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ABSTRACT: Earthflows in black marl follow a remarkable seasonal kinematic trend induced by the hydrogeological regime and
reach high velocities only if significant pore pressure increase takes place. Analysis of the inclinometer observations shows a defor-
mation in a 5-m thick creeping zone with a rigid moving body on top. A first attempt has been made to calibrate three viscoplastic
creeping laws on the deformations observed at the Super-Sauze earthflow (Alpes-de-Haute-Provence, France). Calibration was carried
out on a period of high pore pressures (and high velocities) and on a period of low pore pressures (and low velocities). Back-analysed
cohesion, residual friction angle and viscosity values are quite in accordance with the value measured in the laboratory. Viscosity val-
ues are one order of magnitude lower for the high pore pressure calibration period than for the low pore pressure calibration period.
Black marls earthflows exhibit a largely non-linear behaviour, with a tendency to plastic behaviour above the critical yield stress.
High excess shear stresses induce large deformations and probably a loss of viscous strength leading to infinite acceleration. There-

fore, high displacements are predicted for a rise of the ground water level above 1.50 m.
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1 BACKGROUND

Earthflows are the most typical landslides involving weathered
black marl in the Southeastern part of the French Alps. 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
movement influenced by slope morphology, rock mass fabric,
and hydrology (Hungr et al., 2001).

Earthflows in black marl follow a seasonal kinematic trend
induced by the hydrogeological regime and reach high velocities
(>0.05 m.day™) only if significant pore pressure increases take
place, by collapses, stress field changes or unusually infiltration
(Malet et al.,, 2002a). Nevertheless, reworked, predominantly
saturated material may continually progress downslope and
slowly accumulate in a tongue-like form under normal pore
pressure conditions. Continued movement may be maintained
over long distances (hectometric to kilometric), depending on the
availability of an unobstructed sloping path, and over long
periods of time (> 150 years), by intermittent plastic deformation
combined with internal creep.

Black marl earthflows are also characterized by their capabil-
ity to suddenly change behaviour. Under specific hydrogeologi-
cal conditions, part of the total volume of the moving mass, can
transform into debris-flows (Malet et al., 2003).

From a morphological viewpoint, earthflows act as a con-
veyor belt between the material source and the sink. From a me-
chanical viewpoint, earthflows exhibit a complex style of
movement associating a long-term movement based on creep,
and a short-term movement based on flow characteristics. It re-

sults in a complex vertical profile of velocity coupling displace- :

ments along a shear surface in depth and internal diffuse
deformations above this surface. Finally, from an engineering
viewpoint, the behaviour of the landslide locates at the interface
between soil mechanics (for the long-term movement) and fluid
mechanics (for the short-term movement).

While wide areas in mountainous regions are subjected to
earthflows movements, especially in soft rocks such as marls or
clay shales, a fundamental point to predict their evolution is to
develop numerical mechanical models able to reproduce such
complex behaviour. Several authors (Vullliet, 1986; Savage and
Smith, 1986; Vulliet and Hutter, 1988; Sassa, 1988, Russo,
1997) have suggested that it can be performed by implementing
viscoplastic laws in finite-element codes. But it appears that the
viscoplastic models have to be calibrated over long time series to
really establish the validity of the mechanical assumptions.

This paper focuses on the hydrogeological control of the
long-term dynamics of such earthflows, discusses its possible
mechanics and calibrates simple viscoplastic creep models to in-
terpret the displacements The study site is the Super-Sauze earth-
flow surveyed since 1991, and where extensive geophysical and
geotechnical investigations are carried out since 1996.

2 MORPHOLOGY AND BEHAVIOUR OF EARTHFLOWS
IN BLACK MARL

2.1 Morphology and internal structure of the earthflows

The Southeastern part of the French Alps consists of sedimentary
rocks composed of alternating marl and limestone sequences. In
the Barcelonette Basin, about 100 km north of Nice, three large
earthflows (Poche, Super-Sauze and La Valette) have occurred
in this formation (Fig. la, 1b, 1c). These earthflows are very ac-
tive and localized in torrential basins (Fig. 1d).

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 recognisable (Fig. la, 1b,
1c). The uppermost part of the earthflows is dominated by struc-
tural rock block slides at Super-Sauze, rotational slides at La
Valette and a combination of both at Poche. Uphill, the main
scarp, is inclined at approximately 35° at Poche, 70° at Super-
Sauze, and 50° at La Valette. It is cut into morainic deposits
(about ten meters thick) and subjacent black marl steep slopes at
Poche and Super-Sauze, and into flysch deposits and subjacent
black marl at La Valétte.
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Figure 1. Orthorectified photographs of the Poche (1a), Super-Sauze (1b) and La Valette (1¢) earthflows. Reconstitution of the morphological evolu-
tion of the Super-Sauze earthflow from 1956 to 1995 (1d). Ten-years cumulated displacements in the central part of the three earthflows (1e). Internal

structure of the Super-Sauze earthflow (1f).

Once failed, rock panels are accumulated and progressively dis-
integrated by weathering. A heterogeneous flow spread out pro-
gressively downslope burying torrential channels. The length of
the earthflows reaches 1100 m at Poche, 800 m at Super-Sauze,
and 1800 m at La Valette. The accumulation zone presents an
average slope of 20° for Poche, 25° for Super-Sauze, and 28° for
La Valette. Finally, a terminal lobe dominates the lowermost part
of the earthflows. Poche and Super-Sauze earthflows are bor-
dered 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 esti-
mated at 700,000 to 900,000 m> for Poche, 750,000 m* for Su-
per-Sauze and over 3,500,000 m® for La Valette.

Morphological features induced by the flowing mode of the
earthflows are easily recognisable. The contact between the ac-
tive earthflow and the in-situ hillslope is a shearing zone of a

few meters width on both sides of the flow, marked by the pres-
ence of tension cracks. Shear surfaces delimiting laterally the
earthflows present scratches in the direction of the movement.
Locally, lateral levees of compression are distinguishable.

All three earthflows (Fig. 1a, 1b, 1c) exhibit multiple failure
mechanisms (within the landslide mass, on the flanks) and in-
volve different material (e.g. black marl rocky panels, black marl
weathering products, a silty-sand matrix). Velocities lie in the
range from 0.01 to 0.4 m.day™ for the most active Super- Sauze
and La Valette earthflows, and from 0.005 to 0.2 m.day™ for the
less active Poche.

Over the period 1992-2002, the displacements reached 130 m
for Poche, 145 m for La Valette, and 160 m for Super-Sauze
(Fig. le). It is worth noting that the maximal annual displace-
ments are reached for the wettest years of this period, showing
the hydro-climatic control of these landslides.
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Figure 2. Five-years cumulated displacements of the Super-Sauze earthflow (2a). Observed and simulated groundwater levels over years 1999 and
2000 in the upper and lower part of the Super-Sauze earthflow (2b). Seasonal kinematics of the Super-Sauze earthflow in 1999 (2c). Pore pressure-

Velocity relationship (2d).

Geotechnical investigations and geophysical prospecting at Su-
per-Sauze and La Valette (Flageollet et al., 2000; Magquaire et
al., 2001) indicate that the flows bury an intact topography
formed by a succession of parallel crests and gullies (Fig. 1f).
The flow is structured in two vertical units. The first unit (5 to
10 m thick at Super-Sauze and Poche; 10 to 15 m thick at La
Valette) is a very wet viscous material, while the second (with a
maximum thickness of 10 m, at Poche and Super-Sauze, and *
20 m at La Valette) is a stiff and impervious miaterial, referred as
a dead body (Le Mignon et Cojean, 2002; Malet et al., 2002a).
Both materials involve low plastic intensely fissured reworked
marl with a sandy-silt texture (clay content ranging between 16
and 26%; plasticity index ranging between 11 and 19%). Water

content lies between 15 and 40%. For the Super-Sauze earth-
flow, peak strength parameters, determined on undisturbed sam-
ples, show cohesion values ranging from to 16 to 37 kPa and
friction angle values from 32 to 36°. The residual shear strength
was measured by ring shear tests on reconstituted specimens
providing a residual friction angle of 19 to 21° (Maquaire et al.,
in press). This value is in accordance with the operative friction
angle calculated with the limit equilibrium method (¢’ 0 = 18°).

2.2 Long and short-term dynamics of the black marl earthflows

In the following, the data referred to the Super-Sauze earthflow,
which is monitored since 1997 (rain gauge, temperature probes,
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Casagrande-type piezometers, soil suction probes, extensometric
device, GPS monitoring). It is supposed that the behaviour ob-
served at Super-Sauze is representative of Poche and La Valette.

Five years (1997-2001) of continuous displacements and pore
water pressures monitoring have demonstrated that its accelera-
tions are totally controlled by hydro-climatic conditions and gen-
erally the result of the undrained reactivation of the reworked
material; the induced displacements being characterised by a
high variable rate. Displacements along the earthflows corre-
spond 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 dynam-
ics of the flow (Fig.2a, 1d). 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 (Fig. 1f), on the
position of the groundwater table in each compartment, and on
the local induced strain field.

All three earthflows are characterized by high groundwater
levels. Figure 2b shows an example of the rainfall — groundwater
table relationships for years 1999 and 2000 at two locations of
the Super-Sauze earthflow. The groundwater level fluctuates
from -1.8 m to -0.4 m in the upper part of the flow, and from -
2.6 m to -0.8 m in the lower part. The piezometric fluctuations
are correlated with rainfall (Malet et al., 2002a). The kinematics
follows a seasonal trend with two acceleration periods in spring
and in autumn and two deceleration periods (corresponding to
hydrological drainage periods) in summer and in winter when
snow covers the flow (Fig. 2c). 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 following the snowmelt.
Pore pressures may remain high for a long time due to the low
permeability of the reworked marls, and the presence of an im-
permeable dead body at the bottom. Groundwater table fluctua-
tions follow strictly the same trend all over the earthflow, but the
relative position of the water level depends on local conditions.
As observed in the field, and as it can be simulated with a hydro-
logical distributed deterministic model (Malet et al., submitted),
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.

Two thresholds of pore pressures trigger the acceleration of
the movement; above it, the velocity increases non-linearly
(Fig. 2d). 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 sur-
face). 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).

1t 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
0’=20°, mean slope angle =25°) very often below 1. Once a
threshold pore pressure distribution is attained, the rate of
movement increases. Also, while pore pressures decrease, veloc-
ity decreases too, but no stop of the movement is observed. This
may be explained considering that both the residual strength pa-
rameters 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., submitted). This scheme
corresponds to the seasonal long-term dynamics of the earthflow.
Under exceptional hydroclimatic conditions (conjunction of
snowmelt, thawing, and rainfall), short-term dynamics of the
earthflow involves the emergence of the groundwater table at the

topographic surface, the evolution of the rheology and the initia-
tion of debris-flows (Malet et al., 2003).

2.3 Vertical profile of velocity

In the ablation zone, the stratigraphic log and the inclinometer
observations locate a slip surface at about -8.85 m below the to-
pographic surface for borehole F1 (Fig. 3a) and -8.40 m for
borehole EP8 (Fig. 3b). The location of the boreholes on the
orthorectified photography of 1956 and 1995 shows that the dif-
ferences in depth coincide with the location of a gully and a crest
(Fig. 3d). Therefore, in the ablation zone, the slip surface pre-
sents longitudinally an irregular shape, in relation with those of
the initial in-situ crests, which were initially 30 to 40 m above
(Fig. 2d). In the accumulation zone, the slip surface is located at
about -10.50 m (Fig. 3c).

In the ablation zone, the interpretation of the inclinometric
profiles and especially the survey of both the displacements of
the boreholes and of the depths of shearing (October 1996 to
July 2000, cross-section AA’, Fig. 3d), indicate both a first slip
surface located at -8.85 m, and a second internal slip surface lo-
cated at around -5.25 m. The first slip surface corresponds to the
interface between the dead body and the active unit of the flow.

A careful examination of soil samples taken from the bore-
holes do not allow to identify a shear “layer” at a depth of ap-
proximately -8.85 m. But direct observations on the flanks of a
crest emerging from the flow in summer 2001 on the B cross-
section, allow detecting such a layer, totally remoulded and satu-
rated, with a thickness of 20 to 30 cm.

From the velocity profile computed for inclinometer F1
(Fig. 3a), it can be supposed that black marl earthflows exhibit a
complex style of movement, associating strong displacements
along an internal slip surface, located within the reworked land-
slide body, superimposed by a viscoplastic body (with a shear
rate estimated at 107" m.s' assuming a 5-m thick unit) and a
rigid body on top (Fig. 3a). Data provided by the other instru-
ments (EP8, CPZ1) validate this point. Similar velocity profiles
have also been observed on several landslides (Le Day landslide,
Vulliet, 1986; Chléwena landslide, Vulliet and Bonnard, 1996;
Salins-les-Bains landslide, Vans Asch and Boggard, 1998).

Velocity monitoring reveal that stress field change, induced
by pore pressure fluctuations, involve the slip surface but also
stress the importance of deformability and viscous properties of
the landslide body. This implies the use and the implementation
of viscoplastic creeping laws in the numerical codes to account
for the dependence of the mobilized strength on the displacement
rate, such as proposed by Bracerdigle et al. (1991), Vulliet
(1986), Vulliet and Hutter (1988), Van Asch and Van Genuchten
(1991), or Russo (1997).

3 VISCOUS MODELLING OF THE EARTHFLOW

Based on the available data at the location of the inclinometers
F1, EP8 and CPZ1, an attempt has been made to apply several
viscoplastic creeping laws assuming, in first order, constant pore
pressures. All these models assume that above the yield strength
the viscous behaviour in the shear zone limits the displacement
rate under the excess shear strength., in contrast to the infinite
acceleration that is predicted in elastic-plastic models. Here, the
viscous behaviour has been described by one empirical relation
(Nieuvenhuis, 1991), which relates the viscosity directly to ex-
perienced excess in shear stress, and by two physical models
(Ter-Stephanian, 1963; Yen, 1969) that incorporate the viscosity
as a distinct parameter. The equations and the definitions of the
parameters are given in Figure 4 and a review can be found in
Van Asch and Bogaard (1998).

For the models, two different definitions of the yield strength
and two different definitions of the viscosity parameter 1, have
been tested. In the VCM-1 model (Ter-Stephanian, 1963), the
yield strength is defined by a fixed fraction of the peak strength
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Figure 3. Cumulated in-depth displacements and velocity profile in the ablation zone of the Super-Sauze earthflow (3a, 3b). Cumulated displacements

in the accumulation zone (3c). Interpretation of the deformation of the inclinometer tubes in the ablation zone (3d).
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values (reduced peak cohesion c’,, and reduced peak friction an-
gle, ¢’;). In the VCM-2 model (Yen, 1969), the yield strength is
defined by the residual strength parameters c’, and ¢’;. The vis-
cosity parameter T, increases with increasing effective normal
stress O, assuming a constant flow factor A, in the VCM-I1
model. On the contrary, the viscosity parameter is constant and
independent of the existing stress in the VCM-2 model.

In all cases, the critical yield stress was firstly calibrated for
the groundwater levels observed at the onset of the movement,
assuming a “spring threshold” and an “autumn threshold” (see
section 2.2). Then the viscosity parameter was calibrated given
the observed velocities for periods with different groundwater
levels. Different scenarios were considered using both different
combinations of the yield strength and viscosity definitions, and
different deformation profiles (a creep zone of a certain depth, or
a deformation limited to the slip surface with a rigid moving
body on top).

All models have been calibrated against the derived monthly
velocities in mm.month™. The choice of this calibration set has
been done because velocity is the direct outcome of the models.
The goodness of fit is given by the correlation coefficient 12, de-
fining the amount of explained variance (Fig. 4a).

4 RESULTS AND DISCUSSION
4.1 Calibration of the creeping laws

In a first step, the empirical Nieuvenhuis’ model was tested. The
fit of this model is the poorest of all models applied. The pre-
dicted displacements are more than half of the observed dis-
placements and the shape of the velocity profile is not well re-
produced (Fig. 4b). A possible explanation of the poor fits can be
related to the largely non-linear behaviour of the earthflow mate-
rial, with a tendency to plastic behaviour above the critical yield
stress. High excess shear stresses induce large deformations and
probably a loss of viscous strength leading to infinite accelera-
tion. This is not well reproduced by the Nieuvenhuis’ model. On
the contrary, the physical creeping laws have best predictive ca-
pacities (Fig. 4a). It is not surprising since both models incorpo-
rate in their yield strength definition a significant cohesion value.
In a second step, the influence of the increase in viscosity
with depth was evaluated. In this case, two models were consid-
ered: the VCM-1a model which comprises the yield strength and
viscosity definitions of Ter-Stephanian (1963) and the variant
model VCM-1b which comprises the yield strength definition of
Ter-Stephanian (1963) and the viscosity definition of Yen
(1969). Figure 4b shows the observed and predicted displace-
ment curves for the best-fit simulations. The VCM-1a and VCM-
1b curves are similar, indicating that the increase in viscosity
with depth has small influences in this case. Both models predict
a thinner creeping zone (4 m) than observed in the field (S m).
The back-calculated reduced friction angle (¢’,=14.3°) seems
somewhat too low (Fig. 4a) with respect to the measured peak
(36°) and residual (21°) values (Maquaire et al., in press).
Finally, in a third step, the influence of the yield stress defini-
tion was evaluated (Fig. 4c). In this case, calibration was carried
out using the yield stress definition of Ter-Stephanian (model
VCM-1b) and of Yen (model VCM-2), keeping the viscosity
constant with depth (Fig. 4c). The VCM-2 model was exten-
sively calibrated, either by optimizing the predicted velocity pro-
file against the observed one (VCM-2a), or the back-calculated
residual friction angle against this measured trough the labora-
tory tests (VCM-2b). A calibration was also performed by locat-
ing the deformation in a narrow slip surface and assuming an
8.50 m rigid body on top (VCM-2c). The VCM-2a model pro-
vides the best fit (Fig. 4a). The model is able to reproduce a 5 m
creeping zone, as observed in the field, for a residual friction an-
gle of 26.9° somewhat too high. At the opposite, if the calibra-
tion is performed against the residual friction angle (VCM-2b),

the predicted creeping zone is limited to a thickness of 3 m. Fi-
nally, the VCM-2c model shows the poorest fit (Fig. 4a).

In all cases, the viscosity values are realistic and consistent
with those estimated in the laboratory with a parallel-plate
rheometer (Malet et al., 2002b). The viscosity values are lowered
by a factor 10 to 100 as the thickness of the creeping zone de-
creases.

4.2 Prediction of the displacements for different water levels

Considering that the residual strength parameters will govern the
reactivation of the earthflow for a specific groundwater level
threshold, the viscous properties of the material will govern the
amplitude of the movement. Simulations of the displacements
have been carried out for different constant (monthly) groundwa-
ter levels (ranging from -4 m to -0.5 m), with the higher autumn
threshold (Fig. 4d). The best-fit strength and viscosity parame-
ters of model VCM-2 were used. The VCM-2a model shows the
best predictive capabilities with a maximal standardized error of
0.23 m. The predicted displacements are extremely limited for
mean groundwater levels below -2.5 m., but they can become in-
tolerable for mean groundwater levels higher than -1 m.

The same methodology has been applied for the prediction of
displacements initiated by the lower “spring threshold”. While
no inclinometric observations exist for these periods, an incli-
nometric profile has been estimated, based on the observed
surficial displacements of May 1999 (Fig. 4e). In this case, the
results are worse. For instance the VCM-2¢ model cannot be
calibrated (e.g. the model is not able to locate displacements of
more than 2 m along a 20 cm-thick shear surface). A creeping
zone of 5 m is also not reproduced (VCM-2a, VCM-2b).

For high groundwater levels, the VCM-2a and VCM2-b mod-
els are able to predict the cumulated displacements fairly well
(Fig. 4e, 4f) by assuming a thickest creep zone and a thicker
rigid body. The back-calculated residual friction angle with the
VCM-2b model (22°) is consistent with this measured in the
laboratory, and a reduction factor (from the peak value to the re-
duced residual value) of 0.6 can be considered as representative.

In this case, the predicted displacements are extremely lim-
ited for mean groundwater levels below -3 m, and become intol-
erable for mean groundwater levels higher than -1.5 m (Fig. 41).
This feature can be attributed to the viscosity values, lowered by
a factor 10 compared to the “autumn threshold”. As for the re-
sidual strength parameters, it seems that consolidation at periods
of lower groundwater levels and no movement, tends to increase
viscosity of the material. However, these simulations must be
considered as progress results and other viscous laws (Vullliet
and Hutter, 1988) should be tested.

4.3 Tentative application to Poche and La Valette earthflows

Despite having any groundwater levels recordings at Poche and
La Valette earthflows, a test has been performed with the VCM-
2b model to predict the mobility and assess critical conditions.

Table 1. Displacements for different groundwater levels

Groundwater level  Poche earthflow” La Valette earthflow”
-4.0m Omm /0 mm Tmm/ 4 mm
-3.0m 13mm/ 9 mm 32mm/ 19 mm
-20m 38mm/ 27 mm 62 mm / 48 mm
-1.5m 151 mm/ 103 mm 322 mm/ 204 mm
-1.0m 978 mm / 821 mm 1348 mm / 1182 mm
-0.5m 2150 mm / 1887 mm 2950 mm / 2437 mm

“Spring threshold / Autumn threshold

Simulations have been performed, in the central part of the earth-
flows, for a one month period, by using the pore pressure thresh-
olds defined at Super-Sauze, and considering: for La Valette, the
geometry and structure proposed by Le Mignon and
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Figure 4. Viscoplastic creep models and applied results of the best-fit simulations (4a). Observed and predicted velocity for a period of low (autumn)
groundwater level threshold, according to the Nieuvenhuis and VCM-1 models (4b), to the VCM-2 model (4c) and predicted displacements for differ-
ent constant ground water levels (4d). Observed and predicted velocity for a period of high (spring) groundwater level threshold, according to the
VCM-2 model (4¢) and predicted displacements for different constant ground water levels (4f).

Cojean (2001), and the residual strength parameters proposed by
Van Beek and Van Asch (1996); and for Poche, the geometry,

internal structure and residual strength parameters proposed by i

Magquaire et al. (in press).

The viscosity parameters obtained trough laboratory tests
were used for these simulations Displacements (Table 1) seem
acceptable for both earthflows, and intolerable displacements are
predicted for groundwater level rise at -1.5 m to -1.0 m below
topographic surface.

5 CONCLUSION

Black marl earthflow behaviour is governed by seasonal pore
pressure fluctuations inducing long-term movement thanks to the
stress changes. First analysis of the inclinometer observations
shows a deformation in a creep zone with a rigid moving body
on top. Displacements can be interpreted by a simple viscoplas-
tic creeping law assuming constant pore pressures.. Calibration
was carried out on a period of high pore pressures (and high ve-
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locities) and on a period of low pore pressures (and low veloci-
ties). Back-analysed residual friction angle and viscosity values
are quite in accordance with the value measured in the labora-
tory. The yield strength is defined by a zero cohesion and a re-
sidual friction angle (21°) which is some 60% lower than the
peak friction angle. Back-analysed viscosity values are one order
of magnitude lower for the high pore pressure calibration period
than for the low pore pressure calibration period. There is no
evidence that the viscous properties of the flow increase with
depth. Both field data and back-analysis reveal that residual
strength regain (by consolidation) in the period of drainage of
the groundwater table results in two thresholds in pore pressures
(spring, autumn) governing acceleration of the earthflows. De-
crease in velocity depends both on the duration of the period of
pore pressures below these thresholds, and on the viscous prop-
erties of the material. Black marls earthflows exhibit a largely
non-linear behaviour, with a tendency to plastic behaviour above
the critical yield stress. High excess shear stresses induce large
deformations and probably a loss of viscous strength leading to
infinite acceleration. Predicted surface velocities are in accor-
dance with those measured in the field but the observed
deformation profile (a 5-m creep zone overlaid by a 4.50 m rigid
body) cannot be recovered. Nevertheless intolerable displace-
ments are predicted for a rise of the ground water level above
1.50 m.
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