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A dynamic model for rapid startup of high-speed
landslides based on the mechanism of friction-induced

thermal pressurization considering vaporization

Abstract The friction-induced thermal pressurization mechanism
in the shear band is an important reason for the transition of
motion state of landslides from creeping to high-speed sliding
during their initial startup phase. In this paper, a dynamic model
for the startup phase of high-speed landslides with thermo-hydro-
vapor-mechanical (THVM) coupling in shear band is established
and applied to the Vaiont landslide for case study. The model
consists of three governing equations: the equation of motion
controls the motion of the overlying slide mass, the heat equation
controls the heat or temperature change in the shear band at the
bottom, and the pore pressure equation controls the change of
excess pore pressure in the shear band. The main variables of these
equations interact with each other. In addition to the thermal
expansion pressurization of pore water, vaporizing pressurization
is systematically considered for the first time in this model. The
analysis results of the model applied to the Vaiont landslide show
that, at 10 s, the excess pore pressure in the shear band is up to
4.5 MPa, the maximum temperature is 295 °C, and the velocity of
each block is in the range of 24~31 m/s. The evolution of excess
pore pressure in the shear band is divided into four stages which
have been discussed in detail. The THVM model established in this
paper can reflect the physical mechanism of thermal pressuriza-
tion inside the shear band of high-speed landslides during their
startup process to a certain extent, and it could also explain why
some landslides quickly turn to catastrophic high-speed sliding
after they start.

Keywords High-speed landslides - Dynamic model - Shear
band - Thermal pressurization - Vaporization

Introduction

The fast-sliding high-speed landslides are often destructive, widely
spread, and difficult to prevent, easily causing serious loss of life
and property in disaster areas, so they are often described as
catastrophic landslides. The dynamic mechanism and motion pro-
cess simulation of high-speed landslides have become the focus of
engineering geologists (Hendron Jr and Patton 2015; Hungr 2007;
McDougall and Hungr 2004; Sassa et al. 2010). The dynamic
mechanism of high-speed landslides has long been a challenge
for scholars concerned due to their high moving speed and long
sliding distance, which is difficult to explain by conventional
dynamic methods. Many scholars have investigated the dynamic
mechanism of high-speed landslides from the perspective of
friction-induced thermal pressurization in the shear band. There
are two main hypotheses (Vardoulakis 2000): (i) the heat generat-
ed by friction in the sliding process vaporizes the pore water in the
shear band to form a vapor cushion which is the key to the high
speed movement of the landslide and (ii) even if vaporization does
not happen, the pore water pressure in the shear band will increase

due to thermal expansion of pore water under the condition of
high temperature caused by friction, thereby reducing the friction-
al resistance of the sliding surface and resulting in a higher velocity
and a longer distance of the slide mass.

In 1963, the world-famous Vaiont landslide occurred in north-
ern Italy. That catastrophic landslide has a maximum sliding
velocity of 25~30 m/s (Hendron Jr and Patton 2015). Habib (1975)
proposed the concept of “vaporization” for the first time to reveal
the dynamic mechanism of the high-speed Vaiont landslide. Habib
believed that during landslide movement, the mechanical energy
in the shear band was dissipated in the form of heat, and the high
temperature generated might cause the pore water to vaporize,
resulting in frictionless sliding. Voight and Faust (1982) argued
that even without vaporization, the heat in the shear band was
sufficient to generate high pore water pressure, causing the land-
slide to turn to catastrophic acceleration. Based on the hypothesis
proposed by Voight and Faust, Vardoulakis (2002) established a
one-dimensional dynamic model of friction-induced thermal pres-
surization regardless of vaporization, assuming a regular shape of
slide mass, which was applied to the Vaiont landslide. Veveakis
et al. (2007) studied the process from creep to accelerated sliding
and believed that this transition was due to the localization of
shear-induced heat in the shear band, causing the temperature to
rise to the critical pressurization temperature. Goren and
Aharonov (2009) investigated the dynamic mechanism of cata-
strophic landslides and creep landslides respectively based on
Vardoulakis’ model and emphasized the importance of permeabil-
ity. Many other studies (Cecinato 2009; Gerolymos et al. 2007;
Goren and Aharonov 2007; Goren et al. 2010; Pinyol and Alonso
20104, b; Pinyol et al. 2012) have also focused on the mechanism of
thermal pressurization in the shear band of high-speed landslides
based on Vardoulakis’ model. Cecinato and Zervos (2012) and
Cecinato et al. (2011) introduced a thermo-mechanical model,
considering the thermoplasticity and heat-induced friction soften-
ing of soil in the shear band, which further improved the thermal
pressurization theory for the activation of high-speed landslides.
Due to the large difference in thickness between the shear band
and the overlying slide mass, the abovementioned thermal pres-
surization theory is limited to the generalized analysis of the one-
dimensional model. Based on Vardoulakis’ model, Zhao et al.
(2018) divided the irregular slide mass and shear band into a series
of discrete blocks by the slice method and established a quasi two-
dimensional model with thermo-hydro-mechanical coupling,
which fully considers the spatial morphological characteristics of
the slide mass and its influence on the thermal pressurization in
the shear band.

In recent years, there has been a lot of evidence proving that
heat-induced vaporizing pressurization in the shear band is an
important cause of high-speed landslides. Wang et al. (2017)
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performed a series of ring shear tests on the sliding zone soil of
Yigong high-speed landslide in Tibet, revealing the heat-induced
vaporization phenomenon on the shear surface in its sliding pro-
cess; they believed that it was one of the important reasons leading
to the high-speed sliding of Yigong landslide. Hu et al. (2019)
conducted a thermogravimetry test on dolomite samples at the
sliding surface of Daguangbao landslide triggered by Wenchuan
earthquake, and the results showed that the temperature generated
on the sliding surface was as high as 850 °C. According to their
study, the high temperature generated by friction on the sliding
surface causes the dolomite to produce CO, and the groundwater
to vaporize and produce vapor, leading to a sharp increase in the
pore pressure on the sliding surface, which is an important mech-
anism underlying the high-speed sliding of Daguangbao landslide.

Although the thermal pressurization caused by heat-induced
vaporization has been gradually recognized by many scholars as
an important cause of high-speed landslides, currently, this mech-
anism is still in the experimental research stage, and there are few
relevant mathematical models available to quantify it. As men-
tioned above, the existing thermal pressurization model only con-
siders the change of excess pore water pressure caused by thermal
expansion, without taking into account the vaporizing pressuriza-
tion induced by high temperature.

In this paper, considering the high-temperature induced vapor-
ization of pore water in the shear band, a quasi two-dimensional
dynamic model for the startup phase of high-speed landslides with
thermo-hydro-vapor-mechanical (THVM) coupling is established,
based on the thermal-hydro-mechanical coupling model of
Vardoulakis (2002) and Zhao et al. (2018), and this model is
applied to the Vaiont landslide for case study. The THVM model
established in this paper can reflect the physical mechanism of
thermal pressurization inside the shear band of high-speed land-
slides during their startup process to a certain extent, and it could
also explain why some landslides quickly turn to catastrophic
high-speed sliding after they start.

Simplification and assumption of the landslide model

The shear band and slide mass

The landslide model is simplified into a binary structure
consisting of the overlying slide mass and the shear band at the
bottom, as shown in Fig. 1. It is assumed that the shear deforma-
tion of the landslide during its movement occurs intensively in the
shear band at the bottom. The shear band is usually composed of
dense saturated clay (Cecinato 2009; Wen et al. 2004), the thick-
ness of which is much smaller than the slide mass, usually only a
few millimeters (Vardoulakis 2002).

The time window considered in this paper is the initial accel-
eration process from the start of the slide mass to the pre-
disintegration stage, which usually lasts only a few seconds. There-
fore, the slide mass is assumed to be a continuum here, and only
elastic deformation occurs during its movement. For the shear
band, we assume that it is a three-phase porous material com-
posed of water, gas, and clay particles. At the initial moment, it is
assumed that the pores are filled with water and there is no gas.
Clay in the shear band is a heat conducting material with weak
water permeability. The overlying slide mass moves along the
contact surface between the slide mass and the shear band. In this
process, shear deformation occurs in the shear band. It is assumed
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Fig. 1 Simplified landslide structure consisting of the overlying slide mass and the
shear band at the bottom

that the lower boundary of the shear band is fixed, while the
deformation rate of the upper boundary is consistent with the
moving velocity of the overlying slide mass.

The action within the shear band is the focus of our research
because it directly affects the motion of the overlying slide mass.
Vardoulakis believes that the shear band undergoes a thermo-
hydro-mechanical coupling process. However, this paper con-
siders the vaporization of pore water in the shear band caused
by high temperature. Therefore, it may be summarized as the
thermo-hydro-vapor-mechanical (THVM) coupling process. The
movement of the overlying slide mass promotes shear deforma-
tion in the shear band, and the mechanical work produced by the
shear stress is converted into heat, which leads to the increase of
temperature in the shear band. On the one hand, due to the
thermal expansion of the pore water, the excess pore water pres-
sure is generated. On the other hand, when the temperature
reaches the boiling point, the pore water begins to vaporize and
is partially converted into vapor, thereby generating pore gas
pressure. The increase of pore pressure will reduce the frictional
resistance, thereby promoting the acceleration of the slide mass.

Due to the great difference in thickness between the slide mass
and the shear band, one-dimensional analysis is more suitable for
the study of the THVM coupling process in the shear band, which
assumes that the variables change only along the direction of shear
band thickness. Vardoulakis (2000) simplified the slide mass into a
regular shape, sliding along a plane with a fixed inclination. In this
paper, we have considered the non-uniformity of geometry of the
slide mass, that is, the thickness of the sliding mass and the
inclination of the sliding surface are no longer constant, but
change along the sliding direction. For this purpose, we use the
slice method, just like what Zhao et al. (2018) have applied, to
divide the slide mass and the shear band respectively into N small
slide blocks and small shear bands, as shown in Fig. 1. Nonetheless,
due to the limitation of the scale, one-dimensional analysis along
the thickness is still used within each individual shear band.

Figure 2 depicts the interaction between adjacent slide blocks,
as well as the relationship between the slide block and the corre-
sponding shear band. The adjacent blocks interact with each other
through the interslice force P, affecting their respective accelera-
tion, velocity, and deformation. The following focuses on the
relationship between the block i and the corresponding shear band



i. The block i applies an initial effective normal stress (a'n)z.’o on
the shear band at the bottom and moves along the upper boundary
of the shear band at the velocity v. According to Coulomb’s law of
friction, the upper boundary of the shear band is subjected to the
shear stress 7. Under the action of the shear stress 7, shear strain
occurs correspondingly inside the shear band, and the shear rate is
assumed to be linearly distributed along the thickness. The me-
chanical work done by the shearing force is converted into heat,
causing temperature in the shear band to rise to T;. The saturated
pore water in the shear band is thermally expanded, thereby
generating excess pore water pressure. If the temperature reaches
the boiling point, the pore water will gradually vaporize and a pore
gas pressure will be generated in the shear band. These two pore
pressures are collectively referred to as the excess pore pressure p;,
which will reduce the effective normal stress between the block i
and the shear band i to ((U;)i‘o — pi). Although there is no direct
interaction between adjacent shear bands, the above relationships
will lead to indirect influence between them.

The motion of slide mass
The shear deformation of the bottom shear band results in the
movement of the overlying block; what is more, the movement of
the block further promotes the shear deformation in the shear
band. In order to study the complex physical processes inside the
shear band during the acceleration phase of the high-speed land-
slide, we need to determine the motion of the overlying slide mass.
Here we simplify the sliding mass into a deformable elastomer.
Therefore, in addition to the motion, each individual slide block
will be elastically deformed. It is assumed that each block is
deformed only in the horizontal direction, and the deformation
rate is consistent in the vertical direction within each block. Based
on the above assumptions, we can derive the momentum equation
for each block based on the studies of Miao et al. (2001) and Zhao
et al. (2018):
J=my"; (1)

i

. . b;
Wisinoy + Picos(i—cy)—Pi,— (W,-cosag + P,-sm(a,;,—a,-)—pmixlrr)ﬂ
i

In Eq. (1), the initial acceleration v""; can be obtained as long as
the initial state is determined, such as the initial interslice force P;
and the initial slip angle «; of each block. Assume that each block
is uniformly accelerated during each iteration time step which is
small enough. Then, the velocity and deformation of each block at
the next moment can be acquired. According to Miao et al. (2001),
the relationship between the elastic deformation s; of each block
and the horizontal interslice force H; is expressed as

Hia = Hiy +Kisigoae (2)
and
H;
P; =
" cosai, (3)

where k; is the elastic modulus of each block. Thus, the accelera-
tion at the next moment can be acquired by Eq. (1). Following this

cycle, the motion variables of each block at each moment, such as
velocity, acceleration, interslice force, deformation, and displace-
ment can be finally obtained.

Two-phase mixture model in the pore of shear band

The shear band is a clay-like porous material composed of soil
skeleton and pores. The evolution of material state in pores can be
divided into three stages. In the initial state, the pores are filled
with water and in a saturated state, and the saturation of the pore
water is s = 1. When the temperature in the shear band reaches the
boiling point, the pore water begins to vaporize. At this time,
water and vapor coexist in the pores, as shown in Fig. 3, and the
pores are in an unsaturated state, where the water saturation is s < 1. It is
assumed that the temperature in the system does not change during
vaporization. When the heat in the shear band increases to a certain
value, all water in the pores is converted into vapor, and the saturation of
water is s=o.

The two-phase mixture model, which was described by Wang
and Beckermann (1993), is used to describe the water-vapor
coexistence state in the second stage. In the two-phase mixture
model, water and vapor are treated as a whole, i.e., a water-vapor
mixture. The density of the water-gas mixture is expressed as an
average:

Pwy = SPw + (1_S)pv (4)

In Eq. (4), s is the pore water saturation; p,, and p, are the
densities of pore water and vapor, respectively.

Just like density, the thermodynamic properties of the two-
phase mixture are related not only to the properties of each
component but also to the pore water saturation.

Heat-induced pore pressurization in the shear band

Heat generation

When the overlying block moves along the shear band, shear
deformation occurs inside the shear band. The rate of shear strain
work per unit volume in the shear band is given by

W=ry (s)

where 7 is the shear stress acting on the shear band, and 7 is the
rate of shear strain.

For simplification, the rate of shear strain is assumed to be
linear along the thickness of the shear band (just like Vardoulakis
(2002)‘s study), as shown in Fig. 2, and thus

m

y=ZH - (©

(o))
<
—~
N
~
<=

where v is the rate of shear strain on the upper boundary of the
shear band or the velocity of the overlying block; d is the thickness
of the shear band.

Substituting Eq. (6) into Eq. (5) gives

W= %
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Fig. 2 Interactions between slide blocks and shear bands

Assuming that all mechanical work is converted into heat, the
heat generation rate per unit volume H is

H=W=r

Q..|<:§

(®)

In Eq. (8), the shear stress in the shear band is determined by
Coulomb’s law of friction:

7= h(chop) (o)

where y is the friction coefficient of material in the shear band; U;:,o
is the initial effective normal stress in the shear band, which is
derived from the overlying block; and p is the excess pore pressure
generated in the shear band.

Heat balance equation

The heat balance within the shear band is related to three phases:
solid phase, liquid phase, and gas phase. Heat is generated by
mechanical work and is dissipated by conduction and convection
to achieve heat balance. Wang and Beckermann (1993) had devel-
oped a general numerical formalism for efficient simulation of

water (W)

vapor (V)

solid (s)

252

Fig. 3 Three-phase structure of soil in the shear band
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two-phase flow and heat transfer processes in porous media. In
their research, a two-phase zone and single-phase regions
coexisted, with irregular and moving phase interfaces in between.

In this paper, we have simplified the problem. Before the
temperature reaches the boiling point, only the water phase exists
in the pores; after reaching the boiling point, the water phase and
the vapor phase coexist, called the two-phase mixture, whose
thermodynamic properties are related to the properties of each
phase and the water saturation of pores. Suppose the two phases
are uniformly mixed, with no boundaries between them. In the
two-phase mixed state, the heat could continue to increase, but the
temperature remains unchanged until water is completely convert-
ed to vapor when the saturation s=o. In addition, since the
permeability of the dense cohesive soil in the shear band is ex-
tremely small, the heat convection is neglected, which may cause a
high computational cost. Therefore, the heat balance equation in
Wang’s (1997) study is simplified to the following:

Qaa—lj =V(I-VH)+H (10)
OH / "
95 =V(I'VH) + ﬂ(anﬁo—p) T (1)

On the right-hand side of Eq. (11), the first term is heat diffusion
and the second term is heat generation. The effective heat
capacitance ratio (2 and effective diffusion coefficient I' in Eq.
(11) are expressed as

dT

2 =n+ p,c;(1-n) 0 (12)
dT
I'=ket (13)



In Egs. (12) and (13), # is the porosity of clay in the shear band;
ps is the density of the soil skeleton; and c, is the specific heat
capacity. Other variables are expressed as follows:

ket = ks(1—n) + kyns + kyn(1—s) (14)

where kg is the effective heat transfer coefficient; kg, ky, and k, are
the heat conduction coefficients of the solid, liquid, and gas
phases, respectively; and s is the pore saturation.

3 H< _Pw(2hvsat_hwsat)

dT Pww
E = o X 3 _pw(Zhvsat_hwsat) < Hs_pvhvsat (15)
pyC ) _pvhvsat < H
vCv

where dT/dH denotes the derivative of the temperature with re-
spect to the volumetric heat; p,, and p, are the densities of water
and vapor, respectively; c,, and c, are the specific heat capacities of
water and vapor, respectively; and ks, and hyg, are the specific
enthalpies of water and vapor, respectively.

The temperature T at different states can be calculated after
obtaining the heat H, and the expression is written as

H+2p,h
—— v 5 HS_PW(Zhvsat_hwsat)
prW
T= Tsat L 5 _pw(Zhvsat_hwsat) < HS_pvhvsat
H+
Tsat + Mv _pvhvsat < H
VCV

(16)

where T, is the saturation temperature in thermodynamics or the
boiling point of water. It can be expressed as

hwsat

Toat =

(17)

w

The pore saturation s under different thermodynamic condi-
tions is given by

H< —Pw (lhvsat _hwsat)
5 T Pw (Zhvsat_hwsat) < H< —Py hvsat

1 b)
H + pvhvsat

pyhig + (Pw=Py ) Pysat
0 )

s =
_pvhvsat <H

(18)

where h¢, is the latent heat of phase change, and it can be
expressed as follows:

hfg = hvsat_hwsat (19)

The specific enthalpies of water hy.,, specific enthalpies of
vapor Ay, and latent heat of evaporation hg, vary with pressure,
as shown in Fig. 4.

Mass balance equations

The flow of fluid within the shear band causes a change in the
density of the system, thereby establishing the mass conservation
equations for soil skeleton and pores, which are described by
partial differential equations (Coussy 2004).

> (p.-m)ds) =

(20)

D
i (puyndf2) =o0 (21)

where D/Dt denotes the material derivative with respect to the
time (t), D/Dt =0/t + (v-V); n is the porosity; p,, is the density of
water; ps is the density of solid; d€, is the material volume.

Due to the low permeability of the medium, Darcy’s law is often
used to describe the flow of fluid. Pinyol and Alonso (20104, b)
combine Egs. (20) and (21) to obtain the following equation:

n Dp, | (1—n) Dp;

pw Dt ps Dt

% _rp
Yot p, 0z

+m

=0 (22)

where p is the excess pore pressure; m, is the compression coeffi-
cient of solid; ~ is the permeability of porous media; y,, is the
dynamic viscosity of water; and z represents the direction along
the thickness of the shear band.

When only the liquid phase is present in the pores, Pinyol and
Alonso (2010a, b) assumes that the change in volume or density of
the pore water in the above-described mass conservation equation
is due to the compression caused by change in the pore pressure p
and the thermal expansion caused by change in temperature T.
The pore water has a compression coefficient of o, and a thermal
expansion coefficient of /3, and thus,

3000 T T T T T T T T T
0-0-0-00__,
—e—gq
2500 e -
o\
oh °
= [
= 2000 o b
s "
£ —
£ 15001 a, e -
E ‘<I
o -ETA
o a-t
= - A<
.g 1000 - A\‘\ 1
&
500 —m— Specific enthalpies of water &, A 4
—e— Specific enthalpies of vapor 7, \
—A— Latent heat of evaporation /i, Al
0 T T T T T T T T T T
0 5 10 15 20 25

Pressure/MPa

Fig. 4 The specific enthalpies of water hy, specific enthalpies of vapor Ay,
latent heat of evaporation hy vary with pressure
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v _ _dpy

g == awdp+ BT

(23)

P = Puexp(a (p=p°) =, (T-T°)) (24)

where p?9, is the initial density of water, and p° and T° are the initial
pressure and the temperature, respectively.

This problem is further complicated when vaporization occurs
once the temperature of pore water exceeds the boiling point.
After the temperature reaches the boiling point, in addition to
compression and thermal expansion, volume change of the mix-
ture is also related to vaporization of the pore water. In addition,
the fluid density and the dynamic viscosity in Eq. (22) no longer
belong to water, but to the water-vapor mixture.

Define the compressibility of the water-vapor mixture as

(25)

Qy = QS + ay(1-5)

where s is the saturation of pore water; o, is the compression
coefficient of water, which is assumed as a fixed value; and «, is
the compression coefficient of vapor, which is considered to vary
with the pore pressure at a constant temperature. The volumetric
compressibility of water vapor can be approximated by the follow-
ing equation:

v.—v,
v, - (P,—Py)

(26)

Qy =

where P, and P, are different pressure states, and v, and v, are the
corresponding specific volumes of saturated vapor. According to
Eq. (26), the volumetric compressibility of vapor changes with the
pressure, as shown in Fig. 5.

Define the thermal expansion coefficient g, of water-vapor
mixture as

ﬁwv = /gws + /Gv(l_s) (27)

where (3, and f3, are the thermal expansion coefficients of water
and vapor, respectively.

The vaporizing expansion coefficient h,,., can be defined as the
relative change in volume after absorbing 1 J of heat for a unit
volume of water in a thermodynamically saturated state. It can be
expressed as

(=)

hwfv =7
h-fg

(28)

where v is the specific volume of vapor; v is the specific volume of
water at the same pressure; and h g is the latent heat of phase
change.
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g. 5 The volumetric compressibility of vapor changes with the pressure

The specific volume of water and vapor varies with the pres-
sure, as shown in Fig. 6.

Therefore, when vaporization occurs, the excess pore pressure p
in Eq. (22) is no longer merely caused by not only the thermal
expansion of water but also the vapor pressure generated by
vaporization.

The volumetric deformation of water-vapor mixture e, is
expressed as

dv dp.

Ewy = —— = ——p wo_— _awvdp + ﬁwvdT + hwfvdH

(29)

and the density of water-vapor mixture p, is given by

__ o0 o 0 0
Py = Pay€XP (s (PP )= B (T—T°) = by (H-H?)) (30)
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Fig. 6 The specific volume of water and vapor varies with the pressure



Derivation of Eq. (30) leads to

DT DH

Dp, Dp
—D‘:V Qtyry Pryy Dt —BrPuy Dt Ny Py Dt

(31)

Solid particles are assumed to be incompressible against stress
changes, but not against temperature changes. The density of solid
particles can be similarly expressed as

ps = peexp(=,(T-T°)) (32)

where p¢ and /3 are the initial density and the thermal expansion
coefficient of solid particles, respectively.
Derivation of Eq. (32) leads to

DT

Dp
> = _ﬂspsﬁ

Dt

(33)

Substituting Eq. (31) and (33) into Eq. (22), the mass conserva-
tion equation for water-vapor mixture and solid particles can be
obtained:

Dp DH

DT
—(nByy + (1—n)05) D + Moy 1 - —1hy—y Dr +m

g K Pp_

Yot o, 022

(34)

At this point, the assumption of small strain rate along the
thickness of the shear band is introduced. Thus, material deriva-
tives are approximated replaced by Eulerian derivatives, D/Dt~ 0/
ot, and Eq. (34) becomes

oT op 0H Kk 0%
- - A, wv v) A, hwfv A, =
b e N C)
To be more intuitive, Eq. (35) is organized as follows:
op K Op oT 0H
(”awv +my) o R 0z + (B + (1 ﬂ)ﬁs) ot + nhw—v? (36)

In Eq. (36), the first term on the right-hand side represents the
dissipation of excess pore pressure; the second term describes the
change of excess pore pressure caused by thermal expansion; and
the third term describes the change of excess pore pressure caused
by vaporization.

The dynamic viscosity p, of water-vapor mixture in Eq. (36)
affects the dissipation of excess pore pressure, and its value is
related to various factors, including density, kinematic viscosity,
and relative permeability of water and vapor, as well as the
saturation of water in pores. According to Chavent (1976) and
Wang and Beckermann (1993), the dynamic viscosity of water-
vapor mixture is expressed as follows:

PwS + pv(l_s)
(Krw/vw) =+ (Kirv /1)

Py = (37)

where k,, and k,, are the relative permeabilities of water and
vapor, respectively, and v, and v, are their kinematic viscosities.

The relative permeability of each phase in the porous medium
is generally simplified to an exponential function of the liquid
phase saturation s. In order to simplify the model and reduce the
computational cost, we adopted Wang et al.’s (1994) suggestion to
simplify the relative permeability of each phase to a linear function
of liquid saturation:

Kew™S,  Ky™1—$ (38)

and thus

e PwS + py(1-s)
" (s/ve) + ((1-5) /)

(39)

As described earlier, there may be three states of pore water in
the shear band, namely, water, water-vapor mixture, and vapor,
which correspond to different thermodynamic stages. In the first
stage, the pore water has not started to vaporize before the tem-
perature reaches the boiling point; the vaporizing expansion coef-
ficient is h,., =o0. In the second stage, after the temperature
reaches the boiling point, and before the pore water completely
vaporizes, the heat of the system increases, but the temperature
remains unchanged. In this stage, 0T/0t = o. In the third stage, the
supersaturated state in thermodynamics is reached, and the pore
water is completely evaporated into vapor. In this stage, there is no
vaporization, so the vaporizing expansion coefficient is h,,_, = o.
Therefore, in different thermodynamic stages, the pore pressure
Eq. (36) can be simplified to different forms.

In the first and third stages, the pore pressure equation is
simplified to

op Kk Op oT
(nowy + my) o oz + (nByy + (1—”)@)5 (40)
and in the second stage, it is simplified to the following:

op Kk O°p O0H
(nowey + my) 2% h o + nhy—y o (41)

Numerical implementation

In each shear band, the heat Eq. (11) and the pore pressure Egs.
(40) and (41) at different stages can be numerically solved by the
finite difference method. The coefficients of these equations are
replaced by algebra, and the simplified heat equation is given by
Eq. (42), and the pore pressure equation is given by Egs. (43) and
(44):

_0H ~&H

aE—b o +cp+d (42)
_Op ~0p 0T
‘a8 (43)
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2P _70p o0

ot T o o (44)

The coefficients in the above equations are expressed as follows:

. dT
a = n+ pycs(1-n) i

b= (ks(1—n) + kyns + kyn(1—s)) Z—IZ;

~ tang - v
C=mg
~ ;oY

d= Un107t3n¢;

e = n(aws + ay(1-5)) + my;

s T a0
/i) + (=) /)

8 = n(Bys + 0,(1=5)) + (1-n) 5

The implicit method of backward-time centered-space (BTCS)
is adopted to solve these partial differential equations. In the shear
band i, which is located at the bottom of the slide block i, the heat
equation is discretized into the following format using the BTCS
difference method:

—2Hk+HE
L k4 d

H*-H*' _HX
a J J _b 1

= i (45)

where the subscripts denote the spatial position of each shear band
in the z-axis direction; the superscripts denote the time; At and Az
denote the size of the time step and the space step, respectively.
The current time and space are represented by k and j,
respectively.

The pore pressure equations at different stages are discretized
into the following formats:
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k_ k- k ko ok k_ k=
EPj_Pj ! ~Pjn2P; t P, +§Tj_Tj !

a e At (46)
/Ty T s @)
At Az

At

Initial and boundary conditions are similar to those in Zhao et al.’s
(2018) study. The initial temperature in the shear band is denoted by
Tinitia and the initial excess pore pressure and the initial velocity are
both zero. Thus, the initial conditions can be expressed as
T(z,0) = Tiitat; P(2,0) =0; v(z,0) =0 (48)

The initial value of the heat H can be directly obtained by the
temperature T (from Eq. (16)).

The dissipation boundary of heat and excess pore pressure is
assumed to be located xd from the boundary of the shear band,
where d denotes the thickness of the shear band. Thus, the bound-
ary conditions are described as follows:

Ti(£xd,t) = Tiniiat; ~ p;(£xd,t) =0 (49)

The boundary condition of the heat H can be directly obtained
by the temperature T (from Eq. (16)).

As described above, the velocity at the upper boundary of shear
band is equal to velocity of the overlying block; the lower bound-
ary of the shear band is fixed; within the shear band, the velocity is
assumed to have a linear distribution. Therefore, the shear rate of
the shear band can be expressed as

vi=o0 z=o0

z
v; = vi"’(t)g z&(o,d) (50)
vi =" (1) z=d

where z denotes the coordinate axis parallel to the thickness
direction of the shear band, and the starting point of this coordi-
nate axis is at the lower boundary of the shear band; v/ (t) is the
velocity of the overlying block i.

Case study

Vaiont landslide

The Vaiont landslide has been frequently used as an example for
analysis of the thermal pressurization mechanism of high-speed
landslides, such as in the studies of Vardoulakis (2002), Veveakis
et al. (2007), and Zhao et al. (2018). For comparison, this paper
also uses the Vaiont landslide as an example. The calculation
profile we have selected is shown in Fig. 7. As in Zhao et al.’s
(2018) study, in order to take into account the real spatial mor-
phological characteristics of the slide body, it is divided into 24
vertical blocks, and each block corresponds to a small shear band
at the bottom. In each shear band, there are 11 nodes and 10
elements. Additional 30 elements in each of the area adjacent to
the upper and lower boundaries of the shear band are considered
for diffusion of pore pressure and heat. As stated above, during the



startup of the landslide, interactions happen constantly between
adjacent slide blocks, as well as between the slide block and the
corresponding shear band, thus forming a quasi two-dimensional
dynamic model with thermo-hydro-vapor-mechanical coupling.
The time window of the model is still within 10 s from the startup
of the landslide.

Input parameters

The parameters inputted in the model are shown in Table 1, most of
which are derived from Vardoulakis (2002) and Zhao et al. (2018).
Additional parameters include thermodynamic parameters of vapor. It
is assumed that the specific heat capacity, heat transfer coefficient,
thermal expansion coefficient, and compression coefficient of a single-
phase medium are constant, and these properties of the water-vapor
mixture are affected by the saturation s of pore water.

Results

The numerical results show that, at 2.7 s after the startup of the Vaiont
landslide model, the pore water in the shear band 16 first vaporizes to
form a water-steam mixture; at 3.2 s, the excess pore pressure in the
shear band 16 first exceeds the initial effective normal stress applied by
the overlying block, reaching the maximum of 4.5 MPa. Friction-
induced heat production no longer occurs in this shear band, and the
highest temperature is 295 °C. In the following section, the numerical
results are described and analyzed in detail.

Temperature and excess pore pressure in the shear band

Figures 8 and 9 show the evolution of the maximum temperature
and pore pressure over time in a representative number of shear
bands distributed along the slide (4, 7, 10, 13, 16, 19, 22). In Fig. 8,
the solid line denotes the maximum temperature Ty, within the
shear band; the dotted line denotes the critical temperature T, in
the corresponding shear band, and when the critical temperature
is exceeded, the excess pore water pressure is generated; the dotted
line denotes the thermodynamic saturation temperature T, or the
boiling point at which pore water vaporizes. The results show that
the temperature in each shear band begins to increase gradually
from the start of the overlying slide mass, and the temperature
evolution in each shear band is asynchronous. During the period
of the 1st to 3rd second, the temperature changes significantly.

What is more, the temperature in the middle shear bands rises the
fastest, such as the shear bands 10, 13, 16, and 19. After the
temperature has risen to a certain value, it remains stable, and
the highest temperature is within the shear band 16, which is
295 °C. The time taken to reach the highest temperature varies
with different shear bands; for example, the temperature in the
shear band 16 reaches the maximum at 3 s, and that in the shear
band, 22 reaches the maximum at 4.3 s. In addition, after 1.2 s, the
highest temperature in each shear band begins to exceed the
corresponding critical temperature T, and thereafter, the excess
pore water pressure begins to be generated, which is be reflected
from Fig. 9. Subsequently, the temperature in each shear band
starts to reach the boiling point Tg,, at about 2.7 s.

The evolution of pore pressure in Fig. 9 can be divided into four
stages. In the first stage, before the temperature reaches the critical
temperature T, no excess pore pressure is generated in the shear
band, and this stage corresponds to the period of o to 1.2 s. In the
second stage, the temperature exceeds the critical temperature T,
and is lower than the boiling point Tg,; the excess pore water
pressure is generated, and the curve increases rapidly; this stage
corresponds to 1.2 to 2.7 s. In the third stage, the temperature
exceeds the boiling point Tg,; the pore water in the shear band
vaporizes, and the curve increases rapidly, reaching the maximum
value in a very short time; this stage occurs almost instantaneous-
ly. The fourth stage is the stable stage of excess pore pressure, in
which the excess pore pressure no longer increases. This is because
the frictional resistance between the overlying slide block and the
shear band has disappeared, and the thermal pressurization no
longer occurs, which will be further elaborated later.

Figure 10a and b show the spatial distribution of temperature
and excess pore pressure at different moments in the shear band
16 and adjacent areas. The green area represents the shear band. In
the vicinity of the shear band, a range that is 3 times the thickness
of the shear band is taken as a dissipating region of heat and
excess pore pressure. The results show that within the first 3 s,
the temperature inside the shear band rises rapidly, and within 3 to
10 s, the temperature does not increase significantly, and the
maximum temperature reaches 295 °C. For the pore pressure in
the shear band, it grows rapidly in the first 3 s, especially in the
period of 2.5th to 3rd second; after that, the pore pressure no
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longer increases significantly, and the maximum pore pressure is
4.5 MPa. It can be preliminarily judged from the figure that after
about 2.5 s, the temperature in the shear band has reached the
saturation temperature Tg,; after the 3rd second, the excess pore
pressure has substantially offset the initial effective normal stress
from the overlying block; no more heat is generated in the shear
band, and the excess pore pressure no longer increases.

Figure 11 shows the change of saturation at the center of the
representative shear bands with time. The results show that within
2.7 s after the startup of the landslide, the saturation is s=1in all
shear bands, that is, the pores are all filled with liquid water, and
vaporization has not yet occurred; thereafter, the saturation within
the shear band 16 first drops and begins to vaporize, and then,
vaporization gradually occurs in adjacent shear bands. The closer
the shear band is to the middle of the landslide, the lower its
saturation is and the higher the degree of vaporization is. The
variation characteristics of saturation are closely related to the
friction-induced heat generation mechanism in the shear band.
More friction work in the shear band leads to higher heat

Table 1 Input parameters in the Vaiont landslide model

generated, more obvious vaporization effect, and smaller satura-
tion s; when the excess pore pressure exceeds the initial effective
normal stress from the overlying block, no heat is generated in the
shear band, the vaporization process no longer occurs, and the
saturation no longer decreases.

Dynamic characteristics of slide blocks

Figures 12, 13, 14, and 15 show the evolution of the interslice force,
acceleration, velocity and displacement of the blocks 4, 7, 10, 13, 16,
19, and 22, respectively. The results show that the variation law of
interslice force, acceleration, velocity, and displacement is similar
to that of Zhao et al.’s (2018) thermo-hydro-mechanical coupling
model, such as the periodic fluctuation of interslice force and
acceleration, the stepwise growth of velocity, and the exponential
growth of displacement. However, these indicators are slightly
different in value. As for the maximum velocity and the total
displacement, at 10 s, the velocity of each block is in the range of
24~31 m/s; the displacement of each block along the sliding surface
is about 10~140 m.

Parameter Symbol Value Unit
Density of slide mass Om 2435 kg/m’
Gravity acceleration g 9.81 m/s’
Deformation modulus of slide mass E 2.67 % 10° MPa
Thickness of shear band d 14 mm
Porosity of shear band n 0.18 =
Coefficient related to the size of dissipation area X 3 -
Incipient failure friction angle ®p 25.43 Degree
Static residual friction angle Grstat 10.15 Degree
Dynamic residual friction angle Ordyn 44 Degree
Specific heat capacity of soil skeleton Cs 0.9205 x 10° J/(kg °C)
Specific heat capacity of water Cw 4186 x 10° J/(kg °C)
Specific heat capacity of vapor Gy 1.85 x 10° J/(kg °C)
Thermal conductivity of soil skeleton ks 0.3639 W/(m °C)
Thermal conductivity of water kw 0.62 W/(m °C)
Thermal conductivity of vapor k, 0.025 W/(m°C)
Compression coefficient of soil skeleton my 15%x10°° 1/Pa
Compression coefficient of water Qi 493x10°"° 1/Pa
Permeability of shear band K 17x107% m?
Viscosity of water Vi 467%1077 m%/s
Viscosity of vapor 7 2012x107° m’/s
Thermal expansion coefficient of soil skeleton Bs 3x10° 1/°C
Thermal expansion coefficient of water (Bl 275x107* 1/°C
Thermal expansion coefficient of vapor By 24%107° 1/°C
Initial temperature Tinitial 12 °C

Time step At 0.001 s

Spatial step Az 0.14 mm

1554 | Landslides 17 « (2020)



320 T T

280 -
240 T (i1
sat -
~ =E===
© 200 Lo - -
e
=)
@ 160 -
[}
£
o 120
~ m=m= Shear band 4
Shearband 7 [
80 Shear band 10 |
me==== Shear band 13
=== Shear band 16
40 presesens mmm Shear band 19 | ]
=== Shear band 22
0 : : : :
0 2 4 6 8 10

Time (s)
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Discussions

Vaporization process of pore water in the shear band and its influence
on the slide mass

The saturation of pore water in the shear band is an intuitive
variable that reflects the vaporization process. As is seen from
the saturation evolution process in Fig. 11 above, the vaporization
process of pore water is very short, almost instantaneous from the
beginning of vaporization to the time when the saturation no
longer changes. It shows that the pore pressure generated by
vaporization of pore water is much larger than the pore pressure
generated by thermal expansion, and the pore pressure in the
shear band rises sharply in a very short time until it exceeds the
initial effective normal stress of the overlying slide mass. The
vaporizing expansion coefficient h,,, (Eq. (28)) is an important
variable controlling the process, which determines the relationship
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Fig. 10 Temporal and spatial distribution of temperature and excess pore pressure
in the shear band 16 and its adjacent areas. a Temperature. b Excess pore pressure.
The green area represents the shear band

between the absorption of heat and the volume of the water-vapor
mixture, resulting in a change in the pore pressure. In Eq. (28), the
volume ratios of water and vapor vary with the pressure. There-
fore, the vaporization process is affected not only by the temper-
ature or heat but also by the pressure state in the shear band.

In the previous analysis, the whole evolution process of the
excess pore pressure is divided into four stages. Here, taking the
shear band 16 as an example, the saturation, temperature, excess
pore pressure at the center point of this shear band, and velocity of
the overlying slide block in each stage are comparatively analyzed,
as shown in Fig. 16. In the figure, the color filling areas represent
pressurization stages, wherein the yellow area is the thermal ex-
pansion pressurization stage, and the green area is the vaporizing
pressurization stage. In the thermal expansion pressurization
stage, the pore water is in a saturated state, and the temperature
exceeds the critical temperature T,; in this stage, the velocity of
the slide block begins to increase significantly, and the duration of
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this stage is about 1.5 s. During the vaporizing pressurization stage,
part of the pore water begins to evaporate, the saturation de-
creases, and the water-vapor mixture appears in the pores. During
this stage, the temperature remains constant at the boiling point
Tar- Due to the liquid-to-gas conversion, the excess pore pressure
increases sharply, and the velocity of the overlying block also
increases significantly. The vaporizing pressurization process lasts
only 0.5 s because the excess pore pressure reaches the maximum
value instantaneously, and then the overlying block slides without
resistance. Since the heat and the excess pore pressure in the shear
band are difficult to dissipate in a very short time, the temperature
and the excess pore pressure remain stable in the next few sec-
onds, and the acceleration of the slide block changes more and
more dramatically.
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Fig. 12 The interslice force of each block changes with time
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What controls the vaporization process?

It has been described that there may be three different states of
pore water in the shear band, and some variables have different
expressions under different thermodynamic states, such as the
temperature T in Eq. (16) and the saturation s in the Eq. (17).
When H < — py(2hysar — Bysar), the pore water is in a liquid state;
it turns into the water-vapor mixed state when — py(2hysat — Hwsat)
< H < — pyhysar. Therefore, starting from the initial state of the
model, vaporization occurs once H > — py(2hysar — Hwsar) 18
satisfied. From this condition, it is known that the occurrence of
vaporization is related not only to the heat H, but also to the
specific enthalpy hyg,r and hyg, which vary with pressure as
shown in Fig. 4. Therefore, vaporization process is essentially
controlled by heat H and excess pore pressure p, and these two
variables interact with each other, as described above. According
to this analysis, the parameters affecting heat H and excess pore
pressure p will undoubtedly affect the vaporization process. These
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Fig. 14 The velocity of each block along the sliding surface changes with time
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parameters are mainly the thickness of sliding mass and shear
band and the permeability, compressibility, thermal conductivity,

and thermal expansion coefficient of the material in shear band, as
shown in Fig. 17.

Comparison of thermo-hydro-mechanical model and thermo-hydro-
vapor-mechanical model

To simplify the description, the thermo-hydro-mechanical model
of Zhao et al. (2018) is referred to as model I, and the thermo-
hydro-vapor-mechanical model is referred to as model II. Model II
is evolved from model I, and these two models have many
similarities. First, both models adopt the slice method to divide
the sliding mass and the shear band. Secondly, the two models are
controlled by three sets of equations describing the motion of
sliding mass and the temperature and excess pore pressure in
the shear band respectively. In addition, the material frictional
softening mechanism described by Vardoulakis (2002) and Zhao
et al. (2018) is also considered in both models.

Compared with model I, model II considers the vaporization
process of pore water in the shear band under high temperature
condition. In addition, in the vaporization stage, the heat equation
of model II takes the heat per unit volume as the main variable; the
heat equation of model I, which does not consider vaporization,
takes the temperature as the main variable.

The numerical results of the two models applied to the Vaiont
landslide are now analyzed by comparison. The temperature and
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Fig. 16 Pressurization process of the shear band 16 and its influence. The yellow area represents the thermal expansion pressurization stage and the green area

represents the vaporizing pressurization phase
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Fig. 17 The main parameters and variables that control the vaporization process,
where H is the heat of unit volume; p is the excess pore pressure; & and d are
respectively the thickness of sliding mass and shear band; and &, «, k, and /3 are
respectively the permeability, compressibility, thermal conductivity, and thermal
expansion coefficient of the material in shear band

excess pore pressure inside the shear band 16 and the velocity and
acceleration of the block 16 are selected as the comparison indexes,
as shown in Figs. 18 and 19, respectively. According to Fig. 18a, at
10 s, the temperature T,,x of model I reaches 201 °C, and that of
model II is 295 °C, that is, the final temperature of model II is
higher than that of model I. The temperature growth rate of model
I changes more uniformly throughout the process, while that of
model II increases sharply about 2 s after startup, and then re-
mains stable during vaporization. From the perspective of excess
pore pressure, as shown in Fig. 18b, at 10 s, the excess pore
pressure p., of model I is 4.1 MPa, and that of model II is
4.5 MPa, that is, the final excess pore pressure of model II is
slightly higher than that of model I. The rate of increase in excess
pore pressure of model II is significantly greater than that of
model I. By comparing the temperature and the excess pore
pressure of the two models, it is not difficult to find that model
II reaches the maximum excess pore pressure earlier, which means
frictionless sliding occurs earlier. This is mainly the result of high-
temperature induced vaporizing pressurization of pore water in
the shear band.

As for the velocity and acceleration in Fig. 19, after vaporization
occurs in the shear band of model II, the acceleration and velocity
of the overlying block begin to be slightly higher than those of
model I. In model I, the final velocity of the block 16 is about
23 m/s at 10 s, while in model I, it is about 24 m/s. It can be seen
that the high-temperature induced vaporization of pore water in
the shear band has a certain influence on the dynamic process of
the overlying slide mass, but the effect is not significant for the
Vaiont landslide.

Conclusions

The heat-induced pressurization mechanism in the shear band is
an important reason for the transition of motion state of land-
slides from creeping to high-speed sliding during their initial
startup phase. Friction inside the shear band generates heat, which
causes the temperature to rise. Once it exceeds the boiling point of
the pore water, vaporization will occur, which will affect the excess
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Fig. 18 Comparison of the changes in temperature and excess pore pressure in
the shear band 16 of the two models. a The evolution of temperature. b The
evolution of excess pore pressure

pore pressure in the shear band and the dynamic process of the
overlying slide mass. Based on the thermal-hydro-mechanical
coupling model of Vardoulakis (2002) and Zhao et al. (2018), and
considering the high-temperature induced vaporization of pore
water in the shear band, a dynamic model for the startup phase
of high-speed landslides with thermo-hydro-vapor-mechanical
coupling is established and applied to the Vaiont landslide for case
study.

The model consists of three governing equations: the equation
of motion derived from Newton’s second law of motion, which
controls the motion of the overlying slide mass; the heat equation
derived from the law of conservation of energy, which controls the
heat or temperature change in the shear band at the bottom; and
the pore pressure equation derived from the law of conservation of
mass, which controls the change of excess pore pressure in the
shear band. The main variables of these equations interact with
each other. There are three states of pore water in the shear band at
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Fig. 19 Comparison of the changes in velocity and acceleration of the block 16 of
the two models

different stages: it is initially in a saturated liquid water state; once
the temperature exceeds the boiling point, it is in a water-vapor
coexisting state; and when the liquid water completely vaporizes, it
is in a complete vapor state.

The analysis results of the model applied to the Vaiont landslide
show that, at 10 s, the excess pore pressure in the shear band is up
to 4.5 MPa; the maximum temperature is 295 °C; the velocity of
each block is in the range of 24~31 m/s; and the maximum dis-
placement along the sliding surface is about 140 m. The evolution
of excess pore pressure can be divided into four stages: (i) there is
no excess pore pressure before the temperature reaches the critical
temperature T,; (ii) when the temperature exceeds T, and is lower
than the boiling point Tg,,, excess pore water pressure is generated;
(iii) when the temperature reaches T, vaporization occurs in the
pores of the shear band, and the excess pore pressure increases
sharply; (iv) when the initial effective normal stress from the
overlying slide block is offset by the excess pore pressure,
friction-induced heat is no longer generated in the shear band,
and the temperature and excess pore pressure remain stable for a
short time.

Compared with the thermo-hydro-mechanical model of Zhao
et al. (2018), the thermo-hydro-vapor-mechanical model presented
in this paper considers the vaporization process of pore water in
the shear band. From the numerical results of the two models
applied to the Vaiont landslide, it can be seen that as a result of
vaporizing pressurization, frictionless sliding occurs earlier. High-
temperature induced vaporization of pore water in the shear band
has a certain influence on the dynamic process of the overlying
slide mass, but the effect is not significant for the Vaiont landslide.

In conclusion, the thermo-hydro-vapor-mechanical model
established in this paper can reflect the physical mechanism of
thermal pressurization inside the shear band of high-speed land-
slides during their startup process to a certain extent, and it could
also explain why some landslides quickly turn to catastrophic
high-speed sliding after they start. However, due to the huge
difference in thickness between the shear band and the slide mass,
the model presented in this paper is still quasi-two-dimensional,

without considering the transfer of heat and excess pore pressure
between adjacent shear bands, which result in a more concentrat-
ed temperature and excess pore pressure within some shear bands;
thus, the velocity of the overlying sliding mass may be somewhat
greater than the actual value. In addition, the model does not
consider internal energy dissipation within the sliding mass during
its movement; otherwise, the vibration amplitude of the interslice
force and acceleration of slide blocks will be smaller, as well as its
velocity, and the temperature and excess pore pressure in the shear
band will not reach the maximum so quickly. What is more, the
model has many parameters and some of them are difficult to
obtain accurately, which may affect the accuracy of the model.
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