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HYDROLOGICAL BEHAVIOUR OF EARTHFLOWS DEVELOPPED 
IN CLAY-SHALES. INVESTIGATION, CONCEPT AND MODELLING.
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Institut de Physique du Globe, UMR 7516 CNRS-ULP, 5, rue René Descartes, F-67084 Strasbourg Cedex, France 

Th.W.J. VAN ASCH 
Centre of the Environment and Landscape Dynamics, Heidelberglaan 2, P.O. Box 80115, 3508 TC Utrecht, The Netherlands 

ABSTRACT: This paper focuses on the hydro(geo)logical temporal behaviour of deep-seated earthflows developed in clay-shales of 
Southeast France. These landslides experience a remarkable seasonal kinematical trend, controlled by ground water recharge and rain-
fall. The first part of the manuscript discusses the data necessary to acquire to build a concept for the hydrological behaviour of earth-
flows. The second part focuses on the implementation of this concept in a hydrological model, and discusses its calibration and vali-
dation. A coupled unsaturated/saturated model, incorporating Darcian saturated flow, fissure flow and meltwater flow has been 
developed to represent the landslide hydrology. The conceptual model is formalized in a 2.5-D physically-based and spatially distrib-
uted scheme. The model is calibrated and validated on the multi-parameters database acquired on the site since 1996. The complex 
time-dependent and three-dimensional groundwater regime is well described, on both short- and long-term. Once calibrated, the 
model can be used to simulate the landslide hydrological behaviour in real or hypothetical situations and help to predict future scenar-
ios based on environmental change. 
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1 FOREWORD 

- What changes can be expected in the activity of large flow-like 
landslides in the future under the impact of environmental 
changes? 
- How will a change in landslide topography affect the water ta-
ble along all the landslide body? 
- What are the most active processes governing the recharge of a 
landslide groundwater table and the thresholds triggering an ac-
celeration of the displacements? 
Slope stability engineers are often called upon to predict the be-
haviour of landslide complexes by answering questions like 
these. Majority of the landslide triggering mechanisms is related 
to hydro(geo)logical triggering, induced by rainfall or snowmelt. 
Hydrological triggering can be defined (1) as the reduction of the 
safety factor of a slope to unity as a result of decrease in shear 
strength due to an increase in pore-water pressure, or (2) as the 
progressive building of fully saturated conditions in a slope in-
ducing the overlap of the yield stress and the initiation of flow-
like phenomena. Providing answers to the above mentioned sim-
ple questions involves formulating a correct conceptual model, 
selecting parameter values to describe spatial variability within 
the groundwater flow system, as well as spatial and temporal 
trends in hydrologic stresses and past and future trends in water 
levels (Merrien-Soukatchoff, 2002; Ambroise, 1999; Anderson 
and Woessner, 1992). Although some decisions can be made us-
ing best engineering or best geologic judgment, in many in-
stances human reasoning alone is inadequate to synthesize the 
conglomeration of factors involved in analyzing complex 
groundwater problems. The best tool to help slope stability engi-
neers meet the challenge of prediction is usually a landslide hy-
drological model, describing the relations between climate char-
acteristics (inputs) and groundwater response (outputs). 

Surprisingly, modelling the hydrological factors which con-
trol landslides has been curiously slow to gain acceptance 
(Anderson and Kemp, 1988), compared to rainfall-runoff model-
ling or watershed hydrological modelling. Nevertheless, this as-
pect has been gaining ground in recent years as geotechnical, 
geomorphological and hydrological models are drawn closer to-

gether. The research frontiers are connected with the complexity 
of real landslides, the difficulty to survey the piezometric levels, 
or the soil moisture in ‘moving environments’, the difficulty to 
understand the water pathways within the landslide bodies, or 
the inability of the models to handle large complex systems with 
3-D effects (Brunsden, 1999). A variety of theoretical studies 
have clarified the destabilizing role of steady Darcian ground-
water flow in slopes (Hodge and Freeze, 1977; Iverson and Ma-
jor, 1986). Only recently, however, have quantitative studies ad-
dressed the destabilizing role of transiently recharging ground 
water flow (Iverson et al., 1997; Ng and Shi, 1998; Brooks et al., 
2002), and these studies typically have focussed on short-term 
water-table fluctuations. Few, if any, studies have focussed on 
spatially variable transient ground water flow that repeatedly af-
fects the hydrological behaviour of landslides or have focussed 
on the validation of saturated/unsaturated models on long high 
temporal resolution time series (Ridolf et al., 2003). 

The recent development of multi-parameters distributed data-
bases (rainfall, temperature, capillary pressure head, soil mois-
ture, ground water level) on several landslides (La Clapière, Sé-
chilienne in France; Tessina, Corvara, Alvéra, Rossone in Italy; 
Vallcebre in Spain, etc), especially in Europe, allows the calibra-
tion and the validation of physically-based models (essentially 1-
D or 2-D, more rarely 3-D). The scientific community has de-
veloped many models (Corominas, 1998) and the object of this 
article is to demonstrate the potential of dynamic distributed 
models. Therefore, the primary objective of this study is to in-
vestigate the possibility of including more temporal and spatial 
information on short- and long-term landslide hydrology fore-
cast, which is not easily attained in the traditional time-series 
model or conceptual hydrological models. This work resulted in 
the drafting of specifications for modelling these phenomena. 
Because of their complexity a ‘realistic’ numerical simulation 
calls for the addition of a hydrological model (rainfall-
groundwater relationship) to a geomechanical model (groundwa-
ter-deformation relationship) by a material behaviour law. Be-
cause of the wide variability in the quantity of water stored in the 
saturated and unsaturated zones and the comparatively few re-
turn periods of critical rainy episodes the behaviour of landslides 
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seems to be mainly governed by the hydrological system 
(Freeze, 1987; Anderson et al, 1988). Many authors (Haneberg, 
1991; Van Asch et al., 1999) have shown that the quality of the 
hydrological model had a greater influence on the general behav-
iour model than geomechanical modelling. Other authors have 
also insisted on the need to describe the behaviour of saturated 
and non-saturated flows or to introduce the effects of macropores 
and fissures (Keefer and Johnson, 1983; Van Asch et al., 1999). 

In this paper we present results of a detailed hydrological and 
geomorphological investigation of the Super-Sauze earthflow, 
one of the persistently active landslide occurring in clay-rich ma-
terial of the French Alps (Malet et al., 2003a). The earthflow 
moves significant distances each rainy season: however, the tim-
ing, duration, and speed of movement do not correlate directly 
with the timing and amount of rainfall (Malet et al., 2002). The 
unsaturated zone strongly attenuates and delays the precipitation. 
The seasonality of ground water recharge implies that only in the 
case of a moist unsaturated zone, recharge occurs during rain 
events, and consequently that snowmelt water has a considerable 
influence on the recharge. Therefore a coupled unsatu-
rated/saturated model is needed for landslides in such material. 
Also, the recharge through a fine clay-silt surface material with 
low matric permeability is facilitated by preferential fissure flow 
paths. A concept for the temporal behaviour of these earthflows 
is proposed, and implemented in a distributed physically-based 
hydrological model, managing the complex 3-D geometry and 
incorporating fissure flow and snowmelt. The model is calibrated 
and extensively validated at the field scale. Two practical uses of 
the model for hazard assessment and risk mitigation are then 
presented. 

2  MODELLING STRATEGY AND POTENTIAL OF 
DISTRIBUTED PHYSICALLY-BASED MODELS 

There are almost as many different models as there are listed 
types of landslide, so it is useful to clarify certain terms, in order 
to get a clear picture of landslide models, which are often redun-
dant. A landslide hydrological model is any type of device that 
represents an approximation of a landslide hydrological situa-
tion. A mathematical hydrological model simulates groundwater 
flow indirectly by means of a governing equation thought to rep-
resent the physical processes that occur in the landslide system, 
together with equation that describes heads or flows along the 
boundaries of the model (boundary conditions). For time-
dependent problems, an equation describing the initial distribu-
tion of heads and soil moisture contents in the landslide is also 
needed (initial conditions). Mathematical models can be solved 
analytically or numerically. When assumptions used to derive an 
analytical solution are judged to be too simplistic and inappro-
priate for the problem under consideration, a numerical model 
may be selected. Generally speaking, the fewer the simplifying 
assumptions used to formulate a model, the more complex is the 
model. Finally, the sets of commands used to solve a mathemati-
cal model on a computer forms the computer program or code. 
The code is generic, whereas a model includes a set of boundary 
and initial conditions as well as a site-specific grid and site-
specific parameter values (Anderson and Woessner, 1992; Mer-
rien-Soukatchoff, 2002). 

It is essential to identify clearly the purpose of the modelling 
effort at the onset of the study, and to establish a modelling strat-
egy. A strategy for modelling includes concept definition, code 
selection and formulation, model design, calibration, sensitivity 
analysis and finally prediction (Fig. 1). Each of these steps 
builds support in demonstrating that a given site-specific model 
is capable of producing meaningful results, i.e. that the model is 
valid. 

In particular, the definition of a conceptual model of the land-
slide system, and code selection are of paramount importance 
(Van Asch et al., 1999). The response time of a landslide to pre-
cipitation is dependent on the hydrological processes which in-

fluence the transmission of the precipitation input to the depth of 
the unstable mass. As a consequence different types of landslides 
have different hydrological systems and react at different tempo-
ral scales to the net precipitation input. Therefore, the first step 
of the development and implementation of hydrological models 
to landslide is the analyses of the “rain-groundwater” relation, on 
the basis of long duration time series and fieldwork. Much data 
processing is therefore necessary to build a concept for the tem-
poral behaviour of the landslide (Collinson and Anderson., 
1998). This includes: the reconstruction of landslide geometry 
(topography, landslide bottom, internal structure), the definition 
of aquifer (permeability, retention capacity, porosity, transmissi-
tivity) and soil properties, the influence of the spatial variability 
of the soil and aquifer properties, the identification of mass bal-
ance factors (inputs and outputs) and the influence of the differ-
ent factors on water table fluctuations. Hydrological units and 
landslide system boundaries must be identified. 

 
Figure 1. Steps in a protocol for landslides model applications (modified 

after Anderson and Woessner, 1992). 
 
Code selection implies the choice of the best algorithms and 

the most adapted geometrical schematisation to solve the 
mathematical model numerically. If most of the research has fo-
cussed on the temporal behaviour of shallow landslides whose 
hydrological system is controlled by the travel time of the pre-
cipitation input through the unsaturated zone of the topsoil (Van 
Beek and Van Asch, 1999), or on the mechanics of deep-seated 
landslides controlled by saturated conditions, fewer research 
have focused on the landslides governed by both saturated and 
unsaturated conditions. This coupling is particularly needed for 
the analysis of landslides occurring in fine-grained (silt-clay) 
material, such as marls, clays or clay-shales. The traditional ap-
proach of modelling the piezometer responses involves an over-
all representation in which mean rainfall inputs and average hy-
drological parameters (permeability, porosity etc.) are used as 
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input variables. The types of code applicable are more or less 
complex, depending on the objectives, from simple 1-D lumped 
models to complex physically-based 2-D or 3-D calculation 
codes for saturated and unsaturated flows. This gives us an un-
derstanding of the value of distributed approaches, either 2-D or 
3-D, which enable us to take account of the spatial variability of 
the landslide material, of the topographic control on the conver-
gence of flows, or to divide the hydrological system into hydro-
logical units (Miller and Sias 1998). They enable us to simulate 
the land cover evolution and the extent to which an unstable site 
is fissured (Van Beek, 2002). Finally their spatial character en-
ables us to study the influence of the location of mitigation 
works (drainage trenches etc.) and ecological engineering (type, 
distribution, density of plantations) on the landslide hydrological 
regime. This research attempts to test, calibrate and validate such 
codes for complex landslides affecting fine-grained material, 
characterized by saturated and unsaturated conditions. 

3 FIELD SETTING AND DATA COLLECTION 

3.1 Morphological and geological context 

Deep-seated earthflows are the most typical landslides involving 
weathered black marl (Callovo-Oxfordian) in the Southeastern 
part of the French Alps (Malet and Maquaire, 2003). They are 
generally the result of catastrophic failures in which the initial 
structural rock block slides transform into a fast moving massive 
translational landslide progressing downslope, often in natural 
stream channels. Their movements may result from sliding and 
flowing, either singly or in combination. Such multiple-mode 
slope movements exhibit a rapid or slower intermittent move-
ment influenced by slope morphology, rock mass fabric, and hy-
drology (Hungr et al., 2001). 

In the Barcelonette Basin, about 100 km north of Nice, three 
large earthflows (Poche, Super-Sauze and La Valette) have oc-
curred. These earthflows are very active and localized in torren-
tial basins (Fig. 2a). All three landslides are typical earthflows in 
an intermediate stage of evolution (between stage B and C, -
Giusti et al., 1996-) with morphological features clearly recog-
nisable. The length of the earthflows reaches 1100 m at Poche, 
800 m at Super-Sauze, and 1800 m at La Valette. The accumula-
tion zone presents an average slope of 20° for Poche, 25° for Su-
per-Sauze, and 28° for La Valette. Finally, a terminal lobe domi-
nates the lowermost part of the earthflows. Poche and Super-
Sauze earthflows are bordered by lateral streams, draining the 
groundwater tables and adding the contribution of some erosion 
to the others factors governing the landslide movement. The total 
volume is estimated at 700,000 to 900,000 m3 for Poche, 
750,000 m3 for Super-Sauze and over 3,500,000 m3 for La 
Valette. Over the period 1992-2002, the displacements reached 
130 m for Poche, 145 m for La Valette, and 160 m for Super-
Sauze. It is worth noting that the maximal annual displacements 
are reached for the wettest years of this period, showing the hy-
dro-climatic control of these landslides 

Among these earthflows, the Super-Sauze earthflow is sur-
veyed by the Institut de Physique du Globe, Ecole et Observa-
toire des Sciences de la Terre (Strasbourg, France) since 1991. 
It affects the north-facing slope of the Brec Second crest in the 
‘Roubine‘ area, a 75 ha area of badlands cut in black marls 
(Fig. 2b, 2c). The combination of steep slopes (up to 35°), 
downslope stratigraphic dip and absence of vegetation makes 
this basin one of the most landslide, flow and debris-flow prone 
areas in the Barcelonnette Basin. The earthflow has a character-
istic morphology of blocks and panels of marls that fail the main 
scarp (2105 m) by plane ruptures, accumulate, progressively de-
form and result in a heterogeneous flow-like tongue (Fig. 2a). 
Uphill, the main scarp, inclined at approximately 70°, cuts into 
morainal deposits (about ten meters thick) and subjacent in-situ 
black marls steep slopes about 100 m high. Immediately below 
the main scarp, the so-called ‘upper-shelf’ appears as a block 
field, with black marls panels and dihedrons more or less buried 

in a very heterogeneous formation (Fig. 2d, 2e). The reworked 
material then transforms into a flow over a distance of almost 
500 m. Progressing downstream, an area of dislocated and disin-
tegrating blocks passes to an uneven, rough, surface of crum-
bling blocks and finally to a slightly uneven surface scattered 
with calcite and moraine pebbles, weathered stones and flakes of 
various sizes. The intermediate slopes on this section range up 
20 to 25°. The relatively rectilinear profile is interrupted down-
stream by the slight convexity of the ‘lower shelf’. The toe of the 
moving mass is presently at an altitude of 1740 m. Tension 
cracks and shear cracks (Fig. 2f, 2g) are characteristic features of 
such earthflows. Surface drainage operates in small gullies, rills 
and an axial main intra-flowing gully with an intermittent run-
off, and in two lateral gullies with perennial run-off (Fig. 2h). 
Flow varies greatly with the season and the hydro-climatic con-
ditions (Malet et al., 2002). Their role is significant in drainage 
and particularly in erosive action. Different soil surface charac-
teristics are clearly recognisable (Fig. 2i, 2j). 

 
 

Figure 2. Morphological sketch of the Super-Sauze earthflow. (a): aerial 

ortho-photograpgs of the earthflow, (b), (c): original topography pre-

failure topography in 1956, and earthflow development in 1995, (d), (e): 

hummocky topography in the ablation zone of the earthflow, (f), (g): 

open and saturated tension crack in the upper part of the earthflow, (h): 

track of the earthflow and location of the drainage channels, (i), (j): de-

tail of the soil surface characteristics of the earthflow.  

3.2 Constraints and investigation strategies 

Observations and measurements began in 1991: characterisation 
of the earthflow kinematic by the periodic survey of a topometric 
network (Flageollet et al., 2000), morphological mapping at 
1/1000e scale in 1995, 1999 and 2001, installation of a heated 
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rain gauge (1994) and a climatic station (1996), preliminary 
geophysical prospecting by seismic refraction and electric resis-
tivity in 1996. A geophysical and geotechnical investigation 
combined with a photogrammetric analysis was initiated in 1996 
in order to determine the internal 3-D structure of the accumu-
lated mass. Our main concern on this complex site was to obtain 
a maximum of information from different sources and then to 
compare them (Maquaire et al., 2001). The classic techniques of 
punctual prospection by geotechnical drilling require an interpo-
lation which is sometimes dangerous and we could not obtain a 
reliable picture of the structure without considerably increasing 
the number of drillings because of the heterogeneity and the ex-
tremely variable thickness of the earthflow both laterally and up- 
to downstream. This increase in the number of investigation 
points was limited by the expense, particularly on this rather in-
accessible site, which involved expensive helicopter transport for 
the heavy equipment which was needed to drill deep into the ac-
cumulated mass. It would not have been possible to reach a use-
ful depth for investigation using light, low-performance equip-

ment which a man could carry on his back. For these reasons we 
used geophysical investigation methods in addition to geotech-
nics. The investigations were carried out throughout five cross-
sections, the location of which was guided by the specific mor-
phologic features described earlier. Five pairs of aerial photo-
graphs were analysed by detailed photogrammetry (Fig. 2b, 2c, 
Weber and Herrmann, 2000). 

Other investigations were carried out in order to analyse the 
hydro-mechanical properties of the earthflow: an on-going sur-
vey of surface movements by high-precision GPS (Malet et al., 
2000; Malet et al., 2002); the installation of an extensometric 
device (Malet et al., 2002); the installation of a water balance 
station to monitor pressure potentials; the installation of TDR-
Trime tubes to monitor the soil moisture over depth; the installa-
tion three limnigraph recorders and a third rainfall gauge; ex-
periments of rainfall simulations to identify the respective bal-
ance of infiltration or runoff water, depending on soil surface 
characteristics (Malet et al., 2003b). 

 
Figure 3. Geotechnical and geophysical investigation of the earthflow. (a): Example of a representative dynamic penetration test, (b): Time-Domain-

Electro-Magnetism prospection, (c): eletric resistivity prospection, (d): 1-D interpretation of the TDEM soundings pairs on the cross-section C (after 

Schmutz, 2001) and results of the geotechnical interpretation.  
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3.3 Principle retained to define the geometry and the internal 
structure of the earthflow. 

It was impossible for engines to access the site (muddy areas 
which would not bear them, gullies to cross), so light investiga-
tion tools (Fig. 3a) were used (dynamic penetrometer, percussion 
drilling) in addition to heavier tools. Inclinometric tubes and pie-
zometers were installed and piezometric tests and water tests 
were carried out. A NUZI drill (100ch) was transported by heli-
copter and six deep drillings were carried out (with a core-
sampling drill and five destructive drillings) on two flat zones in 
the upstream area of the flow (cross-sections 1 and C). The addi-
tional drillings were carried out with a heavy DL030 dynamic 
penetrometer (30 kg) and a percussion drilling device with 
gouges of from 30 to 100 mm enabling us to take intact or re-
worked samples to a depth of the order of 8-9 m. The general 
principle retained was to spread and correlate the various results 
obtained at a few points, then to extend the prospection using 
tools which were easier to handle, such as the dynamic penetro-
meter, the percussion drilling device and geophysical drillings 
(Syscal, Time-Domain Electro-Magnetism, electric prospection, 
seismic refraction, Fig. 3b, 3c). 

The geophysical results are not given in detail here (Fig. 3d, 
on this subject see Schmutz et al., 2000; Schmutz, 2001); how-
ever, we would like to discuss the geotechnical investigation. 
The results obtained from the various investigation techniques 
do not call for particular comment; they seem to be in line with 
their respective domains of validity. Nevertheless we would like 
to comment particularly on the results obtained by penetrometry 
in these formations and for places which are saturated. The dy-
namic penetrometers limited our investigations to a maximum 
depth of 9.50 m, in particular because of the development of lat-
eral friction in the passage of the unstable and imbibed layers. 
The presence of many blocks of relatively unstructured moraine 
or marl within the mass also inhibited our investigations, as the 
drill could not penetrate these highly resistant materials. Finally, 
the presence of moraine pebbles or pieces of calcite within a less 
resistant layer gave rise to localised peaks (pseudo-blockages) on 
the penetrograms. In the in-situ marls (or in a block of mark bur-
ied in the earthflow) the resistance of the rod (Qd) increases pro-
gressively, reaching values close to 25 MPa or more when the 
paleotopography was reached. Sometimes it was possible to 
force the penetration and then to continue the test within a less 
resistant layer. The D3 penetrogram clearly illustrates the major 
problem of pseudo-blockage, which could have been resolved in 
part by using a heavier drill. As the interpretation of tests could 
be difficult (blind testing) we were able to calibrate the resis-
tance variations by means of several drillings, by digging ditches 
and by pressiometer tests. The shape of the penetration curves, 
even more than the crude rod resistance values Qd,, is the dis-
criminating factor which enables us to interpret the various lay-
ers. We were able to recognize three layers in the flow on most 
of the 178 penetrograms and these agree with the possible jumps 
in resistance (break in the curves, progressive transition). 

4 STRUCTURE, GEOTECHNICS, HYDROLOGY AND 
KINEMATICS OF THE EARTHFLOW 

4.1 Internal structure of the earthflow 

Cross-correlation of all information available through a distrib-
uted database (geotechnical investigation, in-depth displace-
ments by inclinometers, geophysical prospecting, photogram-
metry) has allowed to build a 3-D geotechnical and hydrological 
model of the earthflow. The paleotopography comprised a series 
of crest quasi-intact in the accumulation zone. Some emerge 
over the earthflow on the B cross-section; others are intact to few 
metres under the surface. The earthflow presents a maximum 
thickness in the axis of the main gully of the 1956 torrential ba-
sin. It reaches a maximum of 20 m in the eastern part of cross-
section C. Thereafter the thickness diminishes progressively to-

wards the downstream area (8 to 9 m along the E cross-section, a 
few metres at the foot of the earthflow). The uncertainty of the 
thickness is minimal on the B and E profiles. However, the posi-
tion of the substratum in the ablation zone is still uncertain be-
cause of the many pseudo-blockages in the penetration tests on 
cross-section A (blocks of moraine and many blocks and panels 
of structured marl). The penetration tests realized in the down-
stream part of the earthflow reach deeper depths. This means, 
firstly, that we have a smaller number of moraine blocks and 
secondly, a greater fragmentation of marly blocks within the re-
worked formation (Flageollet et al., 2000). 

 
 
Figure 4. Geological structure of the earthflow. (a), (b):Geotechnical 

strucure on the B and C cross-sections, (c): Geophysical structure de-

rived from a joint interpretation of electrical and TDEM soundings pairs 

(after Schmutz et al., 2000). 

 

The earthflow constitutes a heterogenous tongue with a high 
silty-sandy matrix mixed with morainic debris. In the accumula-
tion zone (cross-sections B to E) three ‘geotechnical’ layers can 
be identified, based on the criteria of resistance,  contrasts in the 
nature of materials and deformations and shearing of inclinomet-
ric and piezometric  tubes. The read will find a detailed analysis 
of the mechanical characteristics of the materials in Maquaire et 
al. (in press). The vertical structure of the earthflow comprises 
(Fig. 4a, 4b): 

- a thick superficial unit of 5 to 9 m (Qd < 10 MPa, 
EM < 15 Mpa, velocity greater than 5 m.year-1). A shear surface 
has been identified at a depth of the order of 5 m on cross-
section B and 8 m deep on cross-section C. This active unit 
can be sub-divided into two sub-units (1a and 1b), depending 
on the shape of the paleotopography and the seasonal position 
of the groundwater table; 
- a deep unit with a maximum thickness of 10 m on cross-
section C and 5-6 m on the western part of cross-section B. On 
the basis of inclinometric measurements and pressiometric 
tests (EM > 15 Mpa, Pl > 4 Mpa), this unit is regarded as im-
permeable, very compacted with very little displacement or 
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stable as a ‘dead body’, as was identified at La Valette (Colas 
and Locat, 1993) or on the Slumgullion earthflow (Varnes and 
Savage, 1996). 
If the geophysics indicates the same succession of layers 

(Schmutz et al., 1999; Schmutz, 2000), the joint electric-TDEM 
interpretation (Fig. 4c) enabled us to demonstrate a thin, unde-
tected transition zone (0.7-0.9 m) by geotechnical prospection 
(Schmutz et al., 2001). This zone is the most highly conductive 
with resistivities which showed little contrast (2-3 Ω.m) and ani-
sotropic factors from 0.35 to 1.0. These resistivity figures corre-
spond to those present in samples of pure water. Furthermore the 
measurements were not disturbed by any provoked polarisation 
effect  due to metallic or clay minerals. This being so this hori-
zon must be saturated and would correspond to a shear surface 
between the active unit and the stabilized mass.  

This compartmentalization in connection with gullies and 
crests is also evident because of the surface displacement meas-
ures (Malet et al., 2002; Malet and Maquaire, 2003). The hydro-
dynamic and mechanical behaviour of the compartments varies 
with the seasons and the climatic conditions (Flageollet et al., 
2000; Malet et al., 2002). 

4.2 Hydrological behaviour of the earthflow: rainfall-ground 
water table relation 

In the following, the hydro-climatic time series (rain, either liq-
uid or solid, temperature, net radiation, soil water content, soil 
suction, pressure head, ground water level) over the period 1996-
2001 and the results of an extended hydrological investigation 
are used. Around fifty open standpipe piezometers, filtered at 
different levels, have been installed at the five cross-sections 
since 1996. The significant dynamic of the flow involves the re-
newal of the piezometric dispositive every year. 

4.2.1 Aquifer geometry and hydrodynamical parameters 
The hydrological system has been determined according to geo-
metrical (depth and thickness of the earthflow) and hydrody-
namical parameters. The geometry of the hydrogeological sys-
tem is identified by two static surfaces, the topography (DTM) 
and the bottom of the aquifer, and a dynamic one, the water ta-
ble. The eastward and westward streams are considered as the 
lateral boundaries of the landslide system (Fig. 1h). The thick-
ness of the aquifer (by crossing the data from the piezometric 
stations and according to transmissitivity calculations) reaches 
an average of 7-8 m on cross-sections A and C, 4 m on cross-
sections B, D and E. We observe subsurface water fluxes be-
tween -0.5 and -1.5 m upstream of the earthflow (cross-sections 
A, B, C) and in the axis of the earthflow which is also the most 
active zone. Deeper water levels were observed around -2.5 m 
to -3.5 m in the western parts of the B and C cross-sections, in 
relation to the stream draining the ground water table. Moreover, 
the depth of the highest position of the water table slowly de-
creases from the B cross-section (-0.20 m) to the E cross-section 
(-0.80 m). 

All matrix samples have a high content of silt and clay (25-
40%, Maquaire et al., in press) and the textural classes range 
from “silty clay” to “silty sand”. The percentage of clay and silt 
fraction reaches 32-35%. Physical parameters such as specific 
gravity, dry unit weight, void ratio and porosity were determined 
on undisturbed samples. Bulk unit weight ranges from 16.6 to 
17.1 Mg.m-3 for a specific gravity ρs of 2.71. The natural water
content varies considerably, ranging from 8 to 35%; the porosity 
ranges from 23 to 33% and the void ratio from 0.5 to 0.8. Atter-
berg limits classify the earthflow formation as inorganic clays of 
low plasticity (Ip = 11 to 19). The liquid limits range from 32% 
to 34%. 

The hydrodynamical parameters (hydraulic conductivity, re-
tention capacity, kinematic porosity) are very difficult to identify 
in such anisotropic system. A single point value (i.e., in a piezo-
metric station or in a sample) can be calculated but the extension 
of the information to the whole area may be uncertain. There-

fore, the sampling strategy consisted in identifying hydrogeo-
morphologic units on the basis of observed piezometric varia-
tions (Fig. 7a, 7b) and of morphological criteria such as the soil 
surface characteristics (Malet et al., 2003b). Soil conductivities 
were extensively tested both in laboratory (constant and falling 
head permeameter) and in-situ (auger hole tests, tension disk in-
filtrometer, Beerkan tests, double ring infiltrometer tests) under 
pressure or suction. The variation in permeability with depth has 
been estimated by some sixty Lefranc tests (observation of the 
piezometric rise after draining the piezometers) and a Lugeon 
test on the in-situ marls. To estimate the lateral conductivity KL,
soil samples were taken horizontally at different depths, follow-
ing the methodology proposed by Caris and Van Asch (1991). 
The matric suction-moisture content relationship was obtained 
through a sand and kaolin box apparatus for pressure heads be-
tween pF 1.0 and pF 2.7, and with a suction plate membrane ap-
paratus for pF 3.6 and pF 4.2. The maximum water storage was 
derived from these pF curves on more than 250 samples. 

Figure 5. Hydrodynamical properties of the earthflow. (a): Hydrolocical 

experiments performed to study the hydrodynamical behaviour of the 

material in both unsaturated ans saturated conditions, (b): Variation of 

conductivity and retention capacity over depth with special reference to 

the units HG1 and HG2. 

The observed hydrological behaviour is in accordance with 
the texture of the soils. The conductivity values classify the ma-
terial as semi-permeable (Fig. 5b). The conductivity values of 
the subsoil vary according to the soil surface characteristics 
(Malet et al., 2003b) and the presence of fissures from 10-4 m.s-1 
to 10-8 m.s-1. The conductivity values obtained in-situ are higher, 
though more scattered than those in the laboratory tests. This can 
mainly be explained by the facts that: (1) the void ratio increase 
which should produce an increase in permeability is probably 
compensated by the spatial obliteration of the fissures which 
constitute a preferential water flow path; (2) the soil surface 
characteristics (size of the embedded elements and crusting) 
govern the conductivity near saturation (Malet et al., 2003b) and 
(3) in-situ tests are marked by 3-D effects. The retention values 
are high and range between 0.17 and 0.42 cm3/cm3. The matric 
suction-moisture content relationship is well represented, either 
by a complex Van Genuchten (1980) model or by a simpler Far-
rel and Larson model (1972). These values agree with average 
results for similar black marl soils in the literature (Caris and 
Van Asch, 1991; Mulder and Van Asch, 1988a; Mulder and Van 

6



Asch, 1988b; Antoine et al., 1995; Van Asch, 1997; Van Asch 
and Buma, 1997). The auger hole tests show a decrease in the 
permeability with depth, connected with the increasing compac-
tion of the materials, with values of up to 10  m.s-1 between -1 m 
and -2 m, up to 10-11 m.s-1 in the dead body of the earthflow. A 
fairly high seasonal variation in permeability can be identified 
between May and October.  Furthermore the Lugeon test carried 
out in-situ indicates a permeability of 10-9 m.s-1. This allows us 
to state that the whole ‘dead body’ reworked material and the 
underlying in-situ intact material can be regarded as imperme-
able.  

The average transmissitivity of the aquifer, calculated follow-
ing twenty one piezometric rises on the B and E cross-sections 
with the analytical solution of Théis and the logarithmic ap-
proximation of Jacobs (Théis, 1941; Freeze and Cherry, 1979), is 
as high as 10-3 m2.s-1. These calculations enabled us to estimate 
the storage coefficient (i.e. effective porosity) of the aquifer, 
which is very low (0.15 ± 0.04). The effective porosity estimated 
using the Théis equation (15%) is confirmed by the laboratory 
porosimetry measurements in mercury, which give a kinematic 
porosity from 17 to 23% for the reworked marls.  

4.2.2 Mass balance factors of the hydrological system 
Inputs (rainfall and snowfall) and outputs (surface water, evapo-
ration) of the saturated zone represent the mass balance of the 
system. The yearly average precipitation is usually approxi-
mately 750 to 900 mm (with around 200 to 250 mm as snowfall), 
but the maximum daily or monthly value can vary and produce 
significant groundwater fluctuations (Flageollet et al., 1999). A 
monthly value of 150 to 200 mm can occur especially in April, 
May, October or November. Three rain gauges installed in a 5-
square kilometre area around the landslide allow to quantify 
rainfall variability. A climatic station allows to estimate the ref-
erence potential evapotranspiration according to Penman’s equa-
tion and records Snow Water Equivalent. Finally snow is con-
sidered because it is the main mode of precipitation during 
winter. A snow depth sensor is installed since 1999 on the site, at 
2000 m a.s.l. 

No springs are visible on the flanks of the earthflow. The dis-
charge were measured temporarily in the midstream section of 
the main drainage axes of the landslide, under different climatic 
conditions; The field observations showed very high peaks in 
stream discharge, during a period of medium-high rainfall, and 
no lag time with precipitation was measured. Unfortunately, the 
hydrograph could not be evaluated. More information is needed 
to reproduce quantitatively this hydrological aspect of the sys-
tem. Three continuous piezometers were installed from 1997 
onward (soil suction probes, soil moisture probes) to study in de-
tail the infiltration process in the unsaturated zone. 

4.2.3 Qualitative inferences from field data: analysis of 
ground-water flow 
The earthflow is characterized by high groundwater levels. Fig-
ure 6 shows an example of the rainfall – groundwater table rela-
tionships for the year 1998 in the lower part of the earthflow. 
The piezometric fluctuations are correlated with rainfall (Malet 
et al., 2002). The kinematics follows a seasonal trend with two 
acceleration periods in spring and in autumn and two decelera-
tion periods (corresponding to hydrological drainage periods) in 
summer and in winter when snow covers the flow. The analysis 
of the piezometric behaviour shows high pore pressure variations 
(up to 20-25 kPa corresponding to an average fluctuation of the 
groundwater level of about 2.5 m) with sudden recharge follow-
ing the snowmelt. Pore pressures may remain high for a long 
time due to the medium permeability of the reworked marls, and 
the presence of the impermeable dead body at the bottom. 
Groundwater table fluctuations follow strictly the same trend all 
over the earthflow, but the relative position of the water level 
depends on local conditions. Water levels fluctuations of differ-
ent intensity are related to the changes of the permeability and 
geometry of the earthflow. 

Daily precipitation in relation to the daily groundwater fluctua-
tions has been analysed statistically (auto-correlation functions, 
cross-association and correlation techniques) on four automatic 
piezometric stations over the period 1999-2001, and on twenty 
one piezometric stations between June and October 1996 with 
daily manual recordings (Velcin, 1997).  
 

 
 
Figure 6. Example of climatic, soil and groundwater time series over the 

year 1998, and associated sensors. 

 
Figure 7c shows an example of the autocorrelation function 

of the ground water level fluctuations of the four pore water 
pressure sensors used. The autocorrelation functions of BV5 and 
E2 show a high autocorrelation value (> 0.3) for time lags up to 
10 days. The fact that these piezometric stations have long grad-
ual rising and falling stages is the explanation for this correla-
tion. They also correspond to the less active part of the earth-
flow. CV3 and in particular BV16 show less much 
autocorrelation. These piezometric stations experience short-
term fluctuations and are more influenced by external factors 
(fissure density) than by system memory. 

These analyses confirm the hydro-geomorphological units 
identified previously (see section 4.2.1). Considering autocorre-
lation functions of CV3 and BV16 similar, three units can be 
identified (Fig. 7a): 

- the HG1 unit, featuring very rapid piezometric responses 
(< 1 hour), a significant fluctuation (up to + 0.4 to 0.5 m) and 
relatively rapid drainage (3-5 hours); 
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Figure 7. Hydrogeomorphological units of the earthflow. (a): Boundaries of the hydrogeomorphological units and representative soil surface charac-

teristics, (b): Characteristic groundwater table variation within each units defined through punctual daily measurements over a period of 3 months on 

thirty piezometers, (c): Autocorrelation functions for ground water level fluctuations of four monitoring locations, (d): Cross-association results of 

soil suction fluctuations for three monitoring depths. 

 
- the HG2 unit, with rapid piezometric responses (2-3 hours), 
an average fluctuation (+ 0.05 to + 0.3m) and rapid drainage 
(12-24 hours);  
- the HG3 unit, with slow piezometric responses (> 5 hours), 
low fluctuation (centimetric) and slow drainage (> 24 hours). 
A factorial analysis of correspondences enabled us to estab-

lish a typology of effective rainfall (i.e. which recharges the 
groundwater table) at the event scale. It can be stated that:  

- almost all rainfall lasting less than ten minutes involve few or 
low groundwater rises (< 0.05 m);  
- groundwater rises greater than 0.1 m follow rainfalls of more 
than 10 mm;  
- the most significant groundwater rises (>0.4 m) always fol-
low the melting of a fairly heavy snow cover. 

It would also appear that the majority of rises occur when the 
groundwater table is in a high position of around –1 m, showing 
the influence of the unsaturated zone.  

The infiltration in the unsaturated zone can be studied more 
in detail through the analysis of the soil moisture variations, and 
the short-term variation of soil suctions. These fluctuations are 
representative of the HG2 unit (Fig. 6). On an annual basis, the 
amplitude of soil suctions varies between saturation and in aver-
age + 150 hPa. In specific situations, soil suction can reach more 
than 400 hPa, such as in July 1998, or even 800 hPa when the 
soil freezes (example of November 1998). 

In this unit we notice the quickness of the water transport to 
depth, as there is an immediate drop in pressure potentials after 
rainfall. As these data relate to low hydraulic conductivities of 
the soil matrix they are connected to fissures and to macropores 
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fluxes. We also notice above all that after rainfall saturation al-
ways remains local up to around 0.5 m. and temporary (1/4 h to 
2 h maximum.). Over the period 1997-2001 the topsoil (0-
0.75 m) was never saturated in the HG2 unit.  

The cross-association between (effective) precipitation and 
soil moisture changes was performed to determine the time delay 
in the infiltration process (Fig. 7d). The precipitation and soil 
moisture data are on a hourly basis, which impels the matching 
to be performed on the same time scale. It is recognised that this 
time resolution is high for the infiltration process in semi-
permeable soil. All soil moisture time series give similar results 
for the cross-association analyses. The results show a time lag of 
maximum four hours for the upper part of the topsoil (-0.56 m), 
and of maximum 9 to 10 hours for the lower part of the topsoil 
(between -0.88 m and -1.08 m). The percentage of matches de-
creases between time lag 4 to 9 for the upper part of the topsoil, 
and between time lag 9 to 15 for the lower part of the topsoil. 
The deeper installed soil moisture probes have a slightly larger 
time lag than the shallow soil moisture probes. Nevertheless, the 
higher matching percentage is the same between the shallow and 
the deeper soil moisture. The results described above show that 
the unsaturated zone (to 0.75 m depth) reacts generally within 4 
hours on a rain event. The cross-association technique was also 
used to determine the time delay between (effective) precipita-
tion and ground water level reaction, taking into account the 
same piezometric stations as for the autocorrelation analysis. 
From these results, it can be assumed that recharge of the 
groundwater table is mainly controlled by matrix Darcian flow in 
the wettest periods of the year (spring) and by a mix of matrix 
flow and fissure flow the rest of the year. 

4.3 Kinematical behaviour of the earthflow: ground water 
table-displacement relation 

Five years (1997-2001) of continuous displacements and pore 
water pressures monitoring have demonstrated that the earthflow 
accelerations are totally controlled by hydro-climatic conditions 
and generally the result of the undrained reactivation of the re-
worked material; the induced displacements being characterised 
by a high variable rate (Malet and Maquaire, 2003). Displace-
ments along the earthflows correspond to the line of greatest 
slope. The general direction of the displacements is facing N-10° 
on the cross-sections A, B, C and E and N-340° on the cross-
section D and on the toe of the flow, underlining the influence of 
the paleotopography on the dynamics of the flow. The spatial 
variability of the displacements along the transverse cross-
sections suggest that the landslide body acts as a deformable 
medium whose behaviour depends on shape of the covered 
gully, on the position of the groundwater table in each compart-
ment, and on the local induced strain field.  

Two thresholds of pore pressures trigger the acceleration of 
the movement; above it, the velocity increases non-linearly. The 
“spring movements” are initiated as soon as the water level 
ranges between -0.8 and -0.7 m below the ground surface; the 
“autumn movements” are triggered by a higher threshold value 
(between -0.6 and -0.5 m below the ground surface). This higher 
level is probably explained by strength regain due to an increase 
in undrained cohesion by consolidation in summer (Salt, 1988; 
Van Asch and Bogaard, 1998). 

It appears therefore that rainfall is the main triggering factor 
of the earthflow mobility, producing an intermittent and delayed 
recharge of the groundwater. The long-term behaviour is charac-
terized by continuous movements with a seasonal trend. The 
earthflows may be active for decades or more as is justified by 
the very low Factor of Safety of the landslide body (mean 
φ’r=20°, mean slope angle β=25°) very often below 1 (Maquaire 
et al., in press). Once a threshold pore pressure distribution is at-
tained, the rate of movement increases. Also, while pore pres-
sures decrease, velocity decreases too, but no stop of the move-
ment is observed. This may be explained considering that both 
the residual strength parameters and the applied shear stresses 

are constant with time, as suggested by Picarelli et al. (1999) for 
clay shale earthflows in the Southern Apennines. 

Excess pore pressures are therefore only related to infiltration 
(Malet et al., in press). This scheme corresponds to the seasonal 
long-term dynamics of the earthflow. It can be well represented 
by viscous analytical laws (Malet and Maquaire, 2003). Under 
exceptional hydroclimatic conditions (conjunction of snowmelt, 
thawing, and rainfall), short-term dynamics of the earthflow in-
volves the emergence of the groundwater table at the topog-
raphic surface, the evolution of the rheology and the initiation of 
debris-flows (Malet et al., 2003a). 

5 CONCEPT FOR THE HYDROLOGICAL BEHAVIOUR 
OF THE EARTHFLOW AND MODEL IMPLEMENTATION 

5.1 The hydrological concept 

The following conceptual hydrological model can be proposed:  
- above a certain threshold level (0.6-0.8m in the HG1 unit, 
0.8-1m in the HG2 unit), groundwater fluctuations are invaria-
bly rapid (less than a few hours), moderate (0.1 to 0.4m) and 
of short duration (within days), following liquid rainfall. Peaks 
following snowmelt have a longer duration; 
- the fall of the groundwater below this level strongly depends 
on the season, with much faster drainage in summer; 
- the hydrological regime is influenced by two important re-
charge events, one at the end of spring and one at the begin-
ning of autumn; 
- no deep alimentation within the landslide body has been es-
tablished. 

 

Figure 8. Hydrological concept of the earthflow and implemented hydro-

logical model. 

 
Therefore, the rapid piezometric responses are attributed to an 

infiltration process through a superficial (0.3-1m) system of in-
terconnected cracks (swell/shrink fissures and kinematic cracks). 
The depth of this crack system correspond mainly to the mean 
contact between the unsaturated and saturated zones and works 
as a fast flowpath from the ground surface to the water table. 
This contribution is not the same for all the measurements sta-
tions due to differences in cracks density and soil surface charac-
teristics, so it can be considered as one of the main reason for the 
different rates of groundwater rise. 

The failure of many smaller summer rainfall events to pro-
duce any groundwater rise suggest a water deficit in the matrix 
of the first layer caused by evaporation. The relation between 
precipitation and piezometric variations could not be related only 
to vertical infiltration, but also lateral infiltration could play an 
important role. These considerations are schematised into the 
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following hydrological concept in three layers. A layer with a 
continuous permeable crack system (L1a1) overlies two layers 
marked by different matrix conductivity values (L1a2, L1b) due 
to compaction. The groundwater table is mainly located in the 
L1b and L1a2 layers. The "dead body" is impervious and thus 
not considered in the hydrological model. A similar behaviour 
has also been observed in the Alverà landslide (Angeli et al., 
1998; Bonomi and Cavallin, 1999). 

This hydrological concept was incorporated into a numerical 
model (Fig. 9a) by adaptating the spatially-distributed physi-
cally-based model STARWARS (Storage and Redistribution of 
Water on Agricultural and Revegetated Slopes, Van Beek, 
2002). A compromise between the complex topography, the spa-
tial distribution of soil properties, the temporal resolution of the 
meteorological and hydrological records has been found to fix 
the model spatial resolution (2m) and the temporal timesteps 
(6 hours). 

 
 

Figure 9. Architecture of the STARWARS model. (a): Modular architecture 

of the model (core, module) and schematic representation of the model 

implementation in the PcRaster GIS package, (b): 2.5-representation of 

the earthflow by combination of maps and relation between the cell at-

tributes. 
 

The model consists of three permeable reservoirs (the three 
layers) and the bedrock is assumed impervious. Therefore the re-
sponse of the groundwater is imposed on a generated water level 
over this impervious lithological boundary that restricts the di-
rect loss of soil moisture into the bedrock. 

Antecedent soil moisture condition in the different layers, in-
filtration Inf, evaporation Ep, percolation in the unsaturated zone 
Perc and saturated lateral flow Qsat are taken into account. 
Within one timestep, water is added to the saturated storage by 
the percolation from the unsaturated zone and from bypass flow 
in the fissures if any occurred. The saturated storage is dimin-
ished by the loss over the impervious bedrock and by evapora-
tion, only substantial when the groundwater is close to the sur-
face. 
 

5.2 The hydrological model STARWARS 

The model describes the saturated and the unsaturated transient 
flow, in the vertical and lateral directions, assuming freely drain-
able water (Fig. 9a, 9b). Percolation is limited to gravitational 
vertical flow and defined as a function of the elevation potential 
only, neglecting the matrix potential for the flow in the unsatu-
rated zone. Over the saturated zone, the piezometric head defines 
the lateral flow. All storage and fluxes, given in units of water-
slice (m), are expressed by the relative degree of saturation θE of 
each layer. For each model layer z, the vertical unsaturated ma-
tric flow (the percolation) is controlled by the unsaturated hy-
draulic conductivity K(θE). The mathematical formulation of 
Farrel and Larson (1972) of the Soil Water Retention Curves, 
combined to the capillary analogy of Millington and Quirk 
(1961), and the Ksat values are used for the calculation of the un-
saturated conductivity. Percolation is thus proportional to the 
travel time of soil moisture over the unsaturated zone, and is de-
ducted directly from the drainable storage in the unsaturated 
zone. It is then used to recalculate the resulting degree of satura-
tion for the next timestep. As a clear dual porosity network exists 
in the upper layer, bypass flow through the fissure is also con-
sidered. A fraction of the rainfall excess DirRepl is transferred 
directly in depth within one timestep by bypass flow. 

The lateral outflow Qsat over the saturated zone is controlled 
by the piezometric gradient i, defined by the absolute elevation 
of the phreatic surface. A Local Drainage Direction map LDD of 
the groundwater height is derived to identify the drainage direc-
tion. The piezometric gradient i is given by the difference in ele-
vation over the slope parallel distance. Along the LDD, the lat-
eral outflow travels with the apparent velocity of the saturated 
lateral conductivity KL, which is a fraction of the vertical KV. 
Then, for each cell, the storage of the saturated zone is balanced 
for the outgoing and incoming fluxes.  

The generation of the groundwater is simulated by imposing 
boundary conditions. The lower boundary conditions are state-
controlled and are specified as fixed values for the matric suction 
PsiBC. It is a suitable parameter for model calibration. The up-
per boundary conditions are flux-controlled and concern the me-
teorological inputs at the surface (rainfall, temperature, evapora-
tion, net radiation). At the surface, a simple infiltration module is 
used assuming that the maximum infiltration capacity is defined 
as a ratio of the saturated conductivity of the top layer. The infil-
tration is only limited if the net rainfall exceeds it. 

A snow cover and snowmelt module is incorporated as pre-
processor in the hydrological model. It is based on four compo-
nents: (1) an input transformation, correcting for the representa-
tiveness of climatic inputs (precipitation, temperature and radia-
tion) with respect to altitude, (2) a surface melt component using 
a simple excess temperature mechanisms as a substitute for a full 
energy budget controlled melt formulation, (3) a snowpack stor-
age mechanism, controlling how surface melt is retained within 
the pack, and (4) a drainage term defining the release of water 
from the pack and formulated as an integrated part of (3). The 
SNOWPACK/MELT model employs representations particularly 
suited to South Alps conditions. A temperature threshold (Ts) is 
used to discriminate rainfall (R) and snowfall (P). A typical 
value for Ts in South Alps conditions is 1.5°C. A critical tem-
perature (Tm) above which melt (M) occurs and a melt factor (f) 
are used to govern the melt equation. A Tm value of 0°C is 
taken. An extension to incorporate wind speed may be important 
for mountain conditions (Singh et al., 1997) but the added level 
of complexity has not been incorporated in the current imple-
mentation of the model.  

The model components use the embedded meta-language of 
the PcRaster GIS package (Wesseling et al., 1996). Based on 
available knowledge, the model uses measured distributed values 
for the parameter values, where each layer is represented by a 
map. Implementation in a GIS-environment has several advan-
tages. First of all, if based on a high resolution DEM, the effect 
of topography can readily be incorporated and the GIS offers the 
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direct use of the available routing functions to define flow paths 
for saturated and unsaturated flow in each layer. Secondly, it is 
possible to include the spatial variation (lateral and vertical) of 
the hydrological parameters. This approach provides a unified 
theoretical description of most of the water fluxes observed 
within a landslide; we can therefore use the diffusivity equation 
which combines Darcy’s law with the water conservation equa-
tion to model the fluxes in the saturated zone, and we can use 
Richards’ equation combining the generalised Darcy’s law equa-
tion with the water conservation equation in the unsaturated 
zone. 

6 MODEL CALIBRATION AND VALIDATION. 

6.1 Model calibration 

The model formulation is defined a priori and calibration only 
consists of the optimisation of the model performance by adapt-
ing the hydrological parameters on the basis of field evidence. 
For calibration, the EV2 and BV16 piezometers were chosen. 
The model was calibrated over the period January-December 
2000 and validated over the period January 2001-
December 2001. In a first time, to test the model capabilities, 
some simple calculations were performed, assuming homogene-
ous mean characteristics for all the moving mass and no distrib-
uted parameters. These preliminary results are presented and dis-
cussed in the following section. 

 

Figure 10. Calibration of the SNOWPACK/MELT model. 
 

Table 1 gives an overview of the mean values and estimated 
ranges of parameters used in the hydrological simulations, and 
gives the calibrated parameters that produced the best calibration 
fit. In a first step, to produce initial distributed water level, soil 
moisture and snow thickness conditions, the model was run over 
a 25-years period using the meteorological data of Barcelonnette 

(1975-2000), and the average hydrological parameters measured 
in the field. 

In a first stage, the SNOWPACK/MELT model parameters (ar and 
mQ) were calibrated separately using the continuous monitoring 
of the snow thickness between January and May 2000 (Fig. 10). 
The best calibration fit was found for ar=0.28, mQ=0.042, a 
snowing temperature of 2°C and a melting temperature of -
0.5°C. These values are in accordance with the range given by 
the reference (1986). The runoff coefficient RC, which controls 
the direct contribution to waterlevel by bypass flow, was derived 
from rainfall simulation tests. 

Figure 11 shows the simulation results for piezometers EV2 
and BV16. The response pattern is reproduced very well; al-
though some recorded peaks, especially for BV16, are underes-
timated or missed. This seems not so important as these very 
quick lasting high groundwater levels do not influence the kine-
matics behaviour of the earthflow (Malet et al., 2002). 

The drainage conditions and the range of groundwater levels 
fluctuations are well simulated; it demonstrates thus that the es-
timation of the evaporation parameters by the Penman formula is 
quite adequate. 

At the opposite, the quickness of the important recharges (of-
ten in less than one day) is not simulated by the model; the dura-
tion of the simulated recharge spread out over several days. It is 
assumed that a distributed repartition of the parameters with 
higher conductivity values, porosity values and density of fis-
sures in the upper part of the earthflow, will be helpful to explain 
this mismatch. Also the Snow Water Equivalent simulated dur-
ing the melting of the snow cover is underestimated, as the den-
sity of the snow is not introduced in the model. Due to the im-
portance of the drainage periods over the year, a specific 
calibration on the recharge events alone could also ameliorate 
the results. 

The parameters listed in Table 1 were adjusted to come to the 
smallest Root Mean Square Error (RMSE) for the observed ver-
sus simulated time series. Two important aspects of a model are 
its performance after the calibration period, during the valida-
tion, and the choice of the fitting time series. In our case, the 
modelled time series can be optimised on the soil moisture varia-
tion in the topsoil (at 4 depths) or on the groundwater levels. 

Table 2 shows the results of RMSE calculated for the calibra-
tion (2000) and validation (2001) period, as well as the ratio for 
the two periods. These calculations were executed by automatic 
iteration using the Marquardt-Levenberg algorithm implemented 
in the PEST software (Marquardt, 1963). Upper and lower 
boundaries conditions (± 50% of the minimal and maximal 
measured values) were fixed for each parameter. 

Table 2 shows that the model performance is slightly higher 
with the soil moisture data set than with the ground water level. 
This is not surprising as the generation of the ground water table 
in the soil by downward percolation is controlled by the soil 
moisture balance in the topsoil. Calibration on the ground

 

Figure 11. Observed and simulated groundwater levels over years 2000 and 2001 (year 2000 is the calibration period, year 2001 is the 
validation period). 
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Table 1. Overview of the field-measured parameters and of the fit parameters for the different model calibration tests. 

Parameters Description Field measurements Model

input values 

Mean Range n GWL

Kv1 (cm.d-1) * Saturated vertical conductivity – layer 1a1 0.78 0.53 – 0.91 131 0.40 

Kv2 (cm.d-1) * Saturated vertical conductivity – layer 1a2 0.53 0.42 – 0.72 86 0.30 

Kv3 (cm.d-1) * Saturated vertical conductivity – layer 1b 0.47 0.35 – 0.52 47 0.30 

RatK (–) Ratio Lateral/Vertical conductivity 0.46 0.39 – 0.56 67 0.01 

ThetaSat1 (–) * Porosity value – layer 1a1  0.43 0.36 – 0.49 142 0.38 

ThetaSat2 (–) * Porosity value – layer 1a2 0.37 0.30 – 0.46 93 0.24 

ThetaSat3 (–) * Porosity value – layer 1b 0.31 0.23 – 0.39 61 0.21 

ha1 (m) * Air entry value – layer 1a1 (SWRC) 0.024 0.008 – 0.042 142 0.021 

α1 (–) * Shape factor of the SWRC – layer 1a1 13.6 12.9 – 14.7 142 10.1 

ha2 (m) * Air entry value – layer 1a2 (SWRC) 0.042 0.035 – 0.049 93 0.031 

α2 (–) * Shape factor of the SWRC – layer 1a2 12.3 11.5 – 13.1 93 7.1 

ha3 (m) * Air entry value – layer 1b (SWRC) 0.021 0.016 – 0.021 61 0.017 

α3 (–) * Shape factor of the SWRC – layer 1b 13.2 12.3 – 13.7 61 10.0 

ar (cm.°C) Restricted-degree day factor – 0.20 – 0.25** – 0.28 

mQ (cm.day-1/W.m2) Conversion factor for energy flux density – 0.05 – 0.033 – 0.42 

DirRepl (–) Density of fissures and macropores 0.07 0.01 – 0.15 233 0.04 

RC (–) *** Runoff coefficient 0.2 0.1 – 0.4 35 0.35 

PsiBC (m) Matric suction of infinite store under bedrock - – - 2.98 

     *: index number refers to the layer related parameters; **: values given by Martinec and Rango (1986); *** estimated by rainfall simulation 

Table 2. Validation results of the STARWARS model: GWL stands for fitting on the ground water levels time series at two piezometric stations, SM 

stands for the fitting on the topsoil soil moisture time series at four depths, RMSE stands for root mean squared error, Ratio stands for the ratio of 

RMSE of validation period over RMSE of the calibration period. 

Calibration: 

1 calendar 

year 

Validation Ratio 

Calibration: 

1 hydrological 

year 

Ratio 

Calibration: 

drainage 

periods 

Ratio 

Calibration: 

recharge 

periods 

Ratio 

RMSE [m] RMSE [m] Val/Cal RMSE [m] Val/Cal RMSE [m] Val/Cal RMSE [m] Val/Cal 

GWL (2) 0.030 0.043 1.423 0.033 1.302 0.028 1.274 0.051 1.270 

SM (4) 0.027 0.039 1.422 0.028 1.384 0.022 1.129 0.042 1.259 

.
water levels necessitates some additional parameters to optimise. 
Moreover the optimisation performed on the drainage periods 
solely results in higher RMSEs. This result implies also that the 
soil moisture balance and the evaporation process are well repre-
sented by the model. At the opposite, the recharge periods are 
poorly represented. This can be explained by an underestimation 
of the fissure flow. Finally, results show that the model perform-
ance is generally poorer in the validation period. Longer training 
data sets should be used. 

Table 1 shows the best-fit parameters resulting from the best 
optimisation (with the lower RMSE). Best-fit parameters are in 
the range of parameters estimated in the field. The porosities 
values ThetaSat, the ratio between lateral and vertical conductiv-
ity RatK, the SWRC parameters and the matrix suction of infinite
store at the bedrock contact PercBC, which controls the loss of 
water in the ‘dead body’, have been found as the main sensitive 
parameters.  

6.2 Model sensitivity 

The sensitivity of the model to changes in parameterisation and 
in model geometry has been analysed by comparing the simu-
lated hydrology of the earthflow for the year 1999. The total 
drainable storage was used as a general measure of the simulated 
hydrology. Starting with the same initial conditions (the average 
winter profile in moisture content) the response of the moisture 
content in the three layers and of the ground water levels has 
been modelled, with the input climatic data of 1999. The seven 
tested parameters are varied in consecutive model runs and the 
model outcome is compared to that for the reference parameteri-
zation. Only one parameter is perturbed in each run. The rem-
nant parameters are kept at constant values. The model has been 
simplified by assuming no distributed parameters (only one hy-
drological unit). The parameter changes have been calculated by 
subtracting or adding 10%, 25%, 50%, 100% and 200% of the 

standard deviation to the mean parameter value. If the variability 
is unknown, an estimate has been used. 

Figure 12. Sensitivity of the simulated hydrology, expressed as the 

change in total storage, to changes in seven model parameters (a) and 

DEM resolution (b). 
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Figure 13. Distributed representation of the ground water levels fluctuations over time. One map is calculated at each time step (6 hours). 

In Figure 12a, the normalized changes in modelled storage 
are given for the respective parameter increments. The hydro-
logical model is the most sensitive to the ratio between the verti-
cal and lateral saturated conductivity. A change by ± 25% of the 
ratio results in a deviation of more than 15% in the modelled 
storage. This ratio is therefore a suitable parameter for model 
calibration. Porosity and the density of cracks are the parameters 
with the second and third larger influences. This is not surprising 
as these two parameters control the soil moisture percolation in 
depth, and thus the overall infiltration process. The others pa-
rameters have less influence and behave in a less orderly man-
ner. The deviations in drainable storage are less than 5%. Among 
these parameters, the characteristics of the soil water retention 
curves have the highest influence. In Figure 12b, the normalized 
changes in modelled storage are given for different simulations 
with different cell size (respectively 0.50 m, 1 m, 1.50 m, 2 m, 
3 m, 5 m, 10 m and 20 m), by keeping all the other parameter 
values constant. DEM resolution has a high influence. Coarse 
resolution (larger than 5 m) results in an underestimation of 
more than 20% in the modelled storage. A threshold is clearly 
identified around 2 m. Below this threshold, integration of finer 
resolution does not deviate, neither ameliorate the model.  

The results of simulations may be presented in distributed 
form (Fig. 13). This makes it possible, for example, to locate ex-
actly the highest zones of water levels. In our case these zones 
are to be found upstream of the earthflow in the area which pre-
sents the highest velocities. 

7 MODEL PREDICTION AND PRACTICAL USE 

Once the model is validated on real observations, and when the 
model appears to give an accurate representation of the physical 
processes under consideration it can be applied to hypothetical 
cases. Two practical applications are presented below. 

7.1 Long-term behaviour of the flow: impact of environmental 
changes. 

The dynamic nature of this type of model enables us to test the 

influence of changes in climate or land use on the earthflow hy-

drological behaviour. These elements can help the expert 

responsible for defining a hazard level (thresholds for the 

appearance of phenomena, occurrence of high groundwater 

levels). Numerical simulations have been carried out with the 

adjusted model, first using the monthly time series of rainfall and 

temperatures at the Barcelonnette climatic station (1971-2000) 

and secondly, using the monthly time series provided by a 

climatic model of global change downscaled at the local scale of 

the Barcelonnette basin (2031-2060). The data used are those of 

Buma and Dehn (1998). Figure 14 demonstrates the 

reconstitution of the earthflow’s hydrological behaviour. The 

results must be analysed cautiously, firstly because this approach 

presupposes that the geometry of the moving mass does not vary 

over the simulated period, and secondly because of the extreme 

variability of the outputs of Global Change Models. It seems that 

over the period from 1971 to 2000 the general trend (two 

recharge episodes a year, higher groundwater levels in winters 

with a great amount of snow) is identical with that recorded in 

the period from 1996 to 2001. It is remarkable to observe that the 

period from 1975 to 1981 presents a succession of high 

groundwater levels, which also corresponds to the earthflow’s 

fastest period of runout (Maquaire et al., 2001). In the period 

from 2031 to 2060 there is a decrease in the average 

groundwater level of the earthflow. On the long-term, the series 

also demonstrate a complete change in the earthflow’s behaviour 

with many years showing a single recharge episode. The return 

frequency of high ground water levels (higher than the 

movement’s acceleration threshold) would thus tend to diminish. 

 
Figure 14. Simulation of the earthflow’s hypothetical hydrological regime over the periods from 1971 to 2000 and 2031 to 2060 assuming the climatic 

change scenario proposed by Dehn and Buma (1998) for the Barcelonnette Basin. 
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Figure 15. Influence of revegetalisation on the hypothetical hydrological behaviour of the earthflow. 
 

7.2 Behaviour of the flow under vegetalisation 

A second practical example is the simulation of the earthflow’s 
hypothetical hydrological behaviour in the case of vegetalisation. 
The effect of artificial revegetalisation through biological engi-
neering can therefore be assessed with a view to reducing the 
risk. 
In order to do so a module representing the manner in which the 
vegetal cover intercepts rainfall (i.e. a fraction of the gross rain-
fall function of the foliar index) and an evapotranspiration mod-
ule (fraction of the potential evapotranspiration reduced by a 
scale factor kc, representing the various vegetal covers) has been 
integrated into the model (Van Beek, 2002). 
Three scenarios of revegetalisation have been tested: a complete 
re-seeding of the earthflow with grass, total reforestation with 
conifers (20-year-old black pines), and a mixed revegetalisation 
(reforestation upstream/grass downstream). The simulations 
were carried out on the year 1999 (Fig. 15). If the influence of 
re-seeding with grass is almost negligible on the hydrological re-
gime the reforestation considerably lessens the extent of the an-
nual variations and lowers the maximum piezometric level by 
around 0.80m. The rate of drainage is also changed. The spatial 
location of populations can also be optimized. It appears that re-
forestation sole upstream of the earthflow causes a decrease in 
the water level of around 0.50 m. 

8 CONCLUSION 

This paper describes a first attempt on the hydrological model-
ling of clay-shales fast-moving earthflows, taking the Super-
Sauze earthflow as representative. The earthflow behaviour is 
governed by seasonal pore pressure fluctuations inducing long-
term movement thanks to the stress changes.  

To understand the influence of rainfall recharge on spatially 
variable ground water flow, we have collected detailed rainfall, 
and ground-water data. On the basis of our analyses, we infer 
that persistent downward hydraulic gradients, unsaturated 
ground-water storage, propagation and attenuation of rainfall-
induced pore-pressure waves, and near surface ground water cir-
culation influence the landslide motion profoundly. This com-
plex time-dependent behaviour can be reproduced by a distrib-
uted physically-based hydrological model.  

The model outputs are quite sensitive to changes in the effec-
tive porosity values and conductivity values. Moreover, at this 
stage of development the recharge by the fissures seems very 
low, and some specific research should be performed on that 
topic. Also, considerable simplification is introduced by using 
constant porosity values instead of transient values as swell-
shrink behaviour of the marls or compaction process due to the 

movement may change the porosities of the layers. The model 
has proven its capabilities to capture all the necessary physical 
phenomena with sufficient accuracy to simulate the hydrological 
behaviour over long periods, to give a quantitative description of 
triggering events, to locate ‘saturated’ zones and to provide in-
formation for managing such phenomenon. The expert therefore 
has a new and relatively realistic tool with which to assess the 
risk.  

It should be recalled that this type of model is only one of the 
tools available to the expert to check his predictions (depending 
on his intuition, his experience and the field observations). The 
model does not claim to offer the truth; nevertheless it provides a 
means of arriving at it and above all it can be used to establish 
the size of certain parameters by reducing the subjectivity of as-
sessments. Landslide hydrological models seem relatively ‘ma-
ture’ today, but they must be validated and transposed and re-
search must be undertaken on the coupling between hydrology 
and mechanics for this complex type of landslide.  
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