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Summary. More than 150 large deep-seated landslides have been mapped in the Flemish
Ardennes. Slope instabilities that have occurred in this hilly area of western Belgium during
the last decades correspond to ground movements within these pre-existing landslides. In
order to identify the mechanisms and controlling factors of these ground movements, a good
knowledge of their spatial and temporal distribution is critical. 13 landslides affecting two hills
were investigated based on several DTMs extracted by aerial stereophotogrammetry and span-
ning the 1952–1996 period. Vertical ground displacements were measured at each pixel by
DTM subtraction with a confidence value of � 0.70 m. Horizontal displacements were also
estimated within the landslides and along the head scarps through topographical profiles. Most
observed movements displayed patterns typical of rotational landslides. Vertical and horizon-
tal displacements vary in magnitude both spatially and temporally, with respective ranges
– 7.4 m–+ 3.8 m and 0–14 m. Many displacements are materialized in the field. We distin-
guished two kinds of slope processes, corresponding to either reactivation at a deeper level or
shallower motion. The former re-uses pre-exiting surfaces of rupture located at depths of ~ 15–
20 m and is associated with the largest subsidence and uplift. They are also smaller reactiva-
tions confined at the landslide head. The other displacements consist in (1) earth flows occur-
ring in the zone of accumulation sometimes as a consequence of large upslope reactivations,
and (2) small failures occurring randomly. While most movements were triggered by intense
rainfall, their spatial and temporal distribution is strongly related with the nature of the vege-
tation cover and the human activity.

1 Introduction

Landsliding recently damaged building and other infrastructures in the Flemish
Ardennes, western Belgium (fig. 1A), and it is now well established that most of these
slope instabilities correspond to ground movements within pre-existing landslides
(Ost et al. 2003, Dewitte et al. 2005, 2006, 2008, Van Den Eeckhaut 2006, Van Den
Eeckhaut et al. 2007a). More than 150 old deep-seated landslides with a shear sur-
face deeper than 3 m and a mean area of ~ 4 ha were reported in this hilly region
through field survey and interpretation of aerial photographs and hillshade maps
(Van Den Eeckhaut et al. 2005, 2007b). Based on interviews and analysis of written
documents, the historical catalogue compiled by Van Den Eeckhaut (2006) revealed
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that most since 100 years correspond to landslide reactivation. They are divided into
reactivations either limited to the main scarp or affecting the whole landslide. Other
displacements correspond to shallow earth slides in the zone of accumulation. How-
ever, the catalogue mainly includes displacements easily identified in the field and on
the aerial photographs (i. e., the largest and/or the most recent displacements) and/or
movements that caused damages to infrastructures and that were reported in written
documents. Therefore, slower, smaller and/or older movements as well as displace-
ments occurring in less exposed parts of the region (e. g., the forested areas) were not
necessarily considered in the catalogue. According to field observation of tilted trees
and electricity poles, and hummocky topographies, it is actually obvious that more
ground movements have affected many landslides over the last decades.

A clear understanding of the mechanisms and the controlling factors (i. e., pre-
disposing, preparatory, and triggering factors) behind all these slope processes is thus
critical for mitigating damages in this area. The factors controlling the landslide reac-
tivation are similar to those controlling first-time landslide initiation. For example,
reactivations can be triggered by earthquakes (Keefer 1984, Parise & Wasowski
1999, Jibson et al. 2000, Refice et al. 2002, Agnesi et al. 2005) and/or intense rain-
fall (Wasowski 1998, Parise & Wasowski 1999, Polemio & Sdao 1999, Fiorillo
2003, Demoulin & Glade 2004, Stefanini 2004, Cubito et al. 2005, Demoulin
2006, Lourenço et al. 2006). In some cases, reactivations result also from human
activities like, for example, land use and land cover changes (Jakob 2000, Mont-
gomery et al. 2000, Guthrie 2002, Glade 2003, Nyssen et al. 2003, Sidle et al. 2006,
Van Den Eeckhaut et al. 2007a), and building operations (e. g. excavation and over-
loading) (Bentley & Siddle 1996, Cubito et al. 2005).

The purpose of this study is to better understand the current activity of the land-
slides in the Flemish Ardennes. We more specifically investigate the mechanisms and
controlling factors of movements that have occurred for several decades within rep-
resentative landslides. Based on accurate multi-temporal digital terrain models
(DTMs), we map first the areas of ground movement, then we analyse their spatial
and temporal distribution as well as the magnitude of the vertical and horizontal
ground displacements. After field validation of the detected movements, we finally
discuss their controlling factors.

2 Study area

The hilly region of the Flemish Ardennes (fig. 1A) was shaped by post-Diestian ero-
sion affecting subhorizontal (dip of 4 m km–1 to the NNE) loose Tertiary marine sed-
iments composed of almost impermeable clay layers alternating with more permeable
clayey sand and sand layers (De Moor & Pissart 1992, Jacobs et al. 1999), which are
overlain by Quaternary loess of varying thickness (Gullentops et al. 2001). The al-
ternation of more permeable and almost impermeable layers favours the build-up of
perched water tables and, where they rise to the ground surface, springs occur. Alti-
tudes range between 10 m a. s. l. in the valley of the river Scheldt and 150 m a. s. l on
the Tertiary ridges to the south (fig. 1A). The hillslope gradients are generally below
0.10%. Valley asymmetry, with the steepest slopes generally facing south to north-
west, is also observed. The topography, lithology and hydrology directly affect the
land use and land cover of the Flemish Ardennes. Forests generally extend over the
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steepest slopes and the tops to the south, whereon the loess cover is the thinnest. Pas-
tures are mainly located on gentle and moderate slopes and in places too humid for
crops whereas cultivation extends frequently on the flat tops of the lowest hills, no-
tably close to the town of Oudenaarde, and on the hillslope foots, where loess deposits
are thick. The region has a maritime temperate climate with an average annual tem-
perature of ~ 10°C and a mean annual rainfall of 800 mm distributed over all seasons.

As already suggested for other deep-seated landslides in eastern Belgium
(Demoulin et al. 2003), the origin of the landslides of the Flemish Ardennes might
lie in a combination of a seismic event and a period of heavy rainfall (Ost et al. 2003,
Van Den Eeckhaut et al. 2007c). According to the Keefer’s relation between maxi-
mum distance of landslides from fault and Richter magnitude ML (Keefer 1984),
Van Den Eeckhaut (2006) estimated magnitudes between 5 and 6 to trigger land-
slides in the Flemish Ardennes. However, the biggest earthquake recorded in Belgium
during the 20th century occurred within the Flemish Ardennes in June 1938 and,
despite a magnitude ML of 5.6, no landslide was reported.

No new deep-seated landslide has developed for decades and because no writ-
ten document describing a landslide initiation is found (Van Den Eeckhaut 2006),
they are all assumed to be older than 100 years old. AMS radiocarbon dating of one
landslide gave a minimum age of 8,700 BP, suggesting that some of them could have
been initiated during the early Holocene, or even earlier under periglacial conditions
(Van Den Eeckhaut et al. 2007c). In addition, witness to several reactivations that
occurred within this landslide was also borne by carbon dating. Van Den Eeckhaut
(2006) indicates that within ~ 15% of these landslides one or several reactivations
occurred over the last two decades. This is obviously linked to the reduced strength
of the slipped material and the presence of shear surfaces. Moreover, the reactivations
were often related to human intervention, such as drainage and land use changes.
They generally occurred after wet periods with a monthly rainfall exceeding 100 mm
and a 12-month antecedent rainfall depth exceeding 1,000 mm.

Field observations of recent reactivations and the analysis of the surface of rup-
ture of several landslides by means of electrical resistivity measurements (Van Den
Eeckhaut et al. 2007c) and DTMs analysis (Dewitte and Demoulin 2005, Dewitte
et al. 2008) suggest that most of the landslides correspond to retrogressive, multiple
rotational earth slides.

For this study, landslides were investigated on two hills culminating at altitudes
between 75 and 85 m a. s. l. situated along the river Scheldt close to the town of Oude-
naarde (fig. 1). The Leupegem hill, to the north, is affected by 3 landslides, and 10
landslides are developed on the Rotelenberg hill, to the south (fig. 1B). These land-
slides have a mean size of ~ 6 ha, a length of ~ 320 m, and a width of ~ 175 m, and their
~ 8-m-high main scarp delimits the abrupt fringe of the plateaus. They developed on
slopes of 13–20%, preferentially oriented to the W and N. Through morphometric
measurements, the mean depth of the surface of rupture has been estimated in the
range 15–40 m, implying displaced volumes of ~ 700,000 m3 (Dewitte & Demoulin
2005). These values however correspond to a maximum estimation as demonstrated
for landslide 1 (fig. 1B) by the analysis of its surface of rupture by multi-temporal
DTM comparison and the analysis of slope profiles (Dewitte et al. 2008). From the
morphological point of view, the selected landslides are representative of the Flemish
Ardennes (Ost et al. 2003).

Decadal-scale analysis 25
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The landslides are carved into subhorizontal Eocene sediments (fig. 1B). The
three oldest Members belong to the Kortrijk Formation (Jacobs et al. 1999). At its
base, the Saint-Maur Member (KoSm) is characterized by silty clays with a mean
thickness of 27 m. Above, the Moen Member (KoMo), made of clayey coarse grey
silt to fine sand with clay layers, may be up to 45 m thick. The overlying Aalbeke
Member (KoAa) is a 10 m-thick layer composed of homogenous blue massive clays
containing more than 50% of clay minerals (Van Den Eeckhaut 2006). This Mem-
ber is overlain by the Tielt Formation, which consists of micaceaous and glauconitic
clayey sands alternating with clay layers and sandstone layers. The Aalbeke clays
have been recognized as the layer most prone to landsliding, frequently causing the
build-up of a perched water table and the occurrence of springs and swampy areas.
The 13 main scarps are all in contact with, or just above the Aalbeke clays (fig. 1B).

The landslides under study are mainly covered by forests (mainly beech and
poplar trees), pastures and cultivations (fig. 2), with a very small area covered by
buildings (Dewitte 2006), the land use percentages being constant during the 44-year
period of investigation (between 1952 and 1996) (fig. 2A). The landslides themselves
are mainly covered by pastures and forests, while their main scarps are almost com-
pletely forested (except for landslides 3, 4, and 10). Forest dominates within land-
slides 7, 8, 9, 11, 12 and 13, while pasture extends almost exclusively at the foot of
landslides 9 and 10 (Dewitte 2006). Cultivation predominates upslope of the land-
slide crowns, with limited change over time (fig. 2A).

Nevertheless, a more detailed analysis of the aerial photographs (fig. 2B) shows
subtle but significant changes. Dewitte (2006) reported an increase in the size of the
agricultural parcels for the whole study area, easily observed, e. g., on the plateau up -
slope of landslide 1 (fig. 2B). As exemplified for landslides 6 and 7, the forest appear-
ance of the Rotelenberg hill changed, seeming more destructured in 1952, maybe due
to selective timber harvesting. Except for its wooded foot, the land cover of landslide
1 was also modified. The area downslope of the main scarp, cultivated in 1952, was
completely destructured in 1996 after a large reactivation in February 1995 (Van Den
Eeckhaut et al. 2007a). Wooded in 1952, the main scarp of landslide 1 was com-
pletely unvegetated in 1996.
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Fig. 1. Location of the study area. (A) Shaded LIDAR-derived map of the Flemish Ardennes
showing the hilly morphology of the study area (DEM of Flanders acquired in 2002 and pub-
lished in 2005 by OC GIS-Vlaanderen [MVG,-LIN-AWZ and MVG-LIN-ANIMAL]). The
hillshade map was created with a light source azimuth of 135°, a light source elevation angle of
45° and a Z-factor of 5. The landslides (in black, with white boundaries) correspond to the mass
movements investigated in this research. (B) Geological setting of the two hills of the study
area. The scars and the main scarps of the 13 landslides are superposed on the Eocene lithol -
ogies. The quadrangles DTM I and DTM II locate the two DTMs used in the ground displace-
ment analysis. The altitudes (in white) are in meters.
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Fig. 2. (A) Land use changes between 1952 and 1996. Land use is shown for all the area cov-
ered by the landslides (left view) and the area upslope of the main scarps draining the landslides
(right view). (B) Land cover changes of a part of the Rotelenberg hill (landslide 6 and 7) and
the Leupegem hill (landslide 1) between 1952 and 1996. The black arrows indicate the main
scarp of landslide 1.
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3 Material and methods: DTM subtraction

Reconstructing landslide topography at different dates allows, by simple DTM sub-
traction, differences in elevation at each landslide pixel to be identified, which may
depend on vertical and horizontal landslide movements during the considered time
interval (Oka 1998, Weber and Herrmann 2000, Gentili et al. 2002, Kääb 2002,
van Westen & Getahum 2003, Baldi et al. 2005, Hapke 2005, Lantuit & Pollard
2005, Brückl et al. 2006, Demoulin 2006).

The DTM used for the ground movement detection was computed by Dewitte
et al. (2008). The topographic data used for the DTM interpolation were collected by
aerial digital stereophotogrammetry. The aerial photographs (1952, 1973 and 1996),
at scales between 1:18,500 and 1:25,000, were all taken at the beginning of the spring
(when the trees are leafless), and the photograph negatives were scanned with a pre-
cision scanner at a pixel resolution of 12.5 mm that corresponds to a ground resolu-
tion of ~ 20–30 cm (Dewitte et al. 2008). The image processing was performed with
LH Systems SOCET SET software. The interior orientation was performed by using
the parameters of the camera established by the geometric calibration. Three precise
aerotriangulations of the obtained digital photos (1996, 1973, 1952) were then carried
out by using the bundle block adjustment method that allows simultaneously the rel-
ative and the absolute orientations of the photographs in the block (Mikhail et al.
2001). The block adjustment accuracy was evaluated using check points acquired by
differential GPS in rapid static mode involving baselines of a few km length, but not
used as control in the solution. The final uncertainty on the coordinates of the check
points does not exceed 10 cm. The first stereomodel was adjusted with the photo-
graphs of 1996 and ground control points also acquired by differential GPS with the
same uncertainty as that of the check points. To avoid inaccuracies associated with
the positioning of these ground control points, the two stereomodels of 1973 and
1952 were rectified relative to the 1996 stereomodel by including the orientation
parameters of 1996. The global root mean square error (RMSE) obtained for the three
stereomodels range between 22 cm and 55 cm.

The stereoscopic data capture of spot heights (ground points) and breaklines
(scarps, roads, water bodies) on the landscape surface was carried out visually since
the automatic terrain extraction methods provided with SOCET SET were not able
to generate DTMs sufficiently accurate in many places, especially in the forested areas
(Dewitte et al. 2008). The spot heights were extracted approximately every 10 m, but
with a higher density in more contrasted topography, in particular within the land-
slides.

The captured elevation data were interpolated by ordinary kriging with
adjusted semivariograms (Dewitte et al. 2008). Taking into account the data density,
their spatial autocorrelation shown by the semivariograms, and the precision and the
accuracy of the stereomodels, six DTMs (3 different dates for each investigated hill
(fig. 1B)) were generated at a 2 m resolution with a final RMSE of ~ 0.55 m (table 1).
When DTMs are subtracted, their errors can be combined as independent random
variables, and under the assumption of normal distribution, the combined error can
be used as standard deviation (Mikhail et al. 2001). Therefore DTM subtraction
allows to capture differences in elevation of ~ 0.70 m or larger at a 68.3% confidence
level (table 1).

Decadal-scale analysis 29
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Several morphological features such as unvegetated scarps and tilted trees (Van
Den Eeckhaut et al. accepted) witness to recent movements in almost all the land-
slides. With visible displacements of at least 6–7 m, the reactivation of landslide 1 in
February 1995 (Van Den Eeckhaut et al. 2007 a), easily identified on aerial photo-
graphs (fig. 2B), is the most important movement recorded recently within the study
area (Dewitte 2006). However, in general, the movements observed in the field
appear rather small (in the order of a few meters) and slow. The use of DTMs there-
fore allows for the quantification of most of them. Moreover, with a 44-year period
of observation, the differential DTMs can capture relatively larger-sized movements
and allow for the evaluation of the cumulative effects of single or multiple landslide
events.

4 Results: landslide ground movements

4.1 Vertical movements

The vertical ground displacements measured between 1952 and 1973, 1973 and 1996,
and 1952 and 1996 are presented in figs. 3, 4 and 5 respectively. These differential
maps are produced with a confidence value of � 0.70 m that corresponds to the con-
fidence interval of 68.3% resulting from the DTM subtraction (table 1), which means
that only differences in elevation higher than 1 s uncertainty are shown. Therefore,
small vertical displacements between two successive epochs may add to appear only
on the 1952–1996 map if their sum � 0.70 m. Conversely, significant displacements
of opposite sign in the two successive periods may cancel out in the 1952–1996 map.

Ground movements are observed in all landslides and, for the most active of
them (i. e. landslides 1, 2, 4, 6 and 7), the movement pattern is typical of rotational
deep-seated failures (figs. 3, 4 and 5) with subsidence in the zone of depletion and
uplift within the zone of accumulation. Such a pattern might be due, in part, to the
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Table 1. DTM accuracies and confidence intervals of the DTM subtraction. These mean
values are synthesized from Dewitte et al. (2008).

Year 1996 1973 1952
(m)

DTM Accuracy

Z RMSE* 0.45 0.45 0.52
XY RMSE** 0.17 0.28 0.42
XYZ RMSE 0.48 0.53 0.67

DTM Subtraction

Confidence 68.3% 95%
intervals

XY (m) Z (m) XY (m) Z (m)

� 0.67 � 0.67 � 1.06 � 1.31
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Fig. 3. Vertical ground displacements within the Rotelenberg and the Leupegem hills inferred
from subtraction of detailed DTMs produced from aerial photographs of 1973 and 1952. Only
the vertical movements in excess of � 1 s (i. e. � 0.70 m) uncertainty are represented. The
underlying contour lines describe the topography of 1973.



eschweizerbartxxx author

O. Dewitte et al.32

Fig. 4. Vertical ground displacements within the Rotelenberg and the Leupegem hills inferred
from subtraction of detailed DTMs produced from aerial photographs of 1996 and 1973. Only
the vertical movements in excess of � 1 s (i. e. � 0.70 m) uncertainty are represented. The
underlying contour lines describe the topography of 1996.



eschweizerbartxxx author

Decadal-scale analysis 33

Fig. 5. Vertical ground displacements within the Rotelenberg and the Leupegem hills inferred
from subtraction of detailed DTMs produced from aerial photographs of 1996 and 1952. Only
the vertical movements in excess of � 1 s (i. e. � 0.70 m) uncertainty are represented. The
underlying contour lines describe the topography of 1996. Lettered black lines A, B, and C
locate the profiles of fig. 6.
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reactivation of pre-existing slides. Whereas landslides 10 and 11 are almost stable, ver-
tical ground motions, both positive and negative, are detected in the landslides with
the largest movements. In the less active landslides (3, 5, 8, 12 and 13), the movements
consist mainly of subsidence at the head. While some landslides (e. g., 4 and 6) were
active during the two periods, others moved mainly between either 1952 and 1973
(e. g., 7) or 1973 and 1996 (e. g., 1).

In landslide 6, the downslope uplift was more important than the subsidence at
the head before 1973 (fig. 3), a situation opposite to that after 1973 (fig. 4). Since sub-
sidence should precede uplift, this particular evolution could be partly related to a
delayed response to the pre-1952 activity of the landslide (van Westen & Getahun
2003). It may suggest that this landslide is complex or compound, and not simply a
rotational slide, the 1952–1973 uplift (fig. 3) following a pre-1952 subsidence, and the
1973–1996 subsidence being not entirely compensated by the downslope uplift
(fig. 4). The two adjacent areas of subsidence between 1952 and 1996 in the zone of
depletion suggest multiple rotational movements within this currently active land-
slide (fig. 5).

With movements of up to 7.4 m in the zone of depletion and 3.8 m in the zone
of accumulation, landslide 1, which was deeply reactivated in February 1995 after a
period of intense rainfall (Van Den Eeckhaut et al. 2007 a), is by far the most active
feature of the study area (figs. 4 and 5). The large vertical motion at its head corre-
sponds fairly well to the height of the retreating scarp. The displacements within
landslides 1 occurred almost exclusively during the 1973–1996 interval; the largest
movement being the February 1995 reactivation (Dewitte et al. 2008, Van Den
Eeckhaut et al. 2007a).

The vertical motions observed in landslide 7 are very similar to those detected
in landslide 1, but they developed mainly between 1952 and 1973, with maximum dis-
placements ranging between – 6.5 m and + 2.2 m (fig. 3).

Several other displacements seem to have developed independently of the pres-
ence of the old landslides and, therefore, are not considered as reactivation (e. g., the
rotational failure located around 40 m a. s. l. between the zones of accumulation of
landslides 7 and 8, and the uplift in landslide 11 around 60 m a. s. l. (fig. 5)).

4.2 Horizontal movements

As stressed by Dewitte et al. (2008) in the study of landslide 1, topographic profiles
are very illustrative of the combination of vertical and horizontal displacements
(fig. 6A). In this landslide, the distribution of the topographic variations recorded
between 1952 and 1996 corresponds to a rotational angle dividing the landslide in
three areas, respectively of depletion, transfer and accumulation, in agreement with
the conceptual model developed by Casson et al. (2005) for rotational landslides.
According to this model and considering the distribution of elevation changes, the
morphometric characteristics of the landslide obtained by Dewitte & Demoulin
(2005), and the lithological context (i. e. the alternation of the subhorizontal clayey
sand and clay layers), Dewitte et al. (2008) located the surface of rupture of the Feb-
ruary 1995 reactivation at a depth of ~ 20 m partly in contact with the Aalbeke clays.
The surface of rupture stretches over a horizontal length of 220 m. This shows that
the uplift in the zone of accumulation is not a true vertical movement of the ground,

O. Dewitte et al.34



eschweizerbartxxx author

Decadal-scale analysis 35

Fig. 6. Topographical profiles across the landslides 1, 6, and 7 illustrating the 1952–1996 ver-
tical motions. The lateral motion of the main scarps and ridges are also represented (horizon-
tal arrows). The curve associated with the second Y-axis (on the right) corresponds to the ver-
tical movements extracted from the subtraction of the 1952 topography to that of 1996. The
empty area between the two horizontal dashed lines delimits the � 1 s confidence band result-
ing from the DTM subtraction. Only the vertical movements in excess of � 1 s (i. e. 0.70 m)
uncertainty are represented, locating the collapsed and uplifted parts. For each curve, the max-
imum and minimum vertical movements are noted. The three profiles are located on fig. 5.
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but mainly the effect of the downslope lateral displacement of the mass slipping along
the curved rupture surface (fig. 6A). Due to the movement along this curved surface
of rupture, the horizontal component of this displacement is therefore lower than the
horizontal distance between the two profiles (10 m) that would result from a move-
ment on a horizontal sliding plane. In the same way, the transfer area where no ver-
tical displacement of the surface is observed between the areas of subsidence and
uplift corresponds to a zone of mainly horizontal but smaller motion.

Based on field observations reported by Van Den Eeckhaut et al. (2007a),
Dewitte et al. (2008) demonstrated that small uplifts downslope of the toe of the sur-
face of rupture (i. e. at the intersection between the lower part of the surface of rup-
ture and the original ground surface) were induced by small earth flows following the
main reactivation (fig. 6A). The similar patterns of the elevation changes in landslide
1 and landslides 6 and 7 (fig. 5) suggest that the latter failures were of the same nature
as the 1995 event in landslide 1. In addition, the topographic profiles of figs. 6B and
C show that the model of rotational movement proposed by Casson et al. (2005) can
be applied to landslides 6 and 7 as well. As for landslide 1, their surface of rupture is
in contact with the Aalbeke clays at a depth of ~ 20 m, with horizontal lengths of
respectively ~ 200 m and ~ 170 m. Uplift in the zone of accumulation of landslides 6
and 7 does not represent a true vertical ground movement, but is rather an effect of
the downslope displacement (figs. 6B and C).

Electric resistivity profiles measurements carried out across a similar but dor-
mant rotational earth slide by Van Den Eeckhaut et al. (2007c) revealed a surface of
rupture at a depth of 15 m, comparable to that found for the reactivations. Moreover,
the surface of rupture was also in contact with the sensitive clays of the Aalbeke
Member. This confirms that the deep reactivations affected pre-existing shear sur-
faces. The position of the surface of rupture along the Aalbeke clays (fig. 6) may be
subject to imprecision due to the thickness of the clay Member which may range
between 3 m and 15 m over distances of a few hundred meters only (Jacobs et al.
1999). In addition, a few meters uncertainty is also associated with the estimation of
the depth of the surface of rupture. The shape of the surface of rupture as well as the
presence of horizontal sediment layers do not exclude that part of the motion in the
toe of the surface of rupture primarily occurred as translational sliding, as evidenced
for similar landslides in eastern Belgium (Demoulin et al. 2003).

Furthermore, in landslide 6, a second surface of rupture can be drawn between
two distinct areas of subsidence, thus dividing the zone of depletion into two blocks,
and earth flows are present downslope of the toe of the surface of rupture (fig. 6B).
The morphology of the zone of accumulation within landslide 7 differs from those
of landslides 1 and 6, possibly as a result of a reactivation of the whole foot (fig. 6C).
This movement occurred before the 1952–1973 reactivation, but it is not clear
whether during the landslide initiation event or in a later phase of reactivation.

The topographic profiles clearly illustrate that the location of the main scarps at
the edge of the horizontal hill top and show that the zones of highest subsidence in
the zone of depletion are related to the retreat of the main scarp and can correspond
to its height (e. g., landslides 1 and 7). Therefore, the width of the subsidence area may
be interpolated in terms of a horizontal motion of scarp retreat. For landslides 1 and
6, it amounts to respectively 14 m and 6 m along the slope profile (fig. 6). These val-
ues are fairly accurate since they are extracted from visually well-identifiable geomor-

O. Dewitte et al.36
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phologic features (Gentili et al. 2002). Spatial and temporal heterogeneities of head
scarp retreat are also observed (Dewitte 2006). Due to these heterogeneities and in
order to limit the discussion to the most reliable movements, we only considered the
total scarp retreat from 1952 to 1996 (fig. 7A).

We computed it after rasterization of the main scarps at a 2 m resolution, simi-
lar to that of the DTMs. Therefore, a scarp was said reactivated if its retreat was
� 2 m. The retreat amount was computed as the 2D Euclidian distance between pixel
centres (fig. 7A1). This threshold value fits very well with the XY accuracy of the
DTMs (table 1), so that the mapped scarp retreats are all significant at the 95% con-
fidence level. Nevertheless, the smoothing of the main scarps due to the rasterization
might give rise to marginally biased retreat values. For example, a retreat � 2 m in
reality (fig. 7A2) might, after rasterization, be converted into a displacement of 2 m

Decadal-scale analysis 37

Fig. 7. (A) Measurement of the horizontal displacements at the main scarps. (1) Euclidian dis-
tance between two pixel centres (black dots). (2) Horizontal distance between a main scarp in
1952 and its position in 1996. (B) Retreat of the main scarps between 1952 and 1996 (horizon-
tal scarp retreat � 2 m). The values represent the maximum retreat in meters measured at each
scarp. The retreats are located with a confidence interval � 95%.
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and therefore not considered as significant. The observed scarp retreats range from 0
to 14 m over the 1952–1996 period (fig. 7B), with the highest value in landslide 1. The
largest motions in the Rotelenberg hill amount to 8 m (fig. 7B). The scarp retreat of
landslide 1 is clearly related to its reactivation in February 1995. Photograph and field
interpretation also attest the landslide 4 scarp retreat as a consequence of its pre-1996
reactivation, and the DTM measurements show that the scarp retreat of landslide 7

O. Dewitte et al.38
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occurred mainly during the 1952–1973 interval. However, it is less clear whether the
other retreats have to be associated with reactivation or slope instability independent
of the large landslides.

4.3 Field validation

The presence of sharp main scarps, undrained depressions at landslide heads, hum-
mocky topography, and trees tilted or bent suggests a historic (� 100 years) or late
Holocene activity of the landslides (Keaton & DeGraff 1996) and support to move-
ments detected by DTM subtraction (fig. 8), as also do traces of damage to infrastruc-
tures (road, house) in landslide 1. The sharp and partly unvegetated main and minor
scarps of landslide 4 (fig. 8B) bear witness to movements developed just before 1996
(fig. 4); these features being not visible on the pre-1996 photographs. Likewise, minor
unvegetated scarps (fig. 8C) in landslide 6 indicate pre-1996 reactivation. Piping and
tilted electricity poles demonstrate the recent activity of landslide 2 (figs. 8D, E, and
G), as tilted and bent trees in landslide 5 too (fig. 8F). Partly unvegetated transverse
ridges witnessing shallow failure extend in the uplift area at ~ 60 m a. s. l in landslide
11. Moreover, some features have been obliterated by agricultural activities. For
example, a part of the displaced material within the zone of accumulation of landslide
5 was levelled (Dewitte 2006) and therefore not detected on the DTMs (fig. 4). Sim-
ilarly, in forest, tilted trees are frequently cleared.

5 Discussion

Based on the DTM measurements and the field observations, the movements within
the landslides can be split into two groups. The first group comprises the reactiva-
tions of the landslides, linked to their retrogressive behaviour. Some of them affect
the landslides at depth (landslides 1 and 4, and possibly also 6 and 7) (fig. 6). These
reactivations partly re-use pre-existing surface of rupture and affect both the main
scarp and the zone of accumulation. Similar reactivations may have occurred within
landslides that look less active (i. e. landslides 3, 5, 8, 12 and 13). The analysis with a

Decadal-scale analysis 39

Fig. 8. Traces of recent movements within the landslides. The position of the photographs is
indicated in fig. 5. (A) View towards the SE of the February 1995 reactivated main scarp of
landslide 1 (February 2003). (B) View towards the W of the reactivated main scarp of landslide
4 (April 2004). The lateral extension of the main scarp is ~ 60 m. (C) View towards the SE from
the tip of landslide 6 in which a unvegetated minor scarp (dashed rectangle) is located (April
2004). The main scarp is ~ 80 m length. (D) and (E) Examples of piping observed in landslide
2 (view towards the SE (A) and the E (B), February 2003). The white arrows indicate pipe
entrances or collapses and the dashed line shows the main scarp. (F) Example of tilted trees
(view towards the N, landslide 5, April 2004). The white arrows show tilted trees toppled back-
ward towards the landslide main scarp. The black arrows indicate bends at the top of these
trees. The white dashed line marks a minor scarp. (G) Example of tilted electricity poles (view
towards the SE, landslide 2, February 2003). The two white arrows at the front indicate tilted
poles, and the black and white arrow at the back shows a stable one. The white arrow with let-
ter “T” at the back of the view indicates a tree in landslide 1 tilted upslope. The white dashed
lines indicate scarps: the main scarp is at the back of the view and two minor scarps at the front.
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LIDAR DTM of the ground movements of landslide 1 after it reactivated (i. e. after
1996) stressed, in agreement with field observations, the importance of the com-
paction of the displaced material within the zone of accumulation and showed how
this process can reduce significantly the uplift associated with a reactivation
(Dewitte et al. 2008). This could explain why within these landslides the movements
consist mainly of subsidence in the zone of depletion, suggesting that they might have
been reactivated at a time that allowed compaction to act.

The second group of movements consists of all displacements that do not cor-
respond to reactivation, including the earth flows in the zone of accumulation of
landslides 1 and 6 (fig. 6) and other small features. Similar earth flows could perhaps
have caused displacements in the zone of accumulation of landslides 5, 8 and 9
(figs. 4 and 5).

Obviously rainfall triggered most of the displacements detected between 1952
and 1996. Numerous studies have shown the importance of a period of several weeks
or months with intense rainfall for triggering reactivations of old landslides devel-
oped in clayey sediments (Polemio & Sdao 1999, Fiorillo 2003, Demoulin
& Glade 2004, Cubito et al. 2005, Demoulin 2006), which clearly correspond to
what was observed for landslide 1 reactivation (Van Den Eeckhaut et al. 2007 a).
The landslide started to move in early February after two wet months in December
1994 and January 1995. Compared with the long-term averages of 69, 62, and 51 mm,
rainfall depths of respectively 126.7, 168.2, and 115.3 mm were recorded at Oude-
naarde this year, and, considering a period of ~ 50 days before the reactivation, the
cumulative rainfall depth rises to ~ 265 mm, which corresponds to a recurrence of
~ 40 years (Dupriez & Demarée 1989), i. e. well above the monthly threshold of
100 mm computed by Van Den Eeckhaut (2006) for landslide reactivation in the
Flemish Ardennes.

Despite such an intense rainfall period, only landslide 1 was reactivated and no
significant displacement was observed at that time elsewhere in the study area. The re-
construction of the landslide 1 activity by Van Den Eeckhaut et al. (2007 a) suggests
that anthropogenic preparatory factors played an important role in its reactivation.
The upper part of the landslide was cultivated until 1955 thanks to a drainage system.
In 1955, the agricultural activities were stopped and the drainage channels were no
longer maintained, resulting probably in an increased shear stress (due to the weight
of groundwater) and decreased shear strength (due to the higher pore pressures). Shear
stress was further increased by additional loading due to the artificial elevation of the
road in order to improve the accessibility (see the vertical uplift along the road cross-
ing landslide 1 (fig. 3)); this road also hampers drainage. Local loading associated with
garden construction has also to be mentioned (fig. 4). Moreover, in the area upslope of
landslide 1, the parcel size increased significantly (figs. 2B and 9A) and the growing of
maize since the eighties has caused an increase in surface runoff towards the landslide,
as witnessed by the initiation of gully erosion at the scarp (fig. 9B).

The other large reactivations such as those of landslides 4 and 6 do not seem to
have been so closely associated with anthropogenic factors. Unfortunately no precise
date of movement is available to derive the associated amount of rainfall.

Rainfall also triggered other movements (Dewitte et al. 2008, Van Den Eeck-
haut et al. 2007a). For example, the small subsidences observed at the head of land-
slide 1 between 1952 and 1973 (fig. 3) might have resulted from destabilization and
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tension cracks in response to high groundwater levels at the contact with the Aalbeke
clays and small movements in this area were observed in 1960 and 1966 after several
wet months.

Vegetation is a further control on the occurrence of some movements. For exam-
ple, in 1955, the trees along the main scarp of landslide 1 were cut down and replaced
by young poplar trees (Van Den Eeckhaut et al. 2007a). Assuming a first period of
root decay followed by the slower recovery of root strength after replanting
(Schmidt et al. 2001, Sidle et al. 2006), this could explain why, 5 years after tree
removal, small movements were observed in 1960 close to the main scarp (fig. 3).
More generally, with regard to the landslide activity, it seems that the forested areas
(mainly beech and poplar trees) favour hillslope stabilization due to increasing shear
strength (landslides 8, 9, 11, 12 and 13) (Sidle et al. 2006), although this should be
less efficient against reactivation at depth (Van Den Eeckhaut et al., accepted). In
addition, higher evapotranspiration of the forest may act to stabilize hillslopes by
drying soils (Verstraeten et al. 2005, Sidle et al. 2006). Deep-rooted vegetation
species growing in deep soils sustain high transpiration rates for long periods, thus
drying soils at greater depths compared to shallow-rooted vegetation, and decreasing
landslide potential (Sidle et al. 2006). The higher activity of some forested landslides
(landslide 7) may be due to anthropogenic disturbances such as timber harvesting
(Montgomery et al. 2000, Schmidt et al. 2001) as suggested by the destructured
appearance of the 1952 forest of the Rotelenberg hill (fig. 2B).

Piping is observed within the main body of landslide 2 (figs. 8D and E). It could
have contributed to some local collapses (figs. 3 and 5) although the role of piping on
slope stability remains unclear (Uchida et al. 2001). No other pipe was observed in
the study area (Dewitte 2006).
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Fig. 9. (A) Large cultivated area upstream of the main scarp of landslide1. Mainly in winter,
the bare soils favour surface runoff and then flow concentration towards the landslide (Leu-
pegem hill, April 2004; view towards the N). (B) Gully erosion in the main scarp of landslide
1. This gully results from the concentration of the surface runoff developed in the large cul-
tivated plot (Leupegem hill, April 2004; view towards the SW).
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6 Conclusions

This study aimed at providing a better understanding of the mechanisms and the con-
trolling factors of the ground movements occurring within the old landslides of the
Flemish Ardennes. With the use of reliable multi-temporal 2 m-resolution DTMs, the
study of 13 old landslides representative of the Flemish Ardennes has demonstrated
that ground movements occurred in all of them during a period of 44 years. The set-
ting and the magnitude of the displacements vary spatially and temporally. Within the
most active landslides, the movement pattern is typically rotational deep-seated fail-
ure with subsidence in the zone of depletion and uplift within the zone of accumula-
tion. However, a detailed analysis of the vertical and horizontal movements allowed
us to recognize various slope processes and the related controlling factors.

We distinguished between reactivation and non-reactivation features. Some
reactivations are large and affect the landslides in depth by re-using pre-existing sur-
face of rupture. These reactivations are associated with the largest amounts of subsi-
dence and uplift. Smaller reactivations are more confined and only affect the landslide
head. These findings suggest a retrogressive activity of multiple rotational earth
slides.

The other measured displacements consist in (1) earth flows occurring in the
zone of accumulation, sometimes as a consequence of a large reactivation and (2)
small failures occurring independently of the presence of the old landslides.

Most movements were triggered by intense rainfall, and differences in their con-
trolling factors explain their spatial and temporal distribution: (1) vegetation clearly
reduces the potential for shallow failures in the forested parts due to increase in shear
strength, and (2) anthropogenic activities change the probability of movement occur-
rence.

Our results support the hypothesis that slope movements affect more frequently
the old landslides of the Flemish Ardennes than the archive analysis let suggest. They
stress the need for considering old landslides in land management and mitigation
strategies in hilly areas, even if they look stabilized.
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