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[1] The catastrophic Vaiont landslide (Southern Alps, Italy) of 9 October 1963 moved
2.7 x 10® m® of rock that collapsed in an artificial lake, causing a giant wave that killed
1917 people. The landslide was preceded by 2—3 years of creep that ended with the
final collapse of the rock mass slipping at about 30 m s™'. Assuming that creep was
localized in a clay-rich water-saturated layer, in this study we propose shear heating as the
primary mechanism for the long-term phase of accelerating creep. We study only the
creeping phase of the slide, and we model this phase using a rigid block moving over a
thin zone of high shear strain rates. Introducing a thermal softening and velocity
strengthening law for the basal material, we reformulate the governing equations of a
water-saturated porous material, obtaining an estimate for the collapse time of the slide.
Our model is calibrated upon real velocity measurements from the Vaiont landslide

and provides an estimation of the critical time of failure up to 169 days before the collapse.
We also show that the slide became critical ~21 days before the collapse, when shear
heating started localizing in the clay-rich layer, inducing a tendency for slip localization
and thermal runaway instability in a plane. The total loss of strength in the slipping zone

during the last minutes prior to the slide is explained by the onset of thermal
pressurization, triggered by the temperature rise within the clay-rich layer.

Citation: Veveakis, E., I. Vardoulakis, and G. Di Toro (2007), Thermoporomechanics of creeping landslides: The 1963 Vaiont slide,
northern Italy, J. Geophys. Res., 112, F03026, doi:10.1029/2006JF000702.

1. Introduction

[2] Large catastrophic slope failures are probably pre-
ceded by weeks to decades or more of accelerating creep
[Voight, 1978]. However, such precursory phenomena often
pass unnoticed, given their small magnitude or the absence
of monitoring instrumentation [Kilburn and Petley, 2003].
An exception is the Vaiont slide of October 9, 1963 in
northern Italy, as economic interests related to the exploi-
tation of an artificial water reservoir led to the installation of
a dense network of instruments (benchmarks, a seismome-
ter, piezometers) to monitor the creeping slope [Carloni and
Mazzanti, 1964]. Slope monitoring revealed that the slide
was preceded by 2—-3 years of accelerating creep that
concluded with 2.7 x 10® m® of rock sliding at
~30ms ! [Selli and Trevisan, 1964; Carloni and Mazzanti,
1964; Ciabatti, 1964; Miiller, 1964; Semenza, 1965;
Anderson, 1980; Hendron and Patton, 1985]. Several
studies focused on the mechanics of the final collapse of
the slide (i.e., the last seconds when the slide acceleration
was significant) in order to explain the large slip velocities

"Department of Mechanics, Faculty of Applied Mathematics and
Physics, National Technical University of Athens, Athens, Greece.

2Dipartimento di Geoscienze, Universita di Padova, Padua, Italy.

3Istituto di Geoscienze e Georisorse, Unita operativa di Padova,
Consiglio Nazionale delle Ricerche, Padua, Italy.

Copyright 2007 by the American Geophysical Union.
0148-0227/07/2006JF000702

achieved [Anderson, 1980; Voight and Faust, 1982; Hendron
and Patton, 1985; Vardoulakis,2002a]. Miiller [1964, p. 148]
in his report about the slide claimed that during the final
collapse the strength in the slipping zone reduced sponta-
neously, and all the potential energy of the sliding mass was
converted in kinetic energy. He summarizes his impressions
as follows:

...the interior kinematic nature of the mobile mass, after having
reached a certain limit velocity at the start of the rock slide, must have
been a kind of thixotropy. This would explain why the mass appears
to have slid down with an unprecedented velocity which exceeded all
expectations. Only a spontaneous decrease in the interior resistance to
movement would allow one to explain the fact that practically the
entire potential energy of the slide mass was transformed without
internal absorption of energy into kinetic energy. Such a behaviour of
the sliding mass was beyond any possible expectation; nobody
predicted it and the author believes that such a behavior was in no
way predictable. . ..

[3] Habib [1967, 1975] on the basis of the observations
of Miiller [1964] proposed that the high slip velocity
achieved by the Vaiont landslide was due to the conversion
of mechanical energy into heat during frictional sliding that
should lead to the ‘““vaporization” of pore water that
produced in turn a cushion of zero friction. Temperature
increase in the slipping zone may also have led to pressur-
ization of pore water with the same effect [Anderson, 1980;
Voight and Faust, 1982; Vardoulakis, 2000, 2002a]. Total
loss of strength by thermal pressurization has also been
claimed for the Jiufengershan rock and soil avalanche
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triggered by the Chi-Chi (Taiwan) 1999 earthquake [Chang
et al., 2005a, 2005b]. Sitar et al. [2005] on the other hand
showed that in order to obtain such high slip velocities, the
aforementioned reduction of the frictional resistance should
have been accompanied by internal disintegration of the
slide mass.

[4] All the above theories propose thermal pressurization
as the most probable mechanism for the loss of strength in
the slipping zone. Vardoulakis [2000, 2002a] analyzed the
phase of the Vaiont slide when thermal pressurization sets in
(the so-called pressurization phase), during which the slide
accelerates in short time. The pressurization phase is indeed
short and the total displacement achieved during this phase
is insignificant and thus the rigid block assumption remains
an acceptable approximation [cf. Sitar et al., 2005]. In these
studies Vardoulakis [2000, 2002a] proposed a one-degree-
of-freedom, frictional pendulum model and the hypothesis
that frictional heating triggered pressurization of pore water
inside a forming shear band. This analysis showed that
during the pressurization phase the deformation was local-
ized in a very narrow shear band, whose thickness was of
~1 mm, and that the catastrophic pressurization phase of
the Vaiont slide should not have taken more than a few
seconds to develop in full.

[5] Although the physical mechanisms that govern the
last minutes of the Vaiont slide were explored in some
detail, the same claim is not valid for the 2—3 years of
“slow” creeping motion that preceded the assumed pres-
surization phase. Several studies reproduced the velocity
history of the slide and explained the deformation mecha-
nisms of the final collapse, but there are still many questions
on the mechanism that triggered the pressurization phase.
Helmstetter et al. [2004] and Sornette et al. [2004] analyzed
the landslides of Vaiont and La Clapiére (southeastern
French Alps) using a slider block model and the rate and
state friction law by Dieterich [1978] and Ruina [1983].
They proposed a “velocity law” for the time evolution of
slide velocity V, that provides a useful estimate for the
“blowup time” or the “lifetime of the slide” t,

N U
-t

(1)

where U is a constant. The blowup time t; is defined as the
time at which the slide will collapse. A similar empirical
model was proposed earlier by Voight [1988] and was used
in the case of Vaiont also by Kilburn and Petley [2003],
Sornette et al. [2004] and Petley et al. [2005]. In this model,
displacement data during an accelerating phase are plotted
in the (A-t) space, where A = 1/V is the inverse velocity of
the slide and t is the time. In the case of deformation caused
by progressive crack growth, the (A-t) diagram can be
approximated by a linear function providing a forecast for
the Vaiont slide up to 60 days before the final collapse.
However, when deformation is dominated by sliding on a
preexisting slip surface (as is the case for the Vaiont slide
according to Hendron and Patton [1985]) or is the result of
ductile deformation, according to Kilburn and Petley [2003]
the above approach should not be applied.

[6] In this study we focus on the mechanics of the long
creeping phase up until the pressurization phase, where the
rigid block assumption remains an acceptable approxima-
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tion (see section 3.3). Our analysis is based on the working
hypothesis that the Vaiont slide during the creeping phase
was localized in 0.5 to 17.5 cm thick clay-rich layers,
embedded in the limestone [Hendron and Patton, 1985].
We propose here a model that accounts for heat production
due to friction at the base of the slide, that turns out to be
compatible with the hyperbolic velocity law (equation (1)).
We relate the creeping motion to a thermally self-driven
transient creep process, which is followed by progressive
shear heating localization that eventually triggers the cata-
strophic pressurization phase inside the slipping zone. The
model is kept as simple as possible, in order to make the
mathematical formulation tractable and to explore the lim-
itations of the shear heating mechanism. For this purpose,
we neglect mechanisms that may be important during the
evolution of the Vaiont slide in its entirety, such as (1) the
evolution of the shear stress due to the water table variations
[Hendron and Patton, 1985], (2) the flash heating effects
that may also reduce the frictional strength of the clay-rich
layer [Rice, 2006], (3) the complex mechanisms that govern
the transition from critical to residual conditions at the onset
of the pressurization phase [Vardoulakis, 2002a], (4) the
possible pore pressure feedbacks due to the contractant or
dilatant behavior of the basal shear zone and their relation-
ship to unstable acceleration [Iverson, 2005], and (5) the
realistic modeling of energy dissipation inside the rock mass
at the final stage of a fully developed slide [Sitar et al.,
2005].

2. Geology of the Vaiont Slide

[7] The Vaiont landslide of October 9, 1963, has been the
subject of numerous geological and geomechanical inves-
tigations, for its potential contribution in slope stability
analysis and for the social and legal implications of the
disaster [Carloni and Mazzanti, 1964; Miiller, 1964; Selli
and Trevisan, 1964; Semenza, 1965]. A detailed study of the
geology and mechanics of the slide is given by Hendron
and Patton [1985, and references therein]; here we summa-
rize the most relevant aspects for our analysis. The landslide
moved approximately 2.7 x 10° m® of rock from the
northern flank of the Mount Toc into an artificial reservoir
of about 1.5 x 10° m® impounding the east-west trending
Vaiont deep gorge. Dam building and water impounding
begun in July 1957 and February 1960, respectively. The
slide moved a ~120 m thick (on average) compact rock
mass over a front of 1850 m for a maximum slip of 450—
500 m [Selli and Trevisan, 1964] and at a final slip rate of
about 25-30 m s~ ' [Anderson, 1980, 1985]. The abrupt
debris filling of the reservoir produced a giant wave (4.8 x
107 m?) that propagated up and down the valley, overflowed
the dam and wiped out the village of Longarone, located
2 km westward [Selli and Trevisan, 1964].

[8] The landslide occurred on a chair-shaped fold, with
the axis plunging 9° to 20° eastward and parallel to the
Vaiont Valley. In north/south cross sections, the seat of the
monocline is horizontal (though it dips 9° to 20° eastward)
and, south of the fold axis (i.e., the Mount Toc flank), the
back of the slide dips 25° to 40° north, providing the driving
force for the slide (Figure 1a). The landslide occurred on an
unstable slope where glacial to historic landslides had
occurred [Semenza, 1965]. The slide reused a preexisting
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Geology of the Vaiont slide. (a) “Chair” failure mechanism of the Vaiont slide, reconstructed

from Miiller-Saltzburg [1968]. The back of the chair is assumed to dip at 40.5°, while the seat is almost
horizontal, dipping at 2.5°. (b) Stratigraphy of the rocks of the Vaiont sliding surface. This sequence is
found in outcrops in the Vaiont area at the same stratigraphic position as those at the base of the Vaiont
slide. Slip is thought to have been confined in the clay-rich layers. To the right, thickness is given in
centimeters. Redrawn from Hendron and Patton [1985].

surface of rupture [Hendron and Patton, 1985]. This is
suggested by the early presence (from October 1960) of
deep trenches in the flank of Mount Toc which outlined the
southern limit of the October 1963 landslide [Semenza,
1965].

[v] The stratigraphy of the slide area includes a succes-
sion of limestones and marls [Carloni and Mazzanti, 1964,
Semenza, 1965]. The slide occurred at the top of >0.5 m
thick limestone strata, with the failure surface consisting of
0.05-0.3 m thick strata of limestone and marl intercalated
by clay rich layers. Slip was confined within 0.5—-17.5 cm
thick clay-rich layers, which were continuous over large
areas of the surface of failure [Hendron and Patton, 1985]
(Figure 1b). Clay-rich layers were a mixture of 35—80% in
clays (Ca-montmorillonite, smectite, illite, vermiculite) by
mass and grains of calcite and minor quartz [Broili, 1967;
Hendron and Patton, 1985]. These clays had low shear
strengths (friction coefficient of 0.10—-0.17), an expanding
lattice, and swelling properties in the presence of water.

[10] The landslide was characterized by a long-term
phase of accelerating creeping lasting ~2-3 years with
~3 m of slip (0.2 m on 9 October 1963 [see Miiller et al.,
1964], followed by the catastrophic failure [Selli and
Trevisan, 1964]. A similar accelerating creeping phase
(~1.3 m of creep accommodated in 2—3 months) preceded

the slide of November 4 1960 that occurred in the same
area, though limited to 7 x 10° m’ of rock [Semenza, 1965].
It is noteworthy that microseismicity from the creeping
slope was recorded few weeks before and after the 4
November 1960 slide, from February to December 1962
and, lastly, in July 1963. The catastrophic October 1963
failure was not preceded by microseismicity [Carloni and
Mazzanti, 1964; Belloni and Stefani, 1992].

[11] The October 1963 landslide was the result of the
installation and impounding of the artificial reservoir, prob-
ably together with the contribution of rainfall/snowmelt.
According to Hendron and Patton [1985], the plots of
cumulative precipitation versus reservoir level for the
30 days prior the slide, resulted in a “failure envelope™.
This failure envelope yielded the combination of reservoir
level versus cumulative precipitation that would have
caused the pore pressure rise necessary to overcome the
slope strength. Although the idea is intriguing, according to
Kilburn and Petley [2003] the mechanics of the accelerating
creep still remain unclear and call for further research.

3. Modeling a Thermally Driven, Creeping Slide

[12] The problem of a creeping landslide, which is
accompanied by heat production due to friction on its base
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Figure 2. Modeling a thermally driven creeping landslide. (a) Rigid block divided into two domains:
the upper, dry material, v, and the lower, saturated material, 4. (b) Thin shear zone, on which the block
is sliding. The steady state profiles of the temperature (f) and the velocity (v) fields indicate that the
model is based on the concept that in a thermoviscoplastic material, high-velocity gradients
counterbalance high temperatures resulting in constant critical state friction coefficient throughout the

process [Vardoulakis, 2002b].

(hereafter called a thermally driven slide), is approached here
by a simple model of a rigid block (the compact rock mass)
that slides over a thin shear zone (the clay-rich layer, see
Figure 2). For simplicity we assume that all the mechanical
fields vary along the “short” z axis (Figure 2b), thus
establishing a one dimensional model. In this section, we
construct the governing equations of the rigid block and of
the shear zone and discuss the critical parameters that
characterize the model. Inside the block, since it is rigid,
the momentum balance dominates; inside the shear zone,
since it is in a quasi-static condition with negligible accel-
eration, mass and energy balances dominate the behavior of
the material. The rigid block and the shear zone are coupled
at the upper shear zone boundary, which constitutes the
common interface between the two structures. It is assumed
that at this interface no slip discontinuity is taking place.
Thus the velocity field is assumed to be continuous.
Similarly, owing to local equilibrium, the normal and shear
stresses are continuous across this interface.

3.1. Thermal Pressurization Coefficient

[13] In this section we introduce the pore pressure diffu-
sion equation that describes the drainage within the clay-
rich, water-saturated shear zone and we provide an estimate
of (1) the pressurization coefficient (i.e., the parameter that
couples temperature increase with pore pressure generation)
and (2) the critical pressurization temperature (i.e., the
temperature at which clays start to dehydrate [Nova,
1986]), which determines the onset of the thermal pressur-
ization phase.

[14] We consider the shear zone as a two-phase material
made of a solid skeleton and of a fluid. The fluid fills
completely the voids and can flow inside the pore space.
The total density of a fully saturated medium is

p=(1-9¢)ps+ dpw (2)

where ¢ is the porosity and ps, pw the density of the solids
and of the water (fluid), respectively. Under rapid loading,
drainage is governed by the corresponding excess pore
water pressure diffusion equation [Vardoulakis, 2002c],

oAp  PAp . 90
o Vo T e

where ¢, is the consolidation coefficient, Ap is the excess
pore pressure, A, is the pressurization coefficient and 6 is
the temperature. The consolidation coefficient of clays is in
general a weakly increasing function of the temperature
[Delage et al., 2000]. For simplicity we will assume here
that c, is constant [Vardoulakis, 2002a]. According to
Vardoulakis [2002a] the pressurization coefficient of a clay
can be expressed as

—nP
(0%
Am ~ —=

4)

C

where of is the plastic thermal expansion coefficient of the
soil skeleton, and c is the compressibility coefficient.

[15] The existing data for A, in clays are scarce (see
Sulem et al. [2007] for a comprehensive discussion on Ap,).
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Drained triaxial tests on Boom clay, reported by Sultan
[1997], showed that both A, and the critical temperature 6.,
at which thermal pressurization sets in, are functions of the
degree of the compaction. In soil mechanics, the compac-
tion of a clay is related to the largest past effective stress,
called the preconsolidation stress o', = o + py, Where o is
the normal stress and p,, is the pore water pressure (stresses
are taken positive in tension). Clays that are precompacted
are called “overconsolidated” and the “overconsolidation”
ratio (OCR = ¢’./o’ or ratio of the largest past experienced
effective normal stress o, over the current effective normal
stress during shear) quantifies the degree of precompaction
[Wood, 1990]. Both A, and 6. can be expressed as
functions of OCR: “over”-consolidated clays have small
values for \,, and high values for 6., [Vardoulakis, 2002a,
Figure 11].

[16] Heavily “overconsolidated” clays dilate under shear.
Large shear displacements tend to erase the memory of a
clay on its past compaction history, forcing it to behave like
a “normally” consolidated clay (i.e., a clay which is sheared
at the same effective normal stress as it has been com-
pacted). Back extrapolation of the experimental data
reported by Sultan [1997] for A\, and 0. as functions of
the OCR to the value OCR = 1 (i.e., corresponding to
“normally”” consolidated clay), yields An|locr-1 =~
0.07 MPa/°C and 0. |ocr-1 ~ 36°C [Vardoulakis, 2002a].
This estimate of 6, is typical for clays, and it is higher than
the groundwater temperature (the annual average air tem-
perature in the Vaiont area is 7.9°C [Besio, 1992]) at a depth
of about 120 m where the sliding surface of the Vaiont slide
was located [Miiller-Saltzburg, 1968].

3.2. Heat Equation in the Shear Zone

[17] The heat equation in the shear zone includes two
contrasting effects: heat loss by conduction and heat pro-
duction by deformation [Vardoulakis, 2002¢]. The basic
assumptions made here are the following:

[18] 1. The two phases (i.e., the solid and the aqueous) are
always in thermal equilibrium. This allows us to define a
unique temperature field, 6(z, t), for both phases.

[19] 2. The heat flux vector obeys Fourier’s law for
thermally isotropic media, Q = —jk,, 2 S0 0 where j = 4.2 J/kcal
is the mechanical equlvalent of heat [Planck, 1945], and
km = (1 — @)ks + @k, is the Fourier coefficient of the
mixture, with ks and k,, the thermal conductivity of the
solid minerals and of water, respectively.

[20] With the above assumptions the balance law for local
entropy production yields the following heat diffusion
equation [Vardoulakis, 2002a, 2002b]:

00 %9 1

o= mpa + o fiton Dioc (5)

In equation (5), Dy, is the local dissipation of mechanical
work into heat; k,, = k,/(pC), is the thermal diffusion
coefficient of the mixture, where

(PC) = (1 = )pCs + ¢, Cyy, (6)

is the specific heat of the mixture and C,, and C,, are the
specific heat of the solid minerals and of the water,
respectively.
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[21] We notice here that the rate of deformation tensor of
the solid phase, Djj, is split into an elastic and a viscoplastic
part, D; = Dfj + D;jP. By neglecting the dissipation in the
fluid phase and by assuming that the elastic deformation
rate is small if compared to the plastic one, we conclude that
D;; ~ Dj. A basic assumption made here is that the local
dissipation of the mixture is expressed as

Dioc = 0};Dj (7)

i.e., it is assumed that the rate of viscoplastic work is totally
converted into heat. We notice however that the classical
experiments of Taylor and Quinney [1931] on metals
revealed that about 20-90% of the input energy is
dissipated in heat. This observation resulted in the so-called
Taylor heat conduction equation of thermoplasticity.
Accordingly the source term, equation (7), was modified
by introducing a correction factor (3 accounting for the
efficiency of the system to convert inelastic work to heat,

vp
Dloc ﬁO-UDU )

0<p<l1. (8)
Rosakis et al. [2000] proposed a general internal-variable
theory in order to explain, within a thermodynamic
framework, the validity of such a correction to the heat
source term and pointed out that indeed this correction
factor (3 is a function of state and can vary in a wide range.

[22] For water-saturated, rapidly sheared clays, there are
no experimental data as is the case for metals given by
Taylor and Quinney [1931]. However, by using equation (8)
instead of equation (7) in the heat diffusion equation (5), the
correction factor 5 would be 1nc1uded in the specific heat
term of the mixture, (pC),, = WO picard [1994] deter-
mined for water-saturated clays J(pC)m 2.85 MPa/°C. By
assuming [ ~ 1, the back analysis performed in Appendix D
yielded an estimate for the slipping zone thickness of
16.1 cm, which is in the range of thicknesses (0.5—
17.5 cm) of the clay-rich layers from the Vaiont area. Thus
we will assume here that, during the long-term creep phase
of the slide, all inelastic work in the sheared clay-rich layers
is converted into heat.

3.3. Momentum Balance of the Sliding Body

[23] Sitar et al. [2005] performed a multibody analysis of
the Vaiont slide. They concluded that the Vaiont landslide
initially slid as a relatively coherent block on a slipping
plane at or very near residual friction before the onset of
catastrophic failure. As failure progressed, internal strain in
the slide was accommodated by disintegration of the slide
mass. The necessity of abandoning the rigid-body assump-
tion for correctly reproducing the final stages of a cata-
strophic landslide was also acknowledged in Vardoulakis
[2002a]. It follows that the rigid body model for the sliding
rock mass is valid only for the initial phase of the slide
motion, i.e., (1) during the prolonged slow creeping phase,
where dynamic effects were inappreciable, and (2) until the
initial stage of the catastrophic pressurization phase.

[24] In the Vaiont area, clay-rich layers are interbedded
with limestone/marl strata (Figure 1); the surface of the
strata is sometimes irregular. Although possible, it does not
seem very probable that the accelerating creep occurred
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Table 1. Properties of the “Chair” Failure Mechanism of Figure 1a

. Normal  Shear
Dip Mean Effective  Stress
Length L, Angle Overburden Stress o4, 7q0-
Block Failure Plane m 9, deg h, m MPa MPa
1 “back” 819.9 409 113.8 0.92 0.41
2 “seat” 553.5 2.5 128.6 348 1.46
2 interface plane  196.5 119.7 - 4.90 2.01

within a single clay-rich layer that eventually failed cata-
strophically on 9 October 1963. First, the presence of some
asperities may impede the smooth and continuous sliding
along the entire slip surface. Second, creep may have been
partitioned within several clay-rich layers over the large area
(~2 km?) of the sliding surface. Slip may have jumped from
a clay-rich layer to a nearby one, while the limestone/marl
in between could have failed under tension. However, the
bulk effect of this process, by linking different slipping
surfaces, could have been the formation of a principal, clay-
rich, sliding surface during the accelerating creep phase.

[25] Vardoulakis [2002a] approximated the initial failure
mechanism of the Vaiont slide with a rigid body sliding
along a circular slip surface. The modified Taylor friction
circle analysis provided a friction angle of the clay at
incipient failure, ¢p = 22.3°, and a mean normal effective
stress of about 7'y = 2.4 MPa, where the subscript “d,0”
denotes the initial value of a quantity at the discontinuity
plane, which is the interface between the sliding rigid block
and the deforming shear layer.

[26] In order to account for some degree for internal
breakage of the slide even at an early stage of its history,
we performed here a limit analysis of the “chair” failure
mechanism of the Vaiont slide, as shown in Figure la. In
this mechanism, the reservoir elevation is set at 710 m,
which is the maximum value for the period between May
1963 (650 m) and October 1963 (710 m). The phreatic
surface (water table) is approximated here by using in a
piecewise manner the Dupuit-Forchheimer “parabola,”

2= VaxTe 9)

which is sketched in Figure la. The two “rigid blocks,” 1
and 2, are separated by a plane (the interface plane). Notice
that the placement of this plane was also motivated by the
reported saddle-shaped region of the slide surface. Assum-
ing a friction angle of the clay at incipient failure, gp =
22.3° as given by Vardoulakis [2002a], we obtain the mean
values listed in Table 1 for (1) the normal effective stress,
(2) the shear stress acting on the slip planes and (3) the
overburden height. For use in the single-block mechanism,
weighted average values are computed as follows:

SN (h“)a;“) n hmggj(z)) =2.28MPa
(10)
(hngl) " h<2>7512>> =0.97MPa

Notice that in the pertinent literature the value for the mean
basal shear stress 74 varies between 0.5 MPa and 2 MPa
[Miiller-Saltzburg, 1968].
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[27] In general we assume that the basal shear stress is a
function of the effective stress at the interface and of a
locally mobilized friction coefficient,

(11)

— —/
Td = OgHg

The above mentioned initial values of the shear stress 7.,
the mean normal stress &' o and the mobilized friction angle
at incipient plastic failure @g yield a restriction for the
equilibrium friction coefficient,

Td,0
:ud,eq = 5_21 = tan((PF)' (12)
0

Thus from equation (12) and equation (10) we get here also
that f14¢q ~ tan (22.3°).

[28] Assuming a single-block mechanism, we have to
adjust the dip angle 6 of the equivalent single planar surface.
The dip angle of the hypothetical surface has to be between
the dip angle of the seat and of the back of the aforemen-
tioned chair mechanism. The dynamic frictional pendulum
analysis indicated that during the final phase of the Vaiont
slide motion (when the pressurization phase was fully
developed), the maximum acceleration of the slide was
~0.26 g, where g = 9.81 m/s” is the acceleration of gravity
[Vardoulakis, 2002a]. To reach these accelerations with an
equivalent planar slip surface, the dip angle of the slip plane
is set here as ¢ = 15.2° (Figure 2), yielding

g =gsin§ ~2.6m/s. (13)
[29] Under the above assumptions the dynamic equation
for the sliding block yields

Td = Tstat (1 -

where V is the velocity of the sliding block. We can use
equation (14) and the data for the velocity of the Vaiont
slide, provided by Miiller [1964], to conclude that the
(mean) basal shear stress retains its equilibrium value (74 ~
Tdo) until the very last minutes prior to the catastrophe,
when a severe reduction of the basal shear stress is
calculated according to equation (14) (Figure 3).

1 dv
—)7 Tstat = 7d,0 (14)

g dt

3.4. Thermal Softening and Heat Dissipation Inside the
Shear Zone

[30] Viscoplastic flow is a temperature-dependent, exo-
thermal process. This means that when stress is applied, the
work done by the resultant flow can increase the rate of heat
generation [Gruntfest, 1963]. In this manner a regenerative
feedback can be developed. When this feedback forces the
material to reach a critical point where the effect of velocity
strengthening fails to counterbalance the effect of temper-
ature softening, thermal runaway occurs. In the following
sections the phenomenon of thermal runaway is studied in
relation to the catastrophic Vaiont slide.

[31] As the slide acceleration is negligible until the very
last minutes of the slide history, we neglect inertia inside the
shear zone. It follows from the momentum balance equation
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Figure 3. Evolution of the shear stress in the sliding surface during 9 October 1963 (the slide took place
on 9 October 1963 at 2239 UT after 169 days of accelerating creep). The reduction in the shear stress is
computed from the observed slide velocity [Miiller, 1964] according to equation (12). The velocity data
reveal that significant reduction of the shear stress from its quasi-static value must have taken place
during the very last minutes of the slide motion prior to the catastrophe.

that shear stress is practically constant across the shear
zone:

or
— =0= 7 =74 = const.

pm (15)
Since during the creeping phase the computed mean shear
stress at the discontinuity plane is constant, we assume in
addition that the shear zone material is at, or nearly at, a
‘critical state’, thus deforming under constant volume. In
soil mechanics terminology, the critical state is a quasi-
stationary state, where the voids ratio of the soil remains
constant during shear under constant effective stress [Wood,
1990]. At the critical state, mass balance together with
Darcy’s law result into a constant pore pressure profile
across the shear zone. This means that no fluid flow can be
sustained across the shear zone and the only remaining
dependent variables are the temperature and the velocity of
the mixture in the direction of the long axis of the shear
zone [Vardoulakis, 2002b].

[32] According to equation (7), the rate of mechanical
work dissipated in heat is given here by the work of the
shear stress on the rate of shear deformation

(16)

ov .
Dioe = 0xzDxz + 0 Dix = Ta == = TdY

0z

since ¥ = Ov/0z. As already mentioned, the shear stress is
given formally by a friction law that must be evaluated at

the interface between the rigid block and the shear zone. In
this law the friction coefficient gy = p.s Will be identified
with the so-called Coulomb friction coefficient at critical
state. The (s is for some clays an increasing and for others
a decreasing function of temperature [Hicher, 1974; Laloui,
2001, 2005; Laloui and Cekerevac, 2003]. Here we will
assume that the critical friction angle decreases with
increasing temperature (i.e., friction thermal softening
[Vardoulakis, 2002b]).

[33] In this study, thermal softening is combined with
velocity strengthening (the latter is typical for clays [see
Scholz, 2002]), as the two counterbalancing mechanisms
govern the critical state frictional behavior of the clay.
Accordingly g is defined by a velocity strengthening
power law and a thermal softening exponential law:

. N
Y —M(h—
Hes = Hoef (—) € M(6-61)
Vref

where N and M are the frictional rate-sensitivity and the
frictional thermal-sensitivity parameters, respectively, and
e Yref are reference quantities for the friction coefficient
and the strain rate at the reference temperature 6. Strain rate
friction hardening is viewed here as the necessary counter-
balancing effect to thermal softening. At steady state, these
two effects have to be in balance, resulting to constant shear
stress across the shear zone [see Vardoulakis, 2002b,
Figure 2b].

(17)
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[34] From equation (17), the shear stress is given by a
nonlinear viscosity law

. N
T= O{)/Lref : (l) .efM(Qf(J.).
Vref

In the case of the Vaiont slide we assume (see Appendix A),
N = 0.01, M = 0.0093°C~" and 6, = 22°C [Vardoulakis,
2002b].

[35] During the creeping phase, the shear stress and the
normal effective stress are constant across the shear zone:
T = Tq,0. From equation (18) the shear strain rate is

(18)

':Y _ ;yoem(()f(}l) (19)

where

_ /N
. . Td,0 M
Yo = Vret (O” > and m = ﬁ . (20)

0Href

Thus equation (17) yields a constant critical state friction
coefficient,

S\ N
=l (71) e MO0 — ;= const. (21)
0

We conclude that during creep the mobilized friction inside
the shear zone has a critical state value (us ~ 0.4). The
friction coefficient achieves its residual value (fies = 0.1 +
0.2) when pressurization takes over and large shear
displacements and shear velocities dominate the process
[Vardoulakis, 2002a]. In this setting, the local shear
dissipation increases linearly with 74 and is an exponential
function of the temperature:

Dioe & 7oy = Doe™ =) Dy = 7407 (22)

3.5. Mathematical Model of Shear Heating and
Thermal Feedback

[36] Introducing the following set of dimensionless variables:

V4 Km

T

*

(ds/2)’

O*=m@-0,)  (23)

and using equation (22), the heat equation, equation (5),
becomes

% 2 O
%:%+Gree*, rel-L1, x>0  (24)
Z
where
. d 2
Gr:mjfykf0 (;) Tdo- (25)

The Gr is the Grunfest number [Gruntfest, 1963], a
dimensionless number representing the effect of the heat
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generation due to viscoplastic friction in the clay gouge. In
the present setting, if the (boundary) shear stress 74 is
assumed not to vary significantly with time, the Gruntfest
number is constant. In general, the Gruntfest number in
equation (24) is a function of space and time. We notice also
that even for small Gruntfest numbers, the exponential
function in equation (24) has a strong thermal feedback that
leads to thermal runaway.

[37] The diffusion equation (equation (24)) has been
extensively studied in gasdynamics, and it is classified
under the name “‘solid fuel model”” or “Frank-Kamenetsky
equation.” This equation is important in combustion theory,
and it presents a finite time singularity in its solution known
as the “blowup time” [Bressan, 1992; Galaktionov and
Vazquez, 1997, 2002; Galaktionov and Harwin, 2005]. A
linear stability analysis of equation (24) for the considered
problem (Appendix B) yields that the steady state solution,
when it exists, is unconditionally unstable: any small
perturbation of the steady state temperature profile would
inevitably lead to a finite time blowup [e.g., Kaplan, 1963;
Fujita, 1969; Friedman and Giga, 1987].

4. Vaiont Slide From Creep to Collapse

[38] Miiller [1964, p. 179] summarized his impressions
for the long-term creeping behavior of the Vaiont slide as
follows:

...The peak velocities increased progressively during the early days
of October. According to the report of the “Commissione di
Inchiesta” the velocity had reached 20 c¢cm per day by October 9.
Compared with the final velocity of the sliding mass (about 25 m/sec),
all movement, even the last phase, must be considered a creeping
movement up to the very instant of the slide itself. . .

Starting from Miiller’s [1964] statement, we will show that
the following scenario of events is realistic for the Vaiont
slide: during most of the creeping phase, the “rigid” body
slides over a thick clay-rich layer (the shear zone) with
inappreciable acceleration fed by the thermal feedback (a
process we call thermally driven drifting creep). At this
stage, shear heating is insufficient to trigger pressurization.
Eventually, the slide becomes critical, since the shear
heating localizes in a continuously shrinking zone.
Localization of the shear heating is a consequence of the
evolution of the heat production due to friction inside the
shear zone, as described by the dissipation function
(equation (22)). According to equation (22), once shear
heating localizes in the shear band, essentially adiabatic
boundary conditions are progressively established, and the
temperature in the core of the shear zone increases to the
critical pressurization temperature for ‘“normally” consoli-
dated clays. After the onset of pressurization, the process
evolves explosively. Almost undrained conditions set in,
leading rapidly to total loss of strength of the clay inside an
ultrathin shear band at the base of the slide. At the end of
this section, we will compare the results of our analysis with
those from others.

4.1. Thermally Driven Drifting Creep
4.1.1. Blowup Time Estimate

[39] Following Dold [1985], the natural way of approaching
the “Frank-Kamenetsky equation” analytically is to devel-
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op a coordinate-perturbation analysis, using a suitable
variable grouping to represent the spatial concentration of
the effects of the exponential term in equation (24).
Accordingly we discuss here the first-order asymptotic
solution for the temperature 6(z, t) (see Appendix C),

0* =05 — In (Gr(tf“ —t*) 4 (26)

7*?
4(a — In(f — t*)))

where t is the dimensionless blowup time, 67 the initial
dimensionless temperature at the center of the shear zone,
and a is a constant defined by the initial conditions. To have
a solution that depends continuously on the initial data,
equation (26) must satisfy the condition of having always a
maximum at z = 0. Thus a necessary restriction for the
parameter a is

a=a0+ln(ti"), 0<ag<l1. (27)
The initial condition at the center of the shear zone provides
an estimate for the dimensionless blowup time:

1
f=—>1.
! Gr>>

(28)
Thus the Gruntfest number Gr is also from the physical
point of view a crucial parameter of the problem. The real
(dimensioned) blowup time that corresponds to
equation (28) is evaluated using equation (25),

~J(C)

tf=——7—.
m7y,Td,0

(29)

We observe that, for a given strain rate, the lifetime of the
creping slide decreases with increasing 74; it follows that
“deep” catastrophically creeping landslides are more short-
lived than shallow ones, since the shear stress increases with
depth.

[40] Using the adiabatic approximation of equation (24),
Gruntfest [1963] arrived at the blowup time estimate of
equation (28), that is used also by Leroy and Molinari
[1992] in their stability analysis of shear flows of non-
Newtonian fluids. We notice that equation (28) is equally
applicable to creeping landslides, where the deformation in
most cases turns to be localized inside a narrow zone of
intense shear. In landslides the actual lifetime of the
creeping phase is bounded by the time at which the
temperature reaches the pressurization limit. The onset of
pressurization leads to catastrophic reduction of the strength
of the gouge (see section 1). The critical temperature at
which pressurization sets in is characteristic for a clay that
has the ability to absorb or expel water (section 3.1). Clays
with a pronounced tendency to swell in the presence of
water may dehydrate in case of shear heating. To estimate
the critical pressurization time, one should know material
parameters such as the thermal softening coefficient, the
heat capacity of the clay and the initial temperature at the
core of the shear zone.

[41] At the critical pressurization time the slide enters an
explosive phase that results in catastrophic acceleration.
However, the process seems to turn critical even before this
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time. To justify this claim we study more closely the profile
of local dissipation inside the shear zone (equation (24))

D* = Gre”". (30)
In fact, as time progresses the dissipation localizes within an
ever shrinking core region, accompanied by a spectacular
increase of the heat produced (Figure 4). The width of the
shrinking zone is identified here by the point where the
curvature is maximum, as the solution of the equation

83 D*
0z

-0 = z;‘;::l:Z\/(a—ln((t?‘—t*)(l—Grt*)) 31)

The critical progressive localization time t},, at which the
dissipation starts localizing inside the shear zone, is
computed from the condition zg, = £1 and it is expressed
in terms of the Lambert W function [Corless et al., 1996;

Barry et al., 2000],

1
tra |1 t. 32
P ( Jr4LambertW(—1, —i)) ! (32)

Past the critical progressive localization time the tempera-
ture rises rapidly in the shrinking core region of the shear
zone, thus leading to a runaway instability of shear
localization in a plane (since equation (31) yields for
t* — t¥ that z% — 0). This observation allows us to claim
that for times past the critical time t’fp ~ 0.88 t¥
(corresponding to a real time of tj, ~ 148 days, that is
about 21 days before the final collapse of the Vaiont slide)
the shear zone becomes significantly hotter, a process we
could call “shear heating localization.”” As the lifetime limit
t} is approached, the core region of maximum temperature
shrinks, and the peak temperature value increases rapidly.
The abrupt increase of the temperature influences signifi-
cantly the time necessary for the heat produced in the core
of the shear zone, progressively forcing the shearing process
toward adiabatic conditions. Accordingly, the critical time
threshold t}, for shear heating localization is indicated in
Figures 5 and 6 as the “progressive localization” threshold.
4.1.2. An Asymptotic Formula for the Slide Velocity
[42] As mentioned in the Introduction, a dense network of
monitoring instruments where installed in the area of the
Vaiont slide, making it one of the better monitored slides
ever. In addition, Tika and Hutchinson [1999] performed
ring shear experiments in clay samples from Vaiont’s sliding
surface and reported that this clay exhibits slip and velocity
weakening. However, the experiments where performed
at slip rates greater than ~2 cm d~', which is about
10—100 times larger than those achieved during the creep-
ing phase of the Vaiont slide and correspond to the move-
ment of the slide during the last weeks (Figure 6). Therefore
many parameters that are necessary for the present analysis
were not measured in the field or evaluated through experi-
ments. For this reason, in the Appendix D we perform a
back analysis to obtain a set of material parameters, sum-
marized in Table 2. The most important results of the
analysis are the estimates of (1) the thickness of the shear
zone, dg =~ 16.1 cm, which is within the 0.5-17.5 cm
thickness of the clay-rich layers (see section 2), and (2) the
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Figure 4. Distribution of the dissipation rate inside the shear zone past the critical time. Progressive
localization occurs in a shrinking core region of intense heating.

blowup time, t; = 169 days, which was calculated by using
the hyperbolic law of Sornette et al. [2004], equation (1).

[43] Having established our input parameters, we may
compute the velocity field inside the shear zone, using
equation (19) for the shear strain rate and the asymptotic
formula for the temperature field, equation (26). Demand-
ing continuity of the velocity field at the common
boundary of the two structures, we finally obtain the
following function that describes the complete evolution
of the sliding block velocity during the thermally driven
creeping phase considered,

1 1
arctan | = ——————— |,
(2 Gr - s (a—lnsl))

(33)

a—Ins;

V(t*) = 2dgie! G,

s = tf — t*.

We emphasize that the above function describes the phe-
nomenon in a time interval where the velocity increases
more than 4 orders of magnitude (Figure 6). The validity of
our model will be tested by fitting this expression for the
velocity of the sliding block to the measured data provided
by Miiller [1964].

[44] The initial velocity for the back calculated initial
time is V(0) &~ 0.01 cm/d. To calibrate our model we need to
determine the initial value of the temperature inside the
shear zone, which was located at a depth of ~120 m.
Unfortunately, temperature measurements at the sliding
surface of the Vaiont do not exist. A reasonable value is
the air temperature in April (~8°C) [Besio, 1992] plus the
geothermal contribution (30°C km ') which yields ~12°C

at a depth of 120 m. The best fit of the velocity data from
Miiller [1964] yields indeed an initial temperature of about
0o(£dg/2) =~ 14°C for the end of April. The temperature
evolution in the shear zone is shown in Figure 5 while the
best fit of the velocity data is in Figure 6. Our model
successfully reproduces the field data from Miiller [1964],
providing an analytical formula (equation (33)) for the
velocity evolution.

4.2. Thermal Pressurization

[45] The sudden, “last minute” acceleration of the slide
can be explained with an almost instantaneous rise of the
pore pressure because of shear heating. When the temper-
ature rose up to the critical pressurization temperature, the
dehydration of the clay material led to an explosive pore
pressure rise, up to the point of “full pressurization”: the
point where pore pressure reaches the value of the total
normal stress, leading to fluidization of the shear band.
Thus, in the present setting, where we assumed that the
basal material was in critical state, that pore pressure was
almost constant during the creeping phase and the intersti-
tial flow absent, any influence of permeability variations or
of pore pressure feedback due to the dilatant or contractant
behavior of the shear zone material [/verson, 2005] is
excluded. The critical pressurization temperature is reached
in the core of the shear zone, during the very last phase of
the thermally driven creep motion (Figure 5). At this stage
of incipient pressurization, the temperature profile cusps in
the center of the zone (Figure 7) where the spatial blowup
coordinate was arbitrarily chosen (z; = 0). The corresponding
velocity profile tends progressively and smoothly to the
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Figure 5. Temperature evolution at the core and at the boundary of the shear zone estimated for the
accelerated-creep phase of the slide motion (equation (26)). Note the steep increase of the boundary
temperature in the last week of April. During the following 5 months (the so-called thermally driven
drifting creep) the core temperature increased ~3°C. Progressive localization of the shear heating
initiated toward the end of September (white thomb). During the first week of October, slip localization
determined an abrupt rise of the temperature at the core of the shear zone, and the pressurization
temperature (cross) was achieved a few minutes before the final collapse.

shape of a step function that is typical for a discontinuous
slip across a plane, passing through the center of the shear
zone. These profiles for the temperature and the velocity
indicate a tendency of the deformation and heat generation
to localize in a plane (i.e., a zero thickness shear zone). Rice
[2006] produced a similar conclusion by considering the
solution for the pressurization regime, when the momentum
balance equation is considered. However, he showed that
the solution of slip on a plane significantly overestimates the
temperature field, and a model of slip on an infinitesimally
small, but finite, shear band has to be considered instead.
Here we showed that such a restriction sets in naturally,
since the thermal pressurization takes place in a very thin
(compared to the initial) band, formed by the progressive
localization of the shear heating process inside the shear
zone.

[46] The width of the shear band where pressurization
takes place has been determined (see Appendix D) by
inserting in equation (D10) the time needed for the core
of the shear zone to achieve the critical pressurization
temperature. From equation (D10), the shear band thickness
is ~2.5 mm. Vardoulakis [2002a] assumed that the defor-
mation is localizing inside a clay-rich zone with a thickness
compatible with the thinnest deformation geostructure,
namely that of a spontaneous shear band. The thickness
of shear bands in kaolin clays from direct shear stress

experiments is of few hundreds of microns [Morgenstern
and Tschalenko, 1967]. In the same publication, the authors
suggest a factor of 200 between the particle size and the
shear band thickness, dg ~ 200 - dsqe, (Where dsge, is the
mean particle diameter). If we adopt this relationship for the
clay-rich layers of the Vaiont slide, we obtain an estimated
shear band thickness dg ~ 1.4 mm [Vardoulakis, 2002a],
thus comparable to the shear band estimated thickness of
2.5 mm.

[47] The explosive character of the pressurization mech-
anism can be demonstrated by using the undrained adiabatic
approximation of the governing equations (Appendix E).
Since the excess pore pressure is zero for most of the
creeping phase, we assume drained conditions until the
shear band achieves the critical pressurization temperature
0. (see section 3.1). An indicative threshold for the instant t
at which the adiabatic approximation of equation (5)
describes the problem is when the timescale determined
by the slip velocity becomes significantly greater than the
characteristic time of the thermal diffusion process
[Garagash and Rudnicki, 2003]. Indeed, we may introduce
a characteristic timescale for thermal diffusion, t,, = d%/lim,
and one for the slip rate, t; = dg/V. Using this method we
may assume that adiabatic conditions are applied near the
onset of the pressurization phase. In particular the point at
which pressurization sets in (the “cross” in Figure 5)
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Figure 6. Fit of the velocity of the Vaiont slide during 1963. Field data are from Miiller [1964]
(triangles) and from the Commissione d’ichiesta as reported by Miiller [1964] (circle at V = 20 cm/d).
The latter was collected on the same day of the Vaiont final collapse. Field data fit was done using the
hyperbolic law of Sornette et al. [2004] (equation (1), shaded line) and with the thermoviscoplastic creep
model we propose (equation (31), dashed line). The horizontal dotted-dashed line indicates the velocity
(2 em/d) at which Tika and Hutchinson [1999] performed the ring shear tests on the clays from the sliding
surface of Vaiont. The white thomb denotes the time at which progressive localization of the shear
heating was initiated and, as a consequence, the slide become critical.

corresponds to a ratio of about 1000 between the two
timescales. Therefore we will assume for simplicity that the
adiabatic approximation, along with undrained conditions,
set in instantaneously at the onset of the pressurization
phase, in a shear band of constant thickness.

[48] We assume that during this phase all the displace-
ment and velocity induced friction softening, reported by
Tika and Hutchinson [1999] (see section 4.1.2), occurs.
For simplicity we will also assume that this softening
happens almost instantaneously at the onset of the pres-
surization phase [Vardoulakis, 2002a]. Accordingly the
friction coefficient is set constant throughout this phase
and equal to the so call “fast residual” value (pires =~
0.1). Inertia becomes significant in this phase, however,
the momentum equation,

or ov

Lop, = 34
5= Py (34)
indicates that inside the shear band the shear stress is

constant [Rice, 2006; Sulem et al, 2007], 7 =~ T4(t).
Indeed, if we assume a maximum value for the

acceleration of (1/2)g’ ~ 1 m/sec’, and p,, ~ 2.4 gr/em’,
then the maximum variation of the shear stress across a shear

Table 2. Material Parameters for Vaiont

Parameter Value Units Source
oo 3.7 MPa Vardoulakis [2002a]
Pret = 0o 2.4 MPa Vardoulakis [2002a]
Teq 0.97 MPa

5 15.2° il

Hes tan(22.2°) 0] Hicher [1974]

Ihres tan(10.2°) [ Tika and Hutchinson [1999]
Yo 21-1077 ! equation (D9)

N 0.01 ] Appendix A

M 0.0093 [ Appendix A

m 0.93 °c! Appendix A

0, 22 °C

ds 16.1 cm equation (D7)

jkm 0.45 J(°Cms) ! Vardoulakis [2002a]
J(PCO)m 2.84 MPa °C ! Vardoulakis [2002a]
Ko 16-107 m?s! Appendix D

Gr 0.0028 [ equation (23)

oy 73-107%  m?s! Vardoulakis [2002a]
A 0.07 MPa °C™! Vardoulakis [2002a]
U 50.7 cm Appendix D

1 169 days Appendix D
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Figure 7. Velocity (left ordinate, solid line) and temperature (right ordinate, shaded line) profiles in the
16 cm thick shear zone (equation (D2)) at the instant when the temperature in the core of the shear zone

reaches the critical pressurization value.

band dg 1.4 mm thick is of the order of 1.5 Pa and thus
negligible. In this framework, the evolution with time of the
excess pore pressure and the temperature are described by

2
Ap = oy [1 — exp ( Lﬂ )} (35)
0 =0+ f—f: (36)

where 0., is the temperature at the center of the shear band at
the onset of pressurization, whereas t.;, is the characteristic
time controlling the rate of pressurization:

J(pC)y, 2dB

teh =
/\m Hres g/

(37)

A similar expression has been used for the slip weakening
due to thermal pressurization during earthquakes [ Wibberley
and Shimamoto, 2005].

[49] In Figure 8 we show the evolution of excess pore
pressure (equation (35)) and temperature (equation (36)).
The two equations provide a lower bound for the duration of
the pressurization process and an upper bound for the
temperature rise, since the (maximum) temperature at the
end of this process is

/

emax,,p = ch + ;70 ~ 70.2°C.

‘m

(38)

The maximum temperature achieved depends in general on
the pressurization coefficient and the normal effective
stress, and can vary from some tens to hundreds degrees.
From equation (38), vaporization is excluded in the case of
the Vaiont slide.

4.3. Comparison of the Blowup Time Estimate With
Other Studies

[s0] Sornette et al. [2004] verified the proposition of
Voight [1988] that using the (A-t) model one could make
a 10-day forecast for the Vaiont collapse. Also, these
authors extended their study by using a Dieterich-Ruina
friction model to obtain a hyperbolic relationship between
the velocity of the slide and the collapse time. In our study,
we showed that the thermal weakening model could yield
an expression for the velocity of the slide, equation (33).
This expression can reproduce the hyperbolic relationship
of Sornette et al., equation (1), since as time approaches
blowup equation (33) yields

V = ds¥,e™F(t) (39)

where

~ 1
F= 2¢— In
1—t/y

1

(1= t/u) (=47
(40)

1
(1——t/tl) arctan | =
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Figure 8. Temperature (left ordinate, shaded line) and excess pore pressure (right ordinate, solid line)
evolution with time in the core of the shear zone according to equations (34) and (35) (i.e., undrained
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within ~2.5 s from the ignition of the thermal pressurization.

The above function can be always approximated by a power
law function of the form

Cy
(1-4)

The parameters C; and n of the above approximation
depend on the selected interval of time, where the
optimization is performed (in the specific case n ~ 1). This
means in turn that the formula for the slide velocity
proposed by Sornette et al. [2004] is a good approximation
of the theoretical one, equation (33) (Figure 6), and should
be used for a first estimate of the relevant model parameters,
as this was done in Appendix D.

[5s1] Although the two models seem to adopt different
constitutive laws (an exponential feedback versus a loga-
rithmic dependency), one could adapt the Dieterich-Ruina
law to the shearing of a gouge of finite width by replacing
the slip rate u by the shear strain rate ¥ ~ 1/dg, thus yielding
for the local shear dissipation the following expression:

F~

(41)

. = (60\" _ B
Dloc%Td'Y:DO<E) P mz*x

(42)
where ]30 = TqYo and € is a state variable. In this way,
instead of an exponential thermal feedback, we obtain a
power law thermal feedback as soon as B <0 and A > 0, or
vice versa. As stated also by Helmstetter et al. [2004], B <0
applies to the frictional shearing of some rocks at

hydrothermal conditions [Blanpied et al., 1995]. Sornette
et al. [2004] provide some stability regimes for the several
values of the key parameter m. Using this approach we may
equally obtain stability regimes, since for m > 1 the process
leads to a finite time singularity for the velocity. This is
consistent with the work of Galaktionov and Vazquez
[2002] and Fujita [1969] in which they notice that the
partial differential equation

a0 .
— = V%0 + Go™,

o G>0

(43)

behaves in a similar way with the Frank-Kamenetsky
equation, presenting blowup for m > 1. Therefore, if we
define the temperature as the state variable 6 in the
Dieterich-Ruina law, then the energy balance equation,
equation (5) along with equation (42) would yield the
equation (43), thus the two models could provide similar
results.

5. Conclusions

[s2] The potential contribution of frictional heating of the
pore water and the effect of thermal pressurization in the
catastrophic loss of strength that occurred in Vaiont slide
has been studied by several authors [Anderson, 1980; Voight
and Faust, 1982; Hendron and Patton, 1985; Vardoulakis,
2002a]. The onset of thermal pressurization has been also
claimed in earthquake science to explain dynamic fault
weakening during coseismic slip [e.g., Rice, 2006]. In this

14 of 21



F03026

paper we presented an analysis of both the long creeping
and the final pressurization phases of a creeping landslide.
We showed that frictional heating may eventually trigger
the explosive pressurization phase, not in a sudden and
unexpected way, but rather smoothly. The final slide
collapse may be predicted by means of a one dimensional
model that accounts for the heat production induced by
friction at the base of the slide. The model provides a
formula (equation (33)) for the velocity of the slide, which
might be useful for hazard evaluation. In the case of the
Vaiont slide, the formula fits the natural data up to 169 days
before the final collapse (Figure 6).

[53] With the present model the concept of the ‘“‘shear
heating localization” phase of the creeping motion was
naturally introduced and calculated to have started about
21 days before the collapse. During this phase, the shear
zone is entering a (thermally) self-shielding process, which
takes place in a continuous shrinking-core region where the
dissipation localizes. Self-shielding forces the shearing
process in the clay-rich layer toward adiabatic conditions,
and determines the abrupt temperature rise that triggers the
pressurization phase. As a consequence, a ~1—2 mm thick
shear band is formed at the transition from the critical
(creeping phase) to the residual (pressurization phase) state;
in this thin layer, pore pressure increases to its maximum
value leading to its complete fluidization.

[54] Though it includes some simplifications (assump-
tions 1-5 as described in section 1), the thermoporome-
chanical model presented in this paper might become a
useful tool to forecast the blowup time for creeping land-
slides. However, it demands, together with detailed geolog-
ical investigations (e.g., dip of the sliding surface, thickness,
composition and temperature monitoring near or at the shear
zone) the determination of several material parameters, such
as the thermal softening coefficient, M, the strain rate
hardening coefficient, N, the specific heat, C,,, the pressur-
ization coefficient, \,, and the reduction of the critical
friction angle with temperature for hydrating clays. To make
model predictions reliable, these parameters have to be
calibrated using data from thermoporomechanical experi-
ments performed at deformation conditions and slip rates
similar to those in nature and also to be bounded by back
analyses that are using inputs from carefully monitored
slides.

Appendix A: Generalization of Bagnold’s Model

[55] In order to make clear the choice of the particular
values for the parameters M and N, appearing in the
thermoviscoplastic friction law, equation (17), we refer
here the rheological law formulated by Bagnold [1954] for
noncolloidal suspensions of insoluble particles. We recall
that, depending on the flow regime (fast or slow shear
flow), Bagnold’s law for the shear stress can be written as
follows:

N 2.25)\3B/2~'y Pulw (slow flows)

T= 7/4 23/2 (Al)
0.26 g "Dg¥/? .\ /Ppspur/Vw  (fast flows)

where p,, and vy, are the density and the kinematic viscosity
of water, p; and D, are the particle density and diameter, and
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Ap is a factor that depends on the concentration of the
particles in the mixture. We remark also that the viscosity of
water is temperature-dependent, and its impact in Bagnold’s
law, equation (Al) is

Uy = Vrefe*Mw(Hfﬁrcf)

Vet = 0.957 mm?/sec, O = 22°C, M, = 0.021°C™! (A2)

or

N \/@ef"‘%(”fﬂmr)

Vet A 0.98 mm?/ sec, O = 22°C, % ~0.01°C™" (A3)
In other words the exponent M in equation (17) reflects the
temperature dependence of water viscosity.

[s6] Strain rate friction hardening in equation (17) is
viewed here as the necessary counterbalancing effect to
thermal softening. In order to estimate the strain rate
sensitivity exponent N we resorted to experimental results
concerning kaolin clay, reported by Leinenkugel [1976] and,
thus yielding N =~ 0.01 [Vardoulakis, 2002b]. This value for
the strain rate creep exponent is also applied successfully in
the prediction of the retarding action of dowels in steadily
creeping slopes in clayey soils [Schwartz, 1987]. As we saw
in the text, the critical parameter is the exponent ratio of the
temperature sensitivity coefficient over the strain rate sen-
sitivity coefficient, m = M/N. A parameter analysis of
Vardoulakis [2002b] has shown that indeed the value m ~
1°C™" is realistic.

Appendix B: Linear Stability Analysis of the
Steady State Solution

[57] The state solution of equation (24) is [Chen et al.,
1989; Leroy and Molinari, 1992; Vardoulakis, 2002b]

(BI)

6*(z) = 6 —21n (M)

cosh «

where 0% is the temperature at the boundary (see Figure 2b),

and
|Gr Gk«
e —_— 2
e} > €

The exact solution for the critical boundary temperature,
where the steady state presents a bifurcation point, was
derived by Chen et al. [1989]

(B2)

gdgfcr =1In ( (B3)

)
sinh? (ter) - Gr

where the critical value for the parameter « is given by the
following transcendental equation:

a tamha=1 = ag~12 (B4)
Notice that Vardoulakis [2002b] provided an estimate for
the critical value a; = 1 by performing a similar bifurcation

15 of 21



F03026 VEVEAKIS ET AL.: THERMOPOROMECHANICS OF CREEPING SLIDES F03026
2
1.8 i
1.6 .
1.4 e
1.2 4 o
f 1 o
UL TR o o’
0.8 1 -
K
0.6 .
«.l
0.4 1
- - .’ ’
0.2 *ﬁ,?."
0 T T T T T
0 0.2 0.4 0.6 0.8 1 1.2
o
Figure B1. Numerical determination of the growth coefficient of the perturbation as a function of the
forcing parameter. The growth coefficient, f, admits only positive values for any value of the forcing
parameter, «, which is a function of the core temperature. Thus the steady state solution is linearly
unconditionally unstable.
analysis using the, not so well known, LambertW functions =~ With
[Corless et al., 1996; Barry et al., 2000].
[s8] As it turns out in real geomechanical applications as é(z*yt*) = F(&) exp(ft*), &= az* (B9)

the present one where the shear stress remains practically
constant, the steady state solution has little significance,
since, as we will outline next, the steady solution is linearly
unstable. To demonstrate this we consider a solution of the
transient problem, equation (24), under the assumption that
the shear stress is constant. This means that unlike the
analysis of Chen et al. [1989] the momentum equation does
not enter into our analysis. This solution of the transient
equation is constructed as a perturbation of the steady state
solution,

0% = 0F(z*) + 0(z*, t*) (BS)
where
0F(2*) = O, — 2 In(cosh(az*)) (B6)
thus yielding
00* P+ 7
G = o Gre” ("—1) (B7)

Within the frame of a linear stability analysis the amplitude
of the perturbation is assumed to be small, thus equation
(B7) with equation (B6) and equation (B5) yields

202 ~

00 —0* (B8)
cosh? (az*)

- 9z*?

o0*
ot*

we obtain the following ordinary differential equation:

d2F+( 2 f>F_0
de®  \cosh’¢ a2}

The solution of the resulting ordinary differential equation is
given in terms of Legendre functions,

(B10)

F = \/cosh & (CLP(q, f, z*) + C,LQ(ay, f, z*))
LP(a, f,z*) = LegendreP (u,

3 2
LQ(a, f,z*) = LegendreQ (u,z, 1 — cosh 5)
A (M _ 1)
2\ «@

The perturbation field must satisfy homogeneous boundary
conditions,

1- cosh2 (B11)

O(£1,t¥) =0 (B12)

this leads to the following condition for the growth
coefficient of the perturbation,

Det(a, f) = <%e(P1)2+i}m(P1)2> - <%e(Q])2+&‘sm(Q])2) —0

(B13)
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where

Pl = LP(O{, f7 1)7 Q] = LQ(CM, f7 1)

(B14)
If we resolve numerically the above equation, equation
(B13), we get that f> 0 is an increasing function of the forcing
parameter « (Figure B1). This proves that the steady state
solution is unstable for all ¢, in the domain of its existence.

[59] An unconditionally linearly unstable steady state
solution indicates that any small perturbation of the steady
state temperature profile would inevitably lead to a finite
time blowup. A finite time blowup occurs when the solution
becomes infinite at some “ignition” point (or points) zj, as
time t approaches a certain finite time t;. This means that in
this case there exists a time t; (0 < t; < 00), called the
blowup time, such that the solution is well defined for all 0
<t < t;, within a bounded domain, while the temperature
tends to infinity, at least at a point inside the band, as time
approaches the critical blowup time (t — t;).

Appendix C: Coordinate-Perturbation Analysis

[60] We assume that the blowup is “ignited” at the center
of the shear band (z; = 0), since the temperature is assumed
to present maximum at this spatial point. Therefore we
demand also that our model should yield a profile that has a
maximum at the origin as an initial condition:

6%(0,0) = 63 (C1)
where 0% is the (maximum) dimensionless temperature at
the center of the shear zone. In order to seek asymptotic
solutions for this Cauchy (initial value) problem, we follow
here Dold’s [1985] suggestion for the most robust variable
transformation:

€= —In(tf — t*)
Z*
n—=————-
e (C2)
E=1¢e9
O =0*—-0%

If we substitute these expressions in our initial equation and
apply the framework proposed by Dold, we find that E
satisfies the partial differential equation:

1 —1|N Erzz
Eg+§77E,7+Gr:E+§ EE,,ﬂLE,,,,—E (C3)
E can be written as
In 1 In 1
E = B () + 22 Ea () + < Ex ) + o By () + 5 Es (1)
3 3 § §
In? ¢
+o(§—3) (c4)
This immediately results in for the first-order term
1 .
ET]El + Gr = E1 (CS)
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Its solution is

E, =Gr+c¢ g (Co)
The second-order term must satisfy
1.
FME2 =E; (C7)
So
E2 = CZZ (CS)
For the third-order term we have
1 .1 . F
EUEz—E3 —E1+§77E1 “E (C9)
giving
2
C
E; = clé {03 +1n(Gr+01 %)} —?1
2 2
- Lm| T (C10)
4 Gr+c %

Since the thermal runaway is spatially varying, ¢; cannot
have the value zero. Thus, unless c; has the value unity, the
final term in the above expression will have a singular
second derivative. This is clearly unacceptable since there
are no singularities in the development of 6 before the
blowup time is reached. It follows that

¢ =1 (C11)

So, equation (C4) can be written as

E:Gr+f+%ﬁ+l{f {c; +ln(Gr+§>} —1}

47 ¢ 4 g4 2

(%)

In the original coordinates, the above expression can be
written

(C12)

. _ ,,72 ln§ s
0 —90 _é_ln<Gr+4)_§Gr:—7Z
11z 7 In¢
+E{5+Gr:_%{C3—ln(Gr+Z)}}+O(€—2)

(C13)

If we keep the first order of equation (C13) the temperature
field is given by

9*—00*:5—111(Gr+§) +O(%)

£ (C14)
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or

Z2

* — OF — - 4fa—In(ty — 1)]
) 0 —In|Gr(t; — t) + 4la—In(ty — t)]

(C15)

In his paper Dold generalizes the asymptotic expression
(C13) by inserting into the initial group of transformations
(C2) the generalized expression for 7,

7%

T =) - In(F - )]

(C16)

In the above expression, a is a parameter which is either
constant or weakly time-dependent. It is used by Dold as a
normalization factor for the variable grouping (C2), such
that when ¢ = a — In(t} — t*) and 7 are both of order one,
(tF — t*) and (z* — z})* are both of order ¢* (in our case of
course zF = 0). The solution (C15) that we constructed is
proved to be a stable solution with respect to small
perturbations of the initial conditions [Bressan, 1992;
Schochet, 1999].

Appendix D: Parameter Estimation

[61] In this appendix we perform an inverse analysis in
order to estimate the material parameters presented in the
previous sections. We begin our analysis by noticing that a
quite common approximation for the thermal behavior
inside a shear zone is the adiabatic approximation. In our
case the adiabatic approximation of equation (24) provides
the following “crude” approximation of the temperature
(see equation (26)):

0* = 05 — In[Gr(* — t*)] (D1)
By using this expression we will try to obtain a first estimate

of the blowup time of Vaiont. If we assume the adiabatic
approximation of the heat equation, as described above,

9 1
o~ §(p0)

T4y (D2)

m

and the approximation of a uniform strain rate field across
the shear zone,

A W2 (D3)

then we get an estimation for the velocity at the boundary of
the shear zone

1 *k
2]km a0

mrydg Ot*

~
~

(D4)

We remark that the boundary velocity vy, measured with
respect to the mid axis of the shear zone, is half the sliding
velocity of the block (Figure 2),

Vo = V(1)

V =2v4 = 5

(D5)
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On the other hand, from equation (D1) we may calculate the
temperature derivative entering in equation (D4), as
follows:

00* 1
o g — (D6)
The slide velocity computed from equations (D4), (D5) and
(D6) yields the estimate of Sornette et al. [2004]

1
= D
A% Utlft (D7)

where the parameter U is identified as

U J(PC) ds

- mTy (D8)

[62] As already mentioned, the above adiabatic approxi-

mation will be used to provide us a first estimate for the

blowup time of the Vaiont slide, as well as for the material

properties of the creeping phase of the slide. Indeed,
equation (D3) can be expressed for the sliding block as

V(0
Yo & % (D9)
S
If we use the above equation and equation (D7) we obtain
an estimate for the reference shear strain rate of the shear
Zone,

(D10)

Having a complete formula in our hands to begin with,
equations (D7)—(D10), we can try to obtain a first lifetime
estimate for the Vaiont. Indeed the best fit for Miiller’s
[1964] data, using the formula of Sornette et al. [2004],
equation (D7), provides the following estimates (Figure 6):

ty = 169 day

U=Vt ~ 032

day

f; = 50.7cm (D11)

where V| is the initial velocity of the sliding block. From
these estimates we assume that the accelerating slide creep
motion in the Vaiont slide was initiated around the end of
April 1963, as indicated in Figure 6.

[63] Using the mixtures’ theory approximation for the
specific heat of the clay, (pC), = (1 — ¢)psCs + ¢pywCy, and
the values for the porosity of the clay, as well as for the
specific heat of the constituent as these are listed by
Vardoulakis [2002a], we arrive at an estimate

MPa

i(pC). = 2.84
i(PC) C

(D12)

Notice that Picard [1994] gives the following value for the
pertinent thermomechanical parameters of water-saturated
clays: j(pC)y = 2.85 MPa/°C. Starting from this value and
the values of the parameter listed in equation (D11), which
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were extracted from the field data, we arrive from equation
(D8) at an estimate for the thickness of the shear zone, dg ~
16.1 cm. With this estimate for the thickness of the shear
zone, and from equation (D10), we get an estimate of the
parameter 4o = 2.1 - 107"

[64] With the value for the Fourier coefficient of the
Vaiont clay as given by Vardoulakis [2002b], jk,, =~
0.45 J/(°Cms), we %et for the Kelvin diffusivity coefficient,
km = 1.6 - 1077 m?/s. This value is relatively close to the
one given by Picard [1994], km = 5.96 - 10~ m%/s. Finally,
from the above values and the definition of the Gruntfest
number, equation (25) we estimate that, Gr = 2.81 - 1072

[65] For the complete calibration of the model, the
parameter a is determined from the initial velocity [Dold,
1985]. Indeed, keeping in mind the restriction (27), we may
set here that

a=ap+In(f), 0<a <1 (D13)
Then from equation (33) we get
V(0) = rdgoe™ /ag (D14)

Thus for V(0) ~ 0.01 cm/day we get that \/ag = 0.01. The
system and material parameters used here in are summar-
ized in the Table 2.

Appendix E: Undrained Adiabatic
Approximation

[66] The explosive character of the pressurization mech-
anism can be demonstrated by using the undrained adiabatic
approximation of the governing equations. We assume that
shear stress obeys a Coulomb friction law,

g = (05— Ap)p (E1)
and that during the considered pressurization phase, the
friction coefficient is constant and equal to the so call “fast
residual” value, which according to Tika and Hutchinson
[1999] and Vardoulakis [2002a] could be set as pt = figes ~
tan (10.2°).

[67] Consistent with the above is the assumption that all
involved fields are practically only functions of time, which
leads to the so-called undrained adiabatic approximation of
the heat and pressurization equations,

0 e v

— R - — Ap) — E2

&~ 0), 0 AP (E2)
dAp dé
42 ), ¥ E
@ A (E3)

Assuming continuity of the velocity at the shear band
boundaries, the set of governing equations is closed with the
equation that describes the accelerated slide motion,

av
3-8 (1 (E4)

_ Hres 06 — Ap
tand oy
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The following initial conditions apply for the new system of
equations, equations (E2)—(E4):

t=0: \/:2V01p7 0:00_1), ApZO (ES)
We eliminate the temperature from equations (E2) and (E3)
and we introduce the following set of dimensionless

variables:

t A
PRI N (E6)
tre:f Pref Vief
where
tref = g?v Vief =/ g/dB, Pret = U6 (E7)
The resulting set of evolution equations is
dv*
gpr = L —a(l—p%)
. (E8)
aT* B(1—p*)V*
where
_ s %00
, taI}\i [ (E9)
g :j(pT)Mres = 0.002

If we neglect the transient effect on the slide acceleration,
then from equation (E8) we get an approximation of the
velocity and the excess pore pressure profiles

dv*
dT*

/B/
~1 and p*~1— exp(—iT*z)

(E10)

Notation

specific heat of the mixture, cal (g °C) .
¢, consolidation coefficient, m* s .
¢ compressibility of soil, 1/MPa.
dg shear zone thickness, m.
dg pressurization’s shear band thickness, m.
g acceleration of gravity, m s 2.
Gr Gruntfest number.
N frictional rate-sensitivity coefficient.
m Ratio of thermal and rate sensitivity coefficients,
1/°C.
M  Frictional thermal-sensitivity coefficient, 1/°C.
kr Fourier’s thermal conductivity of the mixture, cal
(°Cms) "

kps Fourier’s thermal conductivity of the solid particles
(clay), cal (°C m's)~".
kpy Fourier’s thermal conductivity of the pore fluid
(water), cal (°C m s) .
OCR overconsolidation ratio.
Ap excess pore pressure, Pa.
Q heat flux.
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S; reverse time, s.
time, s.
v velocity field inside the shear zone, m s~ .
V  velocity field of the sliding block, m s™'.
t; blowup time or landslide lifetime, s.
z coordinate normal to the shear band axis.
o« Thermal expansion coefficient, 1/°C.
B Taylor Quiney’s coefficient.
4 shear strain rate.
0 temperature field, °C.
0, reference temperature, °C.
Kelvin’s coefficient of thermal diffusivity of the soil-
water mixture, m?s L.
Am  pressurization coefficient, MPa °c!.
Coulomb friction coefficient.

n
p density of the soil-water mixture, g cm .
o'y effective stress acting normal to the shear band axis,
Pa.
T4 shear stress at the interface between substructures,
Pa.
¢ porosity.
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