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Müller-Saltzburg (1964) in his Report “…The Rock Slide in the 
Vajont Valley” 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…”. 
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The Vajont landslide
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Analysis of the catastrophic phase 
(Vardoulakis, 2002)
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The frictional pendulum model:  Vaiont slide, sect. 5 
(Vardoulakis, 2002)
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The rapidly deforming shear-band
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Thermo-poro-mechanical softening
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“ Slow” ring-shear test results used for the analysi s of the slide’s 
catastrophic phase
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thermo-plastic collapse of clays
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temperature and pore-pressure isochrons
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(1) ideal plasticity 
(2) displacement softening 
(3) displ. & velocity softening
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Practical result from this analysis:

Thermal pressurization is the most probable mechani sm, 
which explains the total loss of strength during th e final 
stage of the slide ranging from  2 sec to 20 sec.
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Analysis of the accelerated creeping phase 
(Veveakis & Vardoulakis 2006)
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Observed slide creep, triggered probably by a micro-quake 
activity during reservoir filling
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Critical block failure mechanism for 
‘Section 5’ of the Vaiont slide (cf. 
Hendron & Patton, 1985 and Müller, 
1967)

Sub-structuring
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The block model
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The critical phase of accelerated creep
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For the most part of the creeping slide the shear 
stress at the interface is practically constant; it 
decreases only in the last minute
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The sliding lasted less then 1 min and produced 
shocks which were recorded  throughout Europe. 
The sliding mass moved some 400m at an estimated 
20-30 m/s

(Tika & Hutchinson, Géotechnique 1999)
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The heat equation (m) 2
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Frictional strain-rate hardening and thermal soften ing of clay

Hicher (1974)
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The “solid-fuel model” or “Frank-Kamenetskii equatio n”
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Steady fault shearing
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LSA of the steady solution
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The unsteady problem : 

“solid-fuel model” or “Frank-Kamenetskii equation”
Galaktionov & Vazquez (1997, 2002 )
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The Frank-Kamenetskii equation  is important in combustion theory, 
since it presents a finite time singularity in its solution, known as the 
blow-up time. The mathematical theory of blow-up in parabolic equations 
has been actively investigated by researchers in the 60’s, mainly after 
general approaches to blow-up by Kaplan, Fujita, Friedman and others. 
However there is yet no complete theory developed, but detailed studies 
have been performed on a quite significant number of models of varying 
complexity, and there is nowadays an extensive literature on this subject. 

Numerical treatment of the F-K equation turns out t o be a 
formidable task.  Linear stability analysis yields that maximum 
growth corresponds to infinite Ljapunow exponent. Th us, infinity is 
an accumulation point of the zeroes of the dispersi on function, and 
for large times the problem becomes ill-posed. This  anomalous 
behavior is linked to finite time blow-up. This mak es the numerical 
approximation using the standard techniques of Gale rkin method, 
finite differences etc, inapplicable .
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In order to seek asymptotic solutions for this prob lem, we follow 
here Dold’s suggestion for the most robust variable grouping:
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For * *
It t& the solution tends to the one of the adiabatic limit
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asymptotic solution of the F.-K. equation:

Following Dold (1985) the natural way of approaching the considered 
problem analytically is to develop a coordinate-perturbation analysis, 
using a suitable variable grouping to represent the spatial 
concentration of the effects of the exponential generation term in the 
governing equation
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Thermal creep model
(Veveakis & Vardoulakis 2006)
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Müller-Saltzburg in his 1964 report pointed that

“… 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 cm 
per day by October 9. Compared with the final velocity of 
the sliding mass (about 25m/sec), all movement, even the 
last phase, must be considered a creeping movement up to 
the very instant of the slide itself.”
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The sudden, “last-minute” acceleration of the slide can 
be explained with an almost instantaneous rise of the 
pore-pressure due to shear-heating. In our previous 
study (Vardoulakis, 2002a), we showed that it takes no 
more than 10 to 20 sec for full pressurization to establish 
itself.



Landslides Lifetime I. Vardoulakis 
Jan. 2006

41

If we assume that during 
the creeping phase the 
clay is nearly at critical 
state, then we get that the 
critical pressurization 
temperature should be 
between  32 o 40o. This 
state is reached in o core 
of the shear zone, during 
the very last phase of the 
predicted thermally driven, 
drifting-creep motion .
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The undrained-adiabatic approximation

m

2

3
m

B

v
z t

(1/ 2)g 1.m / sec

2.4gr / cm

d 1.4mm

1.5Pa 1.MPa

�� �
� �

� �

� �

� �

�

� '� � ((

d 0( p)�� � 	 � ' �



Landslides Lifetime I. Vardoulakis 
Jan. 2006

43

*
*

*

*
* *

*

dV
1 (1 p )

dT

dp
(1 p )V

dT

� � � �

� % �

* *2p 1 exp T
2
%� � � �� �

� �



Landslides Lifetime I. Vardoulakis 
Jan. 2006

44

Open questions :

Triggering (dilatant hardening, Garagash & Rudnicki, 2003)

Vortex formation (Leroy & Molinari, 1992)

Transition from pressurization to fluidization
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Mudflows

[Experiments on debris- and 
mud- flows held at the model 
slider of the Laboratory of 
Geomaterials (Geolab) of 
NTUA.]
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Red Cross officials estimated 200 people were dead 
and 1,500 others missing.
"It sounded like the mountain exploded, and the whole 
thing crumbled," survivor Dario Libatan told Manila 
radio DZMM. "I could not see any house standing 
anymore."

Massive Landslide and mudflow over the 
village of Guinsaugon, St. Bernard town in 
Southern Leyte province in central 
Philippines on Saturday, Feb. 18, 2006
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An aerial view shows Saturday, Feb. 18, 2006, the extent of the landslide 
that buried the whole village of Guinsaugon, St. Bernard town in 
Southern Leyte province in central Philippines. Officials estimate those 
who perished in the landslide to be 1,800. [AP]
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What experts did agree on was the probable impact of heavy rain in 
the area for up to two weeks before the landslide. "All these extreme 
disasters are multicausal but there's usually some single trigger at the 
last minute," said Hazel Faulkner, senior research fellow at the Flood 
Hazard Research Centre at Middlesex University, London. Edward 
Alan O'Lenic, National Oceanic and Atmospheric Administration 
Climate Prediction Center, Feb. 2, 2006. La Nina is thought to have 
taken hold in 2006
The area received about 200cm of rain in the last 10 days , officials 
said. Heavy rain storms are frequent in the Philippines, and was also 
thought to be the trigger for the December 2003 landslide.But Mr
Speechly said he was surprised by such weather in February.
He said that severe storms normally ran between June and 
December.Prof Dave Petley, professor at the International Landslide 
Centre, Durham University, agreed. "This sort of rainfall and landslide 
action in the Philippines at this time of year is quite unusual," he said.
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The open problem of the transition from 
pressurization to fluidization
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Momentum balance - ill-posedeness
(Vardoulakis 2002, Rice 2006)
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viscous regularization of momentum balance for frictional rate-
hardening material
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limited time viscous regularization
(Vardoulakis, 2001)
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Frictional visco-plastic softening of the Vaiont clay
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2nd gradient, viscous regularization
(R. Lattés and J.-L Lions (1967). Méthode de Quasi-
Réversibilité et Applications, Dunod, Paris)
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2nd gradient-viscous regularization


