
celeration of liquid and ice with respect to the solid skeleton is assumed
can be neglected for the sliding porous mixture. The momentum balance
equation governing the kinematics of the sliding rock-ice mixture can be
expressed as:

pa=V-6+pb 10)

where a is the acceleration of the sliding rock-ice mixture; p is the
mixture density, which can be represented as p = >_,_¢; /M.p,; b is the
body force acceleration; ¢ is the total stress tensor, which can be
calculated with the isotropic elastoplastic constitutive model with the
following Mohr-Columb yield function F:

1 1 .
F= 5(61 —03) —5(61 +63)sing + ccosp an
where 6, and 63 are the maximum and minimum principal effective
stresses, respectively; ¢ and c are the internal friction angle and cohesion
of the mixture, respectively.

discretized with MPM
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2.3. MPM framework with thermal pressurization

Within the three-phase single-point MPM framework (Yerro et al.,
2015; Lei et al., 2021a; Yu et al., 2024), the sliding rock-ice mixture,
treated as a three-phase porous medium, is represented by a cloud of
Lagrangian material points, while an Eulerian background grid is
employed to solve the THM-coupled governing equations (Fig. 2). For
simplicity, the basal terrain on which the mixture slides is treated as a
static rigid material. The frictional contact between the sliding rock-ice
mixture and this rigid base is simulated using the generalized multi-
material contact algorithm with frictional heating (Nairn et al., 2018).

To model landslide hypermobility resulting from frictional heating,
we primarily focus on the evolution of temperature and pore liquid
pressure within the shear band adjacent to the sliding surface. Following
Lei et al. (2024), the first layer of cells closest to the rigid base is deemed
as the shear band layer. By using the classic linear MPM shape function
for extrapolating temperature and pore pressure field variables for this
layer, the variations of temperature and pore pressure on the contact
nodes would only relate to the material points within the first layer of
cells closest to them. Further, shear band thickness is typically in the
millimetre or centimetre range, which is often smaller than the mesh
resolution (scale of several meters) feasible for realistic landslide
modelling. To approximate the temperature and pore pressure evolution
within the thin shear band, a scaling factor ¢ defined as the ratio be-
tween mesh size L, and shear band thickness e is adopted to scale the
heat and pore pressure related parameters. In this way, the equations
related to temperature and pore pressure (mass and energy conserva-
tion) can be deemed as being solved on a scaled grid (centimetre scale,
as the relevant parameters have been scaled), while the momentum
balance equation governing mass sliding kinematics is solved on an
unscaled grid (meter scale). The two sets of systems exchange frictional
heat and pore pressure data via their shared contact nodes on the sliding
surface.

2.3.1. Sliding kinematics

Within the explicit Generalized Interpolation Material Point method
(GIMP) modelling framework (Bardenhagen and Kober, 2004), the
momentum balance equation Eq. (10) is discretized in space and time,
and solved first in each time step. At each active node, the acceleration
at time t" can be solved as:

v (Ssmb - 3, V-Gl
a?_%_<plpmp mtlppp tp) 12)

where S}, is the GIMP shape function, with Gj, being its gradient; V} is
the particle volume of an arbitrary material point p; m is the nodal mass

shear band e

~ grid mesh
— material points
L.~%e 1 — shear band

N
~ contact nodes

o
rigid

Fig. 2. MPM representation of the rock-ice mixture sliding on a rigid terrain.
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of an arbitrary node i, calculated by m{' = - Simy.
The particle velocity vj*! and displacements xj*! at time t**! is

updated with the FLuid Implicit Particle (FLIP) scheme (Brackbill, 1988;
Lei et al., 2021b):

Vil =iy dlSh At (13)
n 1 ngn 2
X =X+ VIS AL 4SS (A1) 14

Within the multi-material MPM contact modelling framework, the nodal
momenta and forces of the contacting materials should be modified to
reflect the implemented contact mechanics (Nairn, 2013). As the basal
terrain is treated as a static rigid material, its momentum (velocity)
cannot be changed, but it can exert forces on the landslide particles
through contact (Lei et al., 2024). The momenta P} and forces f? for
those contact nodes associated with the sliding mass should be corrected
by the contact mechanism:

L RO as)

In the above equation, P?" and f7" are the corrected momenta and forces
of the slide mixture after doing contact. AP is the associated mo-
mentum change due to contact, which can be calculated according to
their kinematic states (Nairn, 2013).

stick s AP = (— NJATAOn + (S A7AC)e
, 16)
slide: AP = (— NJATAOn + (S A7 At )¢

where n and t are the normal and tangential vectors on the contact

node i. For the stick condition, the contacting materials should move in a

single velocity field with their centre-of-mass velocity. The normal

S§tick‘n
1

compression N! and the tangential stick traction can be calculated

with N = Pn/(A?At) and S"*" = P!t/ (A?At) accordingly, with A?
being the contact area (Nairn, 2013). For the sliding condition, the
sliding surface would slide with a tangential sliding force Si% lower
than the stick traction S, which is classically calculated by the
Coulomb friction law. In this work, a more generalized Coulomb friction
law which takes into account the contributions of adhesion strength and
excess pore pressure is adopted to calculate the tangential sliding force.

S?Hde‘n = /’{g (M - Pgore.i) +¢s 17

where y¢ is the effective friction coefficient; cs is the cohesion along the
sliding surface; Pj,, ; is the pore pressure associated with node i.
2.3.2. Temperature evolution

As for the temperature evolution, the energy conservation equation
Eq.(9) is discretized with the classic linear MPM shape functions and
solved explicitly with the FLIP scheme. The temperature field associated
with each material point at the end of each step is updated with:

n __
AGp; =

w{ s (- svm) @ s, - (1-2)m(5) | (2)
P
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where the nodal change rate of temperature af; is solved on the back-
ground grid with:

—=n n —n K, —n
ZPVS {( - afkrmVT;}) ‘Gy, + 45, — P1CL ( — givp;> 'VTSS,;D}
v / :

Note that the classic linear shape functions §Z, and their gradients @Z, are

no_
ar; = n

—=n
2 pSip | ZamsiMapPaCa + piltpLs <{%)

p
19

adopted (instead of the GIMP shape functions) for a better representa-
tion of thermal evolution within the shear band (Lei et al., 2024).

In this work, the heat source is assumed only related to the frictional
heating on the contact nodes. Accordingly, the heat source term
zpvgqu?,;, in the above equation can be replaced with the frictional
heating rate gj; for those contact nodes, which is calculated within the

multi-material contact framework as (Nairn et al., 2018):

At . gstickn_gsliden) an p,
I (sfl‘d‘~‘~"Agt>~ (s ) - Jas | gy

0 "
i

9ei = At
lide, ick, lide, 2
:Sfl en(sitc n 75? n) (A?) At (20)

Iy
m

where both the tangential frictional force 519*"A7¢ and the sliding ve-
locity (Sfmk'" —Sf“de’">A?At/ m?'t are assumed to be constant during each

time step At.

2.3.3. Pore pressure evolution

The nodal pore pressure Py, ; in Eq. (17) is calculated from:

Proei = 3 S [StPh, + (181, )P, | @1)

In the above equation, the saturation S}, associated with each particle is
linked to the corresponding particle temperature 17, through a specific

soil freezing characteristic curve, ie. 7, = f <T’L1 p)' At the initial stage,
the pore structure is mainly filled by ice. Following He et al. (2023), the
pore ice pressure is estimated with P}, = p;gH} (with H} being the flow
depth of the particle). When both liquid and ice coexist in the pore
(0 < §f, <1), the pore liquid pressure is assumed can be estimated
based on the pore ice pressure via the Clapeyron equation Eq.(4); once
the ice has been fully melt, the pore liquid pressure is calculated based
on mass conservation equations, which is updated with:
-l

P;,le = Pz,p + Zia;.isipAt (22)
where the nodal change rate of pore liquid pressure ag; is derived from
Eq.(8). By neglecting the pore liquid pressure contribution related to the
skeleton deformation, the nodal pore liquid pressure change rate can be
written as:

} (23)

St 25 ViSip

T =T+ a; S, At 18)

with the volumetric thermal expansion coefficient 4, , being calculated
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from 4, = (1-n7) {sg{}, +(1 —szp)g—;}ﬁs + msyp + m(1-87,)

Pr
lr
3. Numerical examples

As mentioned, the proposed MPM framework comprises two key
components. The first component mainly deals with the ice-water phase
change within the shear band due to elevated temperature along with
the sliding of the rock-ice mixture. The second component mainly
models the frictional heating-induced thermal pressurization phenom-
enon, whereby the frictional work generated along the sliding surface is
converted into heat, triggering both thawing and thermal pressurization
processes within the basal shear band. In this section, three examples
under two-dimensional plane strain conditions are presented to
demonstrate the validity and capability of the proposed MPM frame-
work. Firstly, the ice-water phase change modelling component is vali-
dated against analytical solutions, with which the influence of soil
freezing characteristic curve (SFCC) and latent heat coefficient is
demonstrated. Subsequently, the frictional heating process in a satu-
rated frozen porous medium is simulated to demonstrate the effect of
shear band thickness. Finally, the runout behaviour of an elastoplastic
rock-ice mixture sliding on an inclined rigid plane is investigated,
focusing on the interactions among different hypermobility
mechanisms.

3.1. Freezing of a semi-infinite porous medium

The proposed MPM framework is first benchmarked by simulating
the freezing process in a semi-infinite porous medium, as described in
McKenzie et al. (2007). In our MPM simulations, this semi-infinite me-
dium is represented by a 2 m long porous bar (Fig. 3), which is dis-
cretized with a mesh of square elements with the size of 0.01 m and 4
particles per cell (PPC). The porous bar is initially unfrozen with a
uniform temperature of 0 °C. A subfreezing temperature of —3 °C is
applied to the left boundary to initiate the freezing process along the bar.

The model parameters are adopted from McKenzie et al. (2007),
which are summarized as: intrinsic density of soil grains pg = 2600 kg/
m®, intrinsic density of water p, = 1000 kg/m?, intrinsic density of ice p,
= 920 kg/m?, porosity n = 0.95, specific heat capacities of soil grains Cg
= 840 J/kg, specific heat capacities of water C;, = 4187 J/kg, specific
heat capacities of ice C; = 2108 J/kg, latent heat coefficient of water L¢
= 333.5 x 10% J/kg, thermal conductivity of soil grains kgg = 2.9 W/
(m°C), thermal conductivity of water ky; = 0.58 W/(m°C), thermal
conductivity of ice k;y = 2.14 W/(m°C). In these simulations, the total
simulation time is set to 1 day, with a time step of 1 x 10~* days. The
thermal conductivities of each phase are scaled by a factor of 86,400
(seconds per day) accordingly. Note that a high porosity n = 0.95 was
adopted from McKenzie et al. (2007) for validation consistency, ac-
counting possible extreme conditions.

In this example, the sensitivity of the freezing function’s shape and
the latent heat was evaluated using the linear freezing function S, =
mT +1 (0 < S, < 1) for four parameter sets: m = 0.25 (MPM-m0.25), m
= 0.5 (MPM-mO0.5), m = 1.0 (MPM-m1), and m = 0.5 without latent heat
(MPM-m0.5-L0). As shown in Fig. 4, the temperature and saturation
profiles obtained at the end of the simulations in this study closely match
the corresponding FEM results from McKenzie et al. (2007). Over time,

Fh=0C
T1=-3°CIZ X

s

v

2m

Fig. 3. Initial and boundary conditions of the porous bar.
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the applied subfreezing temperature propagates along the bar (Fig. 4a),
causing the soil to freeze from the left end (Fig. 4b). Using a steep
freezing function (large m) produces a narrow freezing front with a small
distance between the fully frozen and thawed regions. Meanwhile, the
release of latent heat (Ly # 0) slows the progression of the freezing front
and creates a steeper temperature gradient between these regions.

3.2. Elastic rock-ice block sliding with controlled velocity

The MPM framework’s ability to model frictional heating-induced
thermal pressurization in saturated unfrozen soils has been validated
against analytical solutions in Lei et al. (2024). In this section, the same
sliding block problem is investigated, but with the unfrozen soil block
replaced by a rock-ice mixture block. As shown in Fig. 5, a frozen rock-
ice block, 100 m long and 50 m high, with an initial temperature of
—10°C is considered. Two rigid frames are imposed as boundary con-
straints to drive the block to slide at a constant horizontal velocity of 1
m/s along a rigid plane, initiating the frictional heating-induced thermal
pressurization process within the rock-ice mixture under a gravitational
acceleration of g = 9.81 m/s2. By default, the cell size is chosen as 10 m
x 10 m with 4 PPC (L, = 10 m), and the time step is set to 1 x 10 %s.

In this example, to minimize skeleton deformation, the rock-ice
mixture is modeled as a thermo-poro-elastic medium with a Young’s
modulus E of 1 GPa and a Poisson’s ratio v of 0. The friction coefficient
between the rock-ice mixture and the rigid plane is set to 0.2. The
thermal and physical properties of the constituents in the rock-ice
mixture were adopted from He et al. (2023) and are presented in
Table 1. There are numerous functions used to describe the relationship
between unfrozen water content and temperature in frozen soils. Ac-
cording to He et al. (2023), the following experimentally derived fitting
curve is adopted to describe the soil freezing characteristic curve (SFCC)
of the rock-ice mixture.

- - (r-1,)]"

1T > Tref

T<T,
ref (24)

where Ty is the thawing point of ice, which is set to 0 °C.

Shear band thickness is a key parameter in the proposed model for
controlling the thermal pressurization process. Fig. 6 compares the
evolution profiles of average temperature, saturation, and pore pressure
within shear bands corresponding to three different thickness values (e
=0.05 m, 0.1 m, 0.2 m), assuming zero conduction and permeability.
Under constant friction velocity, the same amount of frictional work
leads to a higher temperature in a thinner shear band, resulting in a
stronger thermal pressurization effect within the shear band (Lei et al.,
2024). As Fig. 6a illustrates, the average temperature rises at a higher
rate in thinner shear bands. Consequently, this results in a commensu-
rately faster rise in the average liquid saturation (Fig. 6b), according to
the SFCC curve Eq.(24).

Following He et al. (2023), the local pore pressure is calculated as an
averaged value of the pore ice pressure and the pore liquid pressure,
Ppore = StPp +(1 —S;)P; (as presented by Eq.(21)). During the initial
phase of thawing, both water and ice coexist in local pores. The increase
in liquid saturation S; reduces the relative contribution of pore ice
pressure (P; = p,;gH, representing hydrostatic ice pressure under grav-
ity). Simultaneously, the pore liquid pressure P, declines as pore ice
thaws, in accordance with the Clapeyron equation Eq.(4). Together,
these effects cause the overall pore pressure to decrease progressively
during the initial thawing stage (Fig. 6¢). Once a material point fully
melts, its pore pressure is updated using the pore liquid pressure equa-
tion Eq.(8). As thawing propagates through the shear band with
increasing numbers of material points reaching the thawing temperature
Ty, the domain-averaged pore pressure exhibits a gradual increase.
Following this, the shear band transitions into a stage of rapid pressure
buildup, as complete ice melting triggers a sharp pressure surge driven
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Fig. 5. MPM representation of the sliding block with imposed constant velocity.

Table 1

Thermal and physical parameters of the rock-ice mixture.
Parameters Value Parameters Value
Density of water p; [kg/m®] 1000 Specific heat of rock grains Cs [J/(kg°C)] 858
Density of ice p; [kg/m®] 917 Specific heat of water C;, [J/(kg°C)] 4180
Density of rock grains pg [kg/m®] 2750 Specific heat of ice C; [J/(kg°C)] 2040
Bulk modulus of liquid K}, [Pa] 1.0 x 10° Thermal conductivity of rock grains krs [W/(m°C)] 3.0
Thermal expansion coefficient of rock grains fg [/°C] 3.0 x 107° Thermal conductivity of liquid kz;, [W/(m°C)] 0.58
Thermal expansion coefficient of liquid g, [/°C] 2.75 x 10~4 Thermal conductivity of ice ky; [W/(m°C)] 2.22
Thermal expansion coefficient of ice #; [/°C] 5.1 x 107° Latent heat of water L; [J/m°] 333.5 x 10°

by the thermal pressurization mechanism. The increase in pore pressure
would counteract some of the normal compression (Eq. (17)), which in
turn reduces the generation of frictional heating according to Eq. (20).
Consequently, both the average temperature and pore pressure profiles
will achieve a relative equilibrium state. To evaluate the mesh sensi-
tivity of the model, the numerical results obtained using cell sizes of L,
=5m, 10 m and 20 m, with a shear band thickness of e = 0.1 m, are also
compared in Fig. 6. As can be seen, the results obtained with different
cell sizes, but the same shear band thickness show good agreement with
each other.

The hydraulic permeability of shear band soils is also an important
parameter for the thermal pressurization effect. Fig. 7 compares the
average temperature and pore pressure profiles for a shear band thick-
ness of e = 0.05 m, obtained using four different hydraulic permeabil-
ities: k; = 0,1 x 1071%m/s, 1 x 10™°m/s, and 1 x 108 m/s (indicated
as KLO, KL10, KL9, KL8). By default, the thermal conduction parameters
are set to the values in Table 1 (corresponding to the cases indicated
with KT). For scenarios with zero permeability, we also investigated
another case with zero thermal conduction (indicated with KTO). The
comparison of cases with and without thermal conduction demonstrates

that it has a negligible influence on the temperature and pore pressure
profiles within the shear band during such a short duration. On the other
hand, these evolution profiles are distinct under different sets of hy-
draulic permeabilities. It should be noted that all these saturation pro-
files closely match that of the case ‘Le10m-e0.05 shown in Fig. 6b.
According to our model, excess pore liquid pressure will dissipate into
the surrounding mass at a rate controlled by hydraulic permeability (via
(Eq.(8)). As shown, a larger permeability leads to lower pore pressure
accumulation after approximately 5 s (time corresponding to the com-
plete melting of pore ice within the shear band). In contrast, a higher
basal temperature is observed in scenarios with greater permeabilities.
This phenomenon is attributed to the reduced pore pressures, which in
turn increase tangential sliding forces and, consequently, the frictional
heating rate.

3.3. Elastoplastic rock-ice mixture sliding on inclined surface

In this example, the runout kinematics of an elastoplastic rock-ice
mixture sliding on an inclined rigid plane are investigated using the
proposed THM-coupled MPM model. As shown in Fig. 8, the inclined
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plane in the MPM model is represented by two layers of horizontally
distributed material points, subjected to a 40° anticlockwise-rotated
gravity acceleration. Initially, a 200 m long, 50 m high frozen rock-ice

(a) Temperature [°C]
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rigid plane

Fig. 8. MPM representation of the rock-ice mixture sliding on an inclined surface.

block is positioned on the inclined surface. Under gravity, the rock-ice
block slides along the inclined plane, triggering a series of THM-
coupled processes that, in turn, affect its runout kinematics.
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In reality, the sliding rock-ice mixture would experience intense
fragmentation and deformation during the runout process. In this
example, the block is simulated as an isotropic thermo-poro-
elastoplastic medium by default. The Mohr-Coulomb failure criterion
Eq.(11) is adopted to account for the plastic failure of the mixture. Be-
sides the thermal pressurization mechanism illustrated in Section 3.2,
the meltwater would internally reduce the friction between the solid
particles, thus further lubricates the sliding surface. The modified
Coulomb friction law Eq.(17) is used to simulate the frictional contact
between the slider and the basal terrain. To account for the variation of
ice fraction along the sliding surface, the following effect basal friction
angle u§ (Pudasaini and Krautblatter, 2014) is adopted to replace the
constant basal friction angle ug, in which a lubrication factor L, is
introduced to reduce the basal friction angle ys based on the effective
solid volume fraction n§ (defined by Eq. (2)).

né —né._. @
He = Ly(n,Sp)ug = [1 — <1 - w) }tan(pf (25)

e e
Nsmax — Msmin

where @ = 2 governs the fluidization exponent (He et al., 2023), n§ is
updated from shear band saturation, and ¢ is the initial basal friction
angel. ng_ .., ng . are the minimum and maximum values of the effective
solid volume fraction, being chosen as 0.05 (n = 0.95, S;= 1) and 0.85
(n = 0.225, S;= 0) respectively.

In this example, the environmental temperature is set to —10°C. The
thermal and physical parameters of the rock-ice mixture are taken from
Table 1 (refers to He et al. (2023)), and the hydromechanical parameters
are provided in Table 2 (refers to Pudasaini and Krautblatter (2014)).
The initial shear band thickness is set to 0.05 m. To account for the
energy transfer other than frictional heat (Pudasaini and Krautblatter,
2014; He et al., 2023), an energy conversion coefficient of 0.35 is
introduced to reduce the frictional heating rate (i.e., the heating source
term in Eq. (19) is replaced with 0.35 gf; for those contact nodes). The
cell size is chosen as 5 m x 5 m with 4 PPC, and the time step is set to 1.0
x 1073s.

Four scenarios, each with a different combination of the three
distinct hypermobility mechanisms—internal plastic deformation (D),
basal lubrication (L), and thermal pressurization (P)—are simulated. For
cases with plastic deformation, we simulated the mixture using the
elastoplastic model with Mohr-Columb yield function Eq. (11); other-
wise, its elastic component is used. For cases with basal lubrication, the
lubrication factor L, for each contacting node is calculated using
updated saturation and porosity values extrapolated from the material
points in the shear band; otherwise, the initial saturation and porosity
are used (Eq. (25)). For cases with thermal pressurization, the nodal pore
pressures used to calculate the tangential sliding forces (Eq. (17)) are
updated using the pore pressure evolution equation Eq. (21); otherwise,
the pore pressures of these contact nodes are set to zero directly. The
evolution profiles of the average temperature and liquid saturation
within the shear band, corresponding to these scenarios, are plotted in
Fig. 9. Meanwhile, Fig. 10 presents the evolution profiles of the average
effective friction coefficient along the basal frictional surface, the
average pore pressure within the shear band, and the average equivalent
plastic strain within the rock-ice mixture. Further, the corresponding
global velocity and displacement profiles of the entire rock-ice mixture

Table 2
Hydromechanical parameters of the sliding block.

Parameters Value Parameters Value

Young’s modulus E [Pa] 5.0 x Initial basal friction angel @f [o] 40

10°
Possion’s ratio v [-] 0.2 Cohesion strength of the contact 0
surface cs [kPa]
Initial porosity n [-] 0.375 Initial internal friction angel ¢ [e] 35
Hydraulic conductivity 1.0 x Internal cohesion ¢ [kPa] 250
ky, [m/s] 107°
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for these cases are presented in Fig. 10.

During the rapid frictional sliding process, the basal temperature in
all cases increases gradually due to frictional heating (Fig. 9a), which
melts the ice inside the shear band over time (Fig. 9b). For Case D,
although the frictional heating and ice thawing processes have been
simulated, their influence on the basal frictional force was ignored by
setting a constant friction coefficient and zero pore pressure (Fig. 10).
This case represents a scenario without any THM-coupled effect and
exhibits the lowest kinematic characteristics among all cases, as shown
in Fig. 11. In Case D-L, the friction coefficient is modelled as a function
of porosity and liquid saturation, which decreases commensurate with
skeleton deformation and ice melting (Fig. 10a). Relative to Case D, the
diminished friction coefficient in Case D-L leads to a marginally
increased sliding velocity and accelerated frictional heating.

When thermal pressurization is further accounted for (Case D-L-P),
the pore pressure generated within the shear band can counterbalance
part of the normal pressure (Fig. 10b). This significantly increases the
runout velocity of the mixture compared to cases without thermal
pressurization (Fig. 11b). Initially, the faster basal frictional velocity in
this case accelerates the frictional melting process (before around t = 15
s). Later, the gradually increasing excess pore liquid pressure signifi-
cantly decreases the basal frictional force, which in turn reduces the
frictional heating rate (temperature increase rate) in the shear band
(Fig. 9). Furthermore, due to the lower basal frictional force, the internal
plastic deformation in this case is much lower than in cases without
thermal pressurization (Fig. 11a), hence less friction decreases due to
porosity change (Fig. 10a).

For comparison, we also present results for the case without plastic
deformation (case P-L). In this scenario, the rock-ice mixture’s yield
strength is set to a high value to prevent any plastic deformation.
Accordingly, the rock-ice block would largely retain its initial shape
during the sliding process. This, in turn, leads to higher flow heights
compared to cases with plastic deformation. Compared with Case D-P-L,
the friction coefficient’s behaviour in this case is largely governed by the
rising liquid saturation in the shear band. After t = 10 s, when the ice
within the shear band has completely melted, this saturation stabilizes at
a relatively constant value (Fig. 10a). Additionally, the greater flow
height produces more frictional work, which in turn results in a more
intense frictional heating process (Fig. 9) and a correspondingly higher
basal excess pore pressure evolution profile (Fig. 10b). In Fig. 11b, the
average velocity in this case develops slightly slower than in Case D-P-L
during the initial stage, where the thermal pressurization mechanism
hasn’t fully taken effect. Later, the profiles in both cases are almost
parallel after approximately t = 10 s. This implies the dominant role of
the thermal pressurization mechanism in facilitating the hypermobility
of rock-ice advances.

4. THM-coupled simulation of the Lamplugh rock-ice avalanche
4.1. MPM model of the Lamplugh avalanche

In this section, the Lamplugh rock-ice avalanche is chosen as a case
study to test the capability of our MPM simulation framework. This
avalanche occurred in Glacier Bay National Park and Preserve (GBNP),
southern Alaska, on June 28, 2016 (Fig. 12a). The elevation difference
between pre- (June 15, 2016) and post-event (July 16, 2016) DEMs over
the Lamplugh rock avalanche deposit was analyzed in detail by Bessette-
Kirton et al. (2018) and is shown in Fig. 12b. Due to increased melting at
higher altitudes and consequent permafrost degradation (Coe et al.,
2018), the Lumplugh avalanche originated from a bedrock ridge at
approximately 2,150 m asl (above sea level). The total source volume
was estimated to be around 52 + 2 million m® with an average thickness
of 50.0 m. The avalanche then flowed through a mountain valley
approximately 2,500 m wide, confined by steep mountains on both
sides, and travelled a distance of approximately 10,500 m. The un-
imaginable long runout makes it difficult to explain within the classical
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Fig. 11. Evolution profiles of (a) equivalent plastic strain and (b) velocity of the rock-ice mixture.

frictional framework (He et al., 2023).

In this example, we conduct a plane strain analysis of the Lumplugh
rock-ice avalanche using the proposed THM-coupled MPM. The MPM
model is constructed from the pre- and post-event elevation profiles
through the avalanche’s longitudinal cross-section L-L’, as presented in
Fig. 13. Based on the estimated source volume, the model’s thickness is
set to 60 m. As Bessette-Kirton et al. (2018) noted, the source region is
uncertain due to blurry satellite images of the area. To facilitate our
analysis, the source geometry adopted in our MPM model is slightly
larger than the one calculated from the pre- and post-event elevation
profiles (circled by red dots in Fig. 13). The source sliding material is
represented by a set of particles modelled with thermo-poro-

elastoplastic material, whereas the basal terrain is represented by rigid
material points with thickness corresponding to three layers of elements.
The interactions between rigid and non-rigid particles are governed by
the multi-material contact model incorporating frictional heating. The
background grid consists of 10 m x 10 m cells with 4 PPCs. The total
number of particles is 12,716, of which 8,399 are non-rigid. The runout
analysis is performed with a time step of 1 x 102 s for a total duration of
200 s. During this short simulation period, the sliding material is treated

as adiabatically insulated from the surrounding air, while pore pressures

at its surface remain at ambient atmospheric pressure (zero gauge).

The material parameters used to simulate the Lamplugh rock-ice
avalanche are listed in Table 1 (thermal and physical parameters) and

10



X. Lei et al.

Computers and Geotechnics 188 (2025) 107603

136°0'0"W
—

GLACIER BAY
NATIONAL PARK

58°40'0"N

PACIFIC
OCEAN

58°20'0"N

Explanation of Zones
A- source area
B- late-stage accumulation|
C-scour
D- internal toe
E- interior transport zone
F- distal rim

[Elevation Difference
(meters)
<-75

-75 to -25
-25t0 -5
-5to -2
-2to -1
-1to0 -0.5
-0.5t0 0.5
05to1
1t02
2to5

Elevation [m

Thermo-boro-elastoplastic sliding material

Rigid basal terrain material

!

1750 3500

5250

7000 8750 10500

Distance along the cross-section L-L' [m]
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Table 3
Hydromechanical parameters for Lamplugh rock-ice avalanche.

Parameters Value Parameters Value

5.0 x
108
0.2

Young’s modulus E Initial basal friction angel of [o]
[Pa]

Possion’s ratio v [-] Cohesion strength of the contact 600

surface cs [kPa]

Initial internal friction angel ¢

[o]

Initial, final internal cohesion
co, ¢ [kPal

Initial porosity n [-] 0.375 35
2.0 x
1078

1000,
100

Hydraulic conductivity
ki [m/s]

Table 3 (hydromechanical parameters). The hydrothermal parameters
are primarily referenced from He et al. (2023), who investigated the
same avalanche using a sliding block model. The mechanical parameters
are mainly taken from Pudasaini and Krautblatter (2014) for general
rock-ice mixture material. The strength of rock-ice depends strongly on
the hydrostatic pressure and temperature state (Fish and Zaretsky,
1997). A initial basal cohesion of 0.561 MPa was set in He et al. (2023)

11

for initial equilibrium in their sliding block model. In this work, the
cohesion along the sliding surface cs is set to 0.6 MPa. Further to reflect
the fragmentation, the internal cohesion c¢ of the rock-ice mixture de-
creases from its initial value co = 1.0 MPa to its final value ¢; = 0.1 MPa
with the increase of equivalent plastic strain &4, via the following strain
softening law ¢ = ¢; + (co —¢)exp( — eqy)-

The shear band thickness is a key parameter that controls the gen-
eration of basal temperature and the diffusion of excess pore liquid
pressure. To reflect the significant rock and ice fragmentation after the
sliding mass hits the ground surface, the shear band thickness is
increased from an initial value of 0.05 m to 0.5 m after t = 75 s (the time
of peak velocity). Following He et al. (2023), an energy conversion co-
efficient of 0.35 is introduced to reduce the frictional heating rate. It
should be noted that rock-ice avalanches have complex components, and
their material properties may vary spatially. Therefore, the material
parameters adopted here are averaged values, which were best-fitted to
the velocity profile derived from seismic signals (Fig. 16a, Dufresne
et al., 2019) and the deposition characteristics (Fig. 12b, Bessette-Kirton
et al., 2018).
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Fig. 16. Comparison of averaged (a) velocity and (b) displacement profiles obtained from MPM with results derived from seismic signal (Bessette-Kirton, 2016) and

sliding block model (He et al., 2023).

4.2. THM-coupled avalanche dynamics

Fig. 14 and Fig. 15 presents the velocity and equivalent plastic strain
contours at different times simulated by our THM-coupled MPM, in
which zones with different elevation change characteristics are sepa-
rated by the grey dot lines. Meanwhile, Fig. 16 compares the simulated
runout velocity and distance profiles with those derived from seismic
wave inversion by Dufresne et al. (2019), and with results obtained from
the block model simulation of He et al. (2023). Consistent with field
observations, the rock-ice mixture was initially positioned on the slope

at approximately 2,150 m asl. When the simulation started, the slope
underwent large shear deformation within its mass, given the specified
material parameters. The simulated failure plane overlaps well with the
post-failure surface (marked with red dots in contour figures). Prior to t
= 40 s, the failed mass moved as a largely intact body along the slip
surface. Subsequently, the failed mass dropped at an average slope of
48° to an elevation of approximately 900 m asl before sloping toward the
surface of the Lamplugh Glacier at an average gradient of 8° (Bessette-
Kirton et al., 2018). At this stage, the sliding body’s potential energy
rapidly converted into kinetic energy, with its speed quickly increasing
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Fig. 17. Evolution profiles of the basal contact force and the equivalent plastic
strain within the sliding mass.

from 8 m/s at t = 40 s to its peak of around 80 m/s at t = 75 s (Fig. 16).
When the sliding mass hit the glacier surface with a gentle slope at
around t =75 s, strong interactions were observed on the contact surface
(red line in Fig. 17). The magnitude of these interactions is comparable
to the field impact force inverted from long-period seismic waves (a
maximum inverted force of 2.8 x 10! N as reported by Dufresne et al.,
2019). Meanwhile, significant internal deformations occurred during
this process (Fig. 15, light blue line in Fig. 17). As a result, the sliding
mass broke into several blocks while moving across the valley floor with
an average gradient of approximately 1.3° (Fig. 14). Due to frictional
interactions with the valley surface, the failed mass then came to rest
along the sliding path. As highlighted by the differenced DEM in
Fig. 12b, significant material accumulation occurs in specific areas
(Bessette-Kirton et al., 2018): just below the source (Zone B), in a toe-
like feature in the middle of the deposit (Zone D), and along the
lateral and distal margins (Zone F). Concurrently, a transport area (Zone
E) contains regions of both accumulation and depletion. The simulated
deposition characteristics demonstrated good concordance with the
field data, with the exception of Zone C, as our model did not incorpo-
rate the erosion feature in that area.

As presented above, our MPM model accurately reproduces the
average velocity and displacement of the sliding mass, as well as the
deposition characteristics of the Lamplugh rock-ice avalanche. This
demonstrates that the avalanche’s extraordinarily long runout can be
well explained by the THM-coupled mechanism. The simulated tem-
perature and pore pressure contours at different times are presented in

Computers and Geotechnics 188 (2025) 107603

Fig. 18 and Fig. 19, respectively. Meanwhile, the evolution profiles of
the THM-related field variables within the basal shear zone are dis-
played in Fig. 20. As shown, after the failed mass fully detaches from the
bedrock ridge (t = 40 s), the temperature inside the basal shear zone (red
line in Fig. 20a) increases rapidly with the frictional sliding process. This
sharp temperature increase also leads to the rapid melting of ice within
the shear zone. As the red line in Fig. 20b illustrates, the average liquid
saturation within the shear zone rises from approximately 0.3 att =40 s
to 0.9 at t = 75 s. The ice melting process decreases the effective solid
volume fraction according to Eq.(25), which consequently leads to a
direct reduction in the basal friction coefficient (light blue line in
Fig. 20b). Furthermore, the average pore pressure increases sharply due
to frictional heating. The resultant basal pore pressure accumulation
directly reduces the effective frictional force along the sliding surface
(Eq. (17)). This is the dominant mechanism contributing to the
extraordinarily rapid velocity increase observed during this stage (be-
tween t = 40 s and 75 s). As stated by Campbell et al. (1995) and Zhao
and Crosta (2018), the thickness of a landslide shear zone increases with
intense shearing and increased basal roughness. In the simulation, after
strong interactions with the ground surface, the shear band thickness is
adjusted from an initial value of 0.05 m to 0.5 m at t = 75 s. Following
this, the failed mass has travelled onto a much gentler ground surface.
Consequently, the sliding velocity decreases gradually in conjunction
with a slower frictional heating process. As depicted by the red line in
Fig. 20a, the average basal temperature exhibits a gradual increase after
t = 75 s (also evidenced by the temperature contours in Fig. 18). This
suggests that the heat generation rate within the shear zone marginally
exceeds the rate of heat diffusion into the surrounding rock mass.
Meanwhile, the thermal pressurization process was overcome by pore
pressure-diffusion, leading to a net decrease in pore pressure over time
(Fig. 19). As a result, the velocity of the sliding mass decreases due to
frictional contact along the valley surface, even with a reduced effective
solid fraction and friction coefficient. By t = 200 s, the leading edge of
the sliding mass had traversed approximately 10,500 m (Fig. 14).
Meanwhile, the average sliding distance of the failed mass is around
5,612 m, which is slightly smaller than the derived value of 5,929 m
shown in Fig. 16b.

5. Concluding remarks

This study introduces a novel Material Point Method (MPM) frame-
work designed to model the thermo-hydro-mechanical (THM) coupled
processes in rock-ice avalanches. The proposed framework integrates a
THM-coupled three-phase single-point MPM formulation to effectively
capture the complex interactions of skeleton deformation, pore water
seepage, heat transfer, and ice-water phase transition within the sliding
rock-ice mixture. Additionally, a multi-material MPM contact model is
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Fig. 18. Simulated temperature contours of the Lamplugh avalanche at different times.
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Fig. 20. Evolution profiles of field variables within the shear zone: (a) temperature and pore pressure; (b) saturation and friction coefficient.

incorporated to account for sliding interactions between the multiphase
porous continuum and the basal terrain, including frictional heating and
thermal pressurization effects. The proposed framework’s validity was
initially established by modelling the freezing of a semi-infinite porous
medium. Its capabilities to model thermal pressurization were further
evidenced by simulating frictional heating in two scenarios: an elastic
rock-ice block sliding at controlled velocity and an elastoplastic rock-ice
mixture sliding on an inclined surface. The framework effectively re-
produces Lamplugh’s runout (10.5 km) by resolving two key THM
dominated hypermobility mechanisms: (i) thermal pressurization
resulting from frictional heating and (ii) basal lubrication caused by ice-
water phase transitions. This comprehensive modelling approach suc-
cessfully explains the event’s exceptional mobility—a phenomenon that
cannot be adequately accounted for by traditional single-phase me-
chanical models.

To facilitate comparison, we have selected the two-dimensional (2D)
Lamplugh rock-ice avalanche as the illustrative case for this paper.
Crucially, our framework is inherently versatile and can be seamlessly
applied to model rock-ice avalanches across complex three-dimensional
(3D) natural terrains (Lei et al., 2022). However, such applications
would necessitate high-resolution pre- and post-event 3D DEMs, along
with detailed field investigations and seismic signal analysis for cali-
brating the THM-coupled model. For future work, the proposed
modelling framework should be extended to incorporate additional key
physical processes that critically influence landslide dynamics, such as
the particle breakage of ice blocks within the rock-ice mixture and the
mass entrainment along the sliding path. Their integration, informed by
existing works (Wei et al., 2024; Jiang et al., 2025), will lead to a more
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robust and physically consistent simulation of real-world rock-ice ava-
lanches, thereby significantly enhancing the model’s predictive
capabilities.
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