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ABSTRACT: In Normandy, along the Calvados coast, the 12 km long Pays d'Auge section is periodically af-
fected by rotational and translational landslides. In January 1982, major landslides (3m high scarp) have
caused several damages to property. In this paper, we focus our attention on the relationship between precipi-
tation and groundwater fluctuations linked to Villerville—Cricqueboeuf landslide crises. Through these pre-
liminary results coming from comparative analysis of twenty years of survey we have reached first insight in
the groundwater level threshold for these landslides and have got a better understanding of the internal coastal

slope behaviour.

1 INTRODUCTION

The Calvados coastal slopes are frequently af-
fected by landslides for several centuries particu-
larly at the Pays d’Auge coast (Fig. 1). These two
actives landslides (Varnes 1978) called Cirque des
Graves near Villerville and Fosses du Macre near
Cricqueboeuf are slow moving landslides but reac-
tivated by spectacular crises (Maquaire 2000). In
the Cirque des Graves landslide, the first time fail-
ure occurred the 10/11 January 1982. Several
houses have been partially or totally destroyed and
the departmental road has been cut at different
points (Flageollet & Helluin 1987). After this first
major event, three crises occurred in February
1988, January 1995 and March 2001. These reacti-
vations caused different damages and the extension
of the active zone (Maquaire 2000). All reactiva-
tions occurred in winter after freezing and heavy
rainfall period.

Therefore, the field survey focus, since 1984 on
the hydrological characteristics of the landslide to
understand the hazard process. A field monitoring
network was set up initially in 1984 but only com-
pleted in 2007.

Climate forcing is known as one of the major
landslide triggers (van Asch, 1999) and this paper
aims to illustrate the relationship between climatic
conditions - groundwater changes - displacements
but specific threshold cannot be defined yet.
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Figure 1. Map of Villerville-Cricqueboeuf landslides. Geo-
graphical setting

Both study areas (Villervile-Cricqueboeuf) are
located on the Pays d’Auge plateau which is bor-
dered by very high cliffs (up to 140 m). The geo-
logic structure and topography are heterogeneous.
The main scarps of these rotational and transla-
tional landslides are several meters height, defined
in Cenomanian chalk resting on Albian glauconic
sand (Fig. 2). At the toe, the scarp is more gentle
and relatively straight (Maquaire 1990, Flageollet
& Helluin 1987).

Both unstable zones are characterized by super-
ficial material composed of blocks, debris of chalk,
flints and loess (Fig. 2).
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Figure 2. Geological profile show different parts of the landslide

The slope morphology and the geologic struc-
ture increase landslide susceptibility. Frequent wa-
ter resurgences and springs along the slope could
be explained by a complex and dispersed under-
ground network of deep water tables and subsur-
face water tables. The groundwater system dis-
charges into the sea which and in such contribute
to the slope erosion. The role of sea erosion on the
slope instability is an important factor but not stud-
ied in this paper. Normandy is characterized by an
oceanic climate with an annual precipitation which
varies from 600 to 1150 mm with an average of
870 mm (period 1949-2007).

2 MONITORING AND METHODS

The 1982’s first time failure introduced studies to
the rotational and translational landslide mecha-
nisms of this area. In 1984 a first field monitoring
system has been installed.

To analyse hydro-climatic conditions of dis-
placements, the actual network (Fig. 3) is consti-
tuted by eighteen cemented ground benchmarks to
evaluate surface displacements, three inclinome-
ters, twenty-one wells and ten piezometers in order
to analyze landslide kinematic and groundwater
level variations.

Four piezometers are equipped with automatic
water level recorders. Also the pore pressure and
the climatic data will be recorded continuous.

Only the surficial displacements are measured
with discrete intervals (1 time per month) and have
been interrupted several years until January 2008.

(Location in Fig. 3).
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Figure 3. Part of monitoring survey at Villerville Landslide.

3 RESULTS
4.1 Piezometry - Precipitation

Figures 4 to 6 present groundwater variations and
field pluviometry since 1974. We can see that
Danestal piezometer, which is located 17 kilome-
ters from the landslide area, has similar behaviour
as the local wells in and close to the landslide area.
The groundwater fluctuations are correlated with
high effective rainfall here Precipitations minus
Evapotranspiration (P-ETP). Figure 4 shows the
correlation between water table elevations and
landslide reactivation. All important events are
linked to groundwater rise. We can also define a
first approach for a groundwater level threshold.
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Figure 4. Danestal piezometers fluctuation 1974 — 2008 (BRGM data). And effective rainfall St Gatien station 1974-2008/ Hydro-

logical year July-June (Météo France).

Figure 4 shows the correlation between water ta-
ble elevations and landslide reactivation. The four
crises are linked to groundwater rise. We can also
define a first groundwater level threshold (108-
109 m asl.).

The annual level is around 12 m depth; for the
first time failure, in January 1982, the groundwater
table reached the highest and exceptional level ever
known (4 m higher than the annual average). The
following reactivations (1988, 1995 and 2001)
needed lower groundwater level rises (3 m). A sta-
tistical analysis was used to evaluate the groundwa-
ter tendency for 30 years and distinguish the re-
charge and discharge periods (every 4 years). The
recharge periods are linked to landlside acceleration
periods (Fig. 4).
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Figure 5. Groundwater behaviour standard cycle in Pays
d’Auge.
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The annual groundwater behaviour can be de-
fined by an annual standard cycle and be divided
into two steps (Fig. 5): a clear water level rise from
September to March, and a water level decrease
from March to September (Dupont et al. 2008). The
groundwater level rise is in close relation with pro-
longed rainy periods and groundwater recessions
correspond to the summer seasons with generally
water deficits (Maquaire 1997).

Relationship between piezometry and precipita-
tion are known and established with positive effec-
tive rainfall (P-ETP) (Fig. 7) and with exceeding
rainfall (effective rainfall minus active storage of the
soil). At first, we have considered a theoretical soil
active storage of 100 mm to calculate the water
budget and to estimate the pluviometric exceeding
that feed directly the groundwater. Next we will
evaluate the real infiltration conditions (Tacher
2005) to evaluate these threshold values.

The figure 7 shows that the correlation between
water tables fluctuations and precipitations is better
with effective rainfall (circles) than total rainfall
(squares) but to estimate threshold value we need to
know precisely the rainfall water needed by the soil
and run-off. Although at different locations
(Danestal, Le Ramier) the groundwater level fluc-
tuations in all observation points react on the same
moment but the amplitude variations are completely
different for each one of them (Fig. 6). For example,
on the field area, the water table variations of the
well “Les Houx™ are more important (2 m versus 80
cm) and shorter than “Le grand Large” fluctuations.
These adjustments are linked to the aquifer charac-
teristics and the internal structure of the slope. The
groundwater level rise lags behind the rainfall event
because of damping character of the unsaturated
soil; infiltration and percolation (Bogaard, 2001,
Bogaard & van Asch 2002). The water table re-
sponse depends on the depth of the groundwater and
on the cumulated rainfall. Subsurface groundwater
tables are more reactive than the deep water tables.
The water table in “Les Ramiers” increases around
six days after beginning of the rainfall (Maquaire,
1990).
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Figure 7. Relation between precipitations (total, effective) and
water level elevation at ‘Les Ramiers’.
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Figure 8. Les Ramiers’ cumulated rainfall and groundwater
variations (1986-1987).

We can evaluate pluviometric thresholds needed
to increase the groundwater level with the figure 8
that shows the connection between groundwater
level rising and rainfall. For 70 mm rainfall, the
groundwater level increases 10 cm. This rise is only
possible if the pluviometric threshold is exceeded.
During drainage periods with a limited rainfall, the
water level quickly stabilizes and decreases.

4.2 Piezometry —Rainfall — Displacement

As other landslides like La Frasse landslide (Nover-
raz 1990), displacements amplitude and occurrence
depends on seasons and climatic conditions (Ma-
quaire, 1990). Suspended or very slow-moving land-
slides can be reactivated in periods of heavy rainfall
and are characterized by phases of acceleration and
deceleration. This kind of behaviour has been ob-
served in slow-moving earth-flow (Lateltin & Bon-
nard, 1995) or in rotational and translational land-
slides (Corominas et al., 1999).

Horizontal and vertical surface displacements
were measured using standard tacheometry together
with the directions of these displacements. Annual
rainfall, groundwater rise and cumulated displace-
ments of benchmarks are clearly correlated (Fig. 9).
The 2001 event is clearly visible and related to the
important rainfall peak. On the contrary there are
limited displacements in the dry years (2004, 2005)
because of a low rainfall amount. The landslide ki-
nematic follows the seasonal trend: with acceleration
in winter and early spring and deceleration during
the drainage periods (Malet et al., 2004, 2003). The
March 2001 event occurred when the precipitations
in the years 2000 and 2001 were exceeding the long-
term average values (134 mm in January 2001 ver-
sus a 60 mm monthly average and 137 mm versus
28 mm monthly average in March 2001).

Along the year, we can say that displacements are
heterogeneous. The most active zone is at the lower
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part of the slope, (benchmarks n°® 68, 203, 58, (upstream) which are affected by lower displace-
(Fig. 3). Displacement is higher at the slope toe and  ments. Recession by sea erosion could not explain
decrease to upstream and to the east flank. As ex-  spatial variability and temporal distribution of dis-
pected, point n°68 located near the long-shore has placements but it is one of triggering factors.

moved around 4 m since 1985 (vertical displace-

ment) contrary to points 63, near the east flank or 59
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Figure 9. Cumulated displacements Villerville Camping 1985-2008, effective rainfall and Danestal groundwater level at the same
period.
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4 CONCLUSION AND DISCUSSION

The historical comparison of hydrological events
confirms the temporal variability of the mass land-
slides and an indubitable correlation between rain-
fall, groundwater and displacement. These move-
ments are defined by characteristic parameters: such
as temporal variability linked to a long rainy period
and a regional groundwater recharge period. All
triggering factors play a role at different geographi-
cal and temporal scales, that why all parameters
have to be studied at different scale. In terms of risk
prevention we have to put forward the most impor-
tant parameters acting on the slope instability. Cric-
queboeuf landslides, outside exceptional crises,
evolve with continuous slow displacements particu-
larly in winter season occurring important damages.
In this context the field survey is now completed
(since January 2008) by monthly and permanently
displacements recorders. Add to tacheometer
method, displacements are registered with DGPS
and with the installation of new benchmarks to cover
the majoritiy of the landslide. Water level is for sev-
eral points permanently registered by electronic data
recorder and linked to meteorological data with local
pluviometers. We try to determine water evolution
by quantitative approach in order to analyze land-
slide movement frequency in response to rainfall
events to evaluate precisely triggering thresholds
and to determine precursor signs for alert system.
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