| Original Paper

Landslides

DOI 10.1007/510346-022-01866-y
Received: 12 January 2022
Accepted: 18 February 2022

© The Author(s) 2022

L. Picarelli
L. Olivares

Abstract Slope movements represent a class of phenomena, which
can display a great variety of styles, sizes and displacement rates.
Some are extremely rapid, short-lived and highly destructive; oth-
ers are extremely slow and apparently endless. This paper describes
an extremely slow soil slope deformation process that is probably
active since thousands of years and will certainly go on for many
years to come. The results of in-depth investigations carried out
after the 1980 Irpinia-Basilicata earthquake integrated by satellite
images covering the time interval 19922013 have provided a global
and consistent framework that allows to draw a reliable scenario
about the effects of the geological processes that are active in the
area on slope deformation mechanisms.
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Foreword

Landslides are widespread in the Apennines chain in Italy. Some,
such as falls, slides in brittle soils, debris flows and debris ava-
lanches are rapid, short-lived and highly destructive; others, such as
slides in ductile fine-grained soils, are extremely slow. In particular,
peculiar slope movements such as spreads and slope deformation
phenomena (Hungr et al. 2014) are quite well represented all along
the chain sometimes involving small urban centres built on the
top of hills. These slow movements generally raise delicate issues
concerning the land use, due to their generally complex mecha-
nisms that do not allow any reliable prediction of future evolution.
On the other hand, stabilizing these often huge soil/rock masses is
practically impossible. However, as experience suggests, living in
such unstable areas is sometimes possible even though based on an
expensive maintenance of structures and infrastructures.

This paper describes a peculiar and complex slope deformation
process that involves the hill on the top of which the old Bisaccia
village rises. Monitoring of the area over about 40 years and in-
depth geotechnical and numerical analyses allowed providing a
comprehensive picture of the overall deformation field and a con-
sistent interpretation of the main governing mechanical processes.

The Bisaccia hill and its geomorphological setting

Bisaccia hill (Fig. 1) is located in the Southern Apennines chain,
135 km North-East to Naples, Italy. It is a thick elongated platform
extending in the South-North direction, which consists of slightly
cemented polygenic Pliocene conglomerates overlying the Tertiary
tectonized “Argille Varicolori” formation, a deep deposit essentially
constituted by high plastic clay shales (Ogniben 1969; D’Argenio
et al. 1973; Bonardi et al. 1988).
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A complex slope deformation case—history

The conglomerate deposit fills a synclinal that is subjected to
intense erosion phenomena, which led to formation of two narrow
parallel valleys that bound the eastern and western sides of the hill
(Fig. 1a), the eastern “Vallone dei Corvi” and the western “Vallone
Ferrelli”. As a matter of fact, erosion has completely dismantled the
conglomerates and is rapidly deepening into the fine-grained bed-
rock. The hill is cyclically hit by earthquakes. The last strong events
occurred on July, 23,1930 (M =6.7), on August, 21,1962 (M =6.4),
and on November, 23,1980 (M =6.9). The 1980 earthquake, which
killed about 3000 people in a vast area of Southern Apennines, is
known as the Irpinia-Basilicata earthquake.

Figure 2 reports a geological map of the zone. The upper con-
glomerates consist of polygenic pebbles floating into a brown sandy
matrix; this material is only slightly cemented and includes thin
sandy lenses. The lower “Argille Varicolori” formation consists of
highly tectonized gray clay shales. Their typical fabric consists of
platy millimetric to centimetric fragments bounded by polished
surfaces (Picarelli et al. 2002).

Field surveys, supplemented by data provided by a borehole
drilled in the historic centre of the town down to a depth of 151 m,
allowed to draw the profile of the conglomerate slab (Figs. 2 and
3). The thickness of this latter is variable: it is higher in the north-
ern and central parts of the platform where it reaches a depth of
115 m (borehole D) and gradually decreases towards South. Some
springs located at the bed of the slab indicate the presence of an
aquifer.

The geological sections in Fig. 3 show some subvertical frac-
tures crossing the platform, which displays a stepped morphology
characterised by some escarpments and by three terraces located
at elevations ranging between 825 and 9oo m a.s.l. (Fig. 3a). A major
escarpment, about 40 m high, subdivides the town into two parts:
the historic downtown (located in the northern sector) and the
more recent urban centre located on the highest terrace (southern
sector). According to Crescenti et al. (1984), the major escarpment
might bound a South-North ancient landslide.

As a result of erosion, the boundaries of the platform are sub-
jected to shallow landslides, which generally have their toe into the
basal fine-grained deposit. The consequence of these phenomena
is a progressive irregular thinning of the hill top, especially in the
northern sector (Figs. 2 and 7). The main landslides are shown in
Figs. 2 and 3. Figure 4 shows the effects of landslides involving the
platform.

The map in Fig. 5 summarises the main geomorphological data
including the zones of the town that are subjected to retrogres-
sive landslides, the main cracks on pavements and the presumable
direction of slope movements. The figure shows that some damaged
buildings are located in retrogression sectors of landslides having
the toe in the basal formation. However, even internal zones present
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Fig. 1 The Bisaccia hill: a ortophoto, b the Western and c the North-Eastern hillslope. Cg Poligenic conglomerates within a sandy matrix (Plio-

cene); AVS “Argille Varicolori” formation (Miocene-Oligocene)

sharp changes in ground surface elevation, fractures in roads pave-
ments and extensive damage on buildings, which testify a complex
slope deformation process.

As mentioned above, the platform is subjected to extremely slow
movements with an important vertical component that is docu-
mented in the following. This is testified by continuous extensive
damage to the majority of buildings and artefacts, including the
farthest ones from the sides of the slab. Based on the recent updated
Varnes classification of landslides proposed by Hungr et al. (2014),
the overall platform movement that was initially recognized as a
“spread” (Picarelli 2000) or as a deep-seated gravitational slope
deformation (Di Martire et al. 2016), might be classified as “slope
deformation”, a class including complex phenomena that could
not be easily assigned to one of the previously defined categories
(Varnes 1978) due to their complexity and to the absence of a sim-
ple and clearly recognizable mechanism of failure. Typically, these
phenomena represent borderline cases involving large soil masses,
sometimes entire relieves that experience extremely slow move-
ments often characterized by the absence of a well-defined persis-
tent rupture surface. In particular, Hungr et al. identify five sub-
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types: “mountain slope deformation”,“rock slope deformation”,“soil
slope deformation”, “soil creep” and “solifluction”. The considered
case appears as a soil slope deformation, which is defined as a “deep-
seated slow to extremely slow deformation of valley or hill slopes
formed of (usually cohesive) soils” (Hungr et al. 2014), which is often

indicated also as deep-seated gravitational slope deformation.
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Clay shale properties and groundwater regime

In-depth investigations carried out after the 1980 earthquake
allowed collecting a lot of data about the hydraulic and mechani-
cal properties and the groundwater regime in the basal argillaceous
formation (Urciuoli 1992; Olivares 1997; Picarelli et al. 2002). This is
very deep and consists of highly plastic clay shales with a clay con-
tent ranging in the interval 50-70%, a liquidity limit much higher
than 100%, locally reaching 200%, and a liquidity index with a
minimum value of -0.3.

The mechanical soil behaviour is strictly dependent on fissur-
ing. In triaxial compression tests, the soil behaves as a continuum
as far as the deviatoric stress level remains below 20% more or
less, then slipping takes place at the contact between soil fragments
while a shear surface starts forming connecting adjacent fissures.
The failure envelope is curved, being characterised by no cohesion
and by a minimum friction angle of 17-18°. Excess pore pressures
measured in cyclic undrained triaxial tests are small and positive
turning to negative as shear failure is approached (Olivares 1997;
Olivares and Picarelli 1999).

For confining stresses around or above the field values, the coef-
ficient of hydraulic conductivity measured by constant head tests
in a triaxial cell, is comprised between 107" and 107> m/s, a range
of values that is quite consistent with the index properties (Picarelli
et al. 2002). This suggests that fissures in the field are closed not
playing a significant influence on water flow.



Fig.2 Geological map of

the Bisaccia area: 1 poligenic
conglomerates with a sandy
matrix; 2 “Argille Varicolori”
formation; 3 landslide (a main
scarp; b minor scarp; c accu-
mulation zone); 4 retrogres-
sion sector; 5 major fractures
recognized after earthquakes
(@ 1980 earthquake; b 1930
earthquake); 6 geological cross
section (see Fig. 3); 7 spring; 8
borehole
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Significant elements about the field pore pressure regime were
captured through a set of piezometers. A borehole was drilled
in the middle of the Vallone dei Corvi, Eastern valley (site B:
Figs. 1a, 2 and 3), where the elevation of the ground surface is
around 720 m a.s.l., i.e. about 125 m below the top of the hill in the
same cross section (D-D’, Fig. 3). Below a few metres deep debris
cover, the Argille Varicolori deposit was drilled till a maximum
depth of 65 m. Another borehole was drilled in the middle of

the town (site D). In such a section, where the platform is 115 m
deep, the conglomerate bed is located 30-40 m above the eleva-
tion of the valley floor (Figs. 2 and 3). In the first borehole (site
B), three Casagrande piezometers were installed till a depth of
12 m from the ground surface; in addition, five vibrating wire
electric probes were located at depths comprised between 7 and
56.8 m. All piezometers were embedded into a sandy filter. The
vibrating wire probes installed at depths of 15, 17.5 and 56.8 m
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Fig.3 Geological cross sections of the hill (see Fig. 2): 1 poligenic
conglomerates with a sandy matrix; 2 Argille Varicolori formation; 3
accumulation zone; 4 failure surface; 5 major fracture; 6 direction of

soon recorded negative pore pressures, which after a few months
dropped to zero remaining nil in all subsequent readings due to
an evident cavitation phenomenon into the filter (Picarelli and
Urciuoli 1993). It was then decided to install another cell, which
was embedded into a clayey filter at a depth of 27.5 m in a parallel
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landslide movement; 7 presumed original profile of the conglomer-
ate top; 8 spring and water table surface based on data from bore-
hole D; 9 presumed original conglomerate thickness; 10 borehole

borehole. The results of all readings over a time interval of 2 years
are shown in Fig. 6a. All instruments display quite low values. In
particular, the pore pressures measured at Casagrande piezom-
eters were positive and less than the presumed steady-state value
obtained from the numerical analyses discussed below, while as

Fig.4 Effects of ongoing slope movements
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Fig.5 a Geomorphological map: 1 morphological height; 2 escarp-
ment; 3 morphological depression or sub-horizontal surface; 4
watershed; 5 morphological top limit of the hill. b Landslide effects:
1 retrogression sector; 2) zone of depletion or accumulation; 3 bore-
hole; 4 heavily damaged building; 5 macro-fracture; 6 presumable
displacement vector of surveyed fracture; 7 morphological hilltop

mentioned above, negative values were measured by three deeper
vibrating wire cells. Notice that the negative readings reported
in the figure are the stable value (around —10 kPa) measured
through the last cell at a depth of 27.5 m and those measured
before cavitation at the other two cells. In the borehole D located
in the town, a Casagrande piezometer was installed at a depth of
95 m within the conglomerate formation, while a vibrating wire

cell was placed in the clay shale deposit at depth of 149.5 m, i.e.
54.5 m below the basal surface of conglomerates. The first pie-
zometer allowed measuring the water level, in the conglomerate
slab, 35 m above the top of clay shales (Fig. 6b). Surprisingly, the
cell installed in clay shales recorded a continuously decreasing
level. In fact, as indicated by the small black arrow in the figure,
the pore pressure measured in 1991 (i.e. 11 years after the 1980
earthquake), which is quite higher than the presumed value cal-
culated for steady-state conditions (dotted line), in the following
years progressively decreased below the steady-state value.

A steadily ongoing general deformation process

Main effects of the 1980 earthquake and hill deformation until
1988

On November, 1980, a wide area of Southern Italy was shaken by
a strong seism (M = 6.9), the so-called Irpinia-Basilicata earth-
quake. As a result, long cracks appeared on pavements of the
town, and a number of buildings were damaged even though
no casualties were recorded. It was soon evident that the most
severely damaged buildings were all located in vicinity of the
cracks (Fig. 7).

Based on historic data, the most recent strong earthquakes in
the same area lead back to 1694, 1732, 1851, 1910 and 1930 (Boschi
et al. 1995). All events caused a limited number of casualties, but
in all cases, the damage to buildings, walls and pavements was
relevant. The consequences of the 1930 earthquake, which caused
eighteen victims, are described by Oddone (1930) and by Alfano
(1931), who mention cracks on pavements; based on their descrip-
tions, the cracks have been plotted in Fig. 7. Interestingly, the main
effects of the 1930 and 1980 earthquakes appear to be very similar.
These and further elements, such as earlier escarpments (indicated
in the figure as morphological steps), which are overcome by old
staircases, suggest the recurrence of similar repeated deformation
mechanisms that are probably caused by movements of single con-
glomerate blocks triggered by shaking.

The inferred deformation mechanisms suggested perform-
ing some targeted investigations. In fact, in February, 1981, thus
4 months after the quake, a number of benchmarks were installed
in the downtown. Topographic readings were then carried out in
the months and in the years after. Vertical displacements measured
at benchmarks located along the South-North axis of the hill in Feb-
ruary, 1982, and in October, 1988, are shown in Fig. 8. These high-
lighted the development of a subsidence process characterized by
increasing settlements in the South-North direction. The figure also
shows that each displacement profile could be easily subdivided
into a series of segments, which suggest independent movements
of single blocks; while some of them seem to display nearly vertical
displacements, others seem to tilt while settling. This is consist-
ent with the fact that the main discontinuities in the displacement
profile closely correspond to fractures in the pavements, indicated
with arrows in the lower plot. A further interesting remark is for
the very similar shape of the vertical displacement plots and of the
hilltop profile that is magnified in the same figure, as this last was
just the result of continuing hill subsidence started long time before
(Fenelli et al.1992).
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Fig.6 Pore water pressures
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Movements of the hill since 1992

The 1988 topographic readings are the last on site record of ground
movements. However, the availability of satellite images since 1992
allowed collecting further useful data. Satellite PSInSAR data are
available from the ERS (1992-2000), Envisat (2003-2010) and
COSMO-Sky Med (2011-2013) sensors, this latter being referred as
CSK. Such data were processed within the PST-A, a high-precision
plan of remote sensing provided by the Italian Ministry of the
Environment (Costantini et al. 2017). By integrating the results of
previous topographic readings, an almost continuous temporal
reconstruction of hill movements from 1981 until the end of 2013
has been obtained, with a “black hole” in the interval 1988-1992
and further smaller gaps in the periods 2001-2003 and 2010-2011.

As it is well known, interferometric processing of satellite
images provides the displacement component along the satellite
line of sight (LOS), whose direction in the study area is close to the
W-E direction. Therefore, in the case at hand, satellite displacement
monitoring is much more sensible to the vertical and West-East
components than to the North-South one (e.g. Di Maio et al. 2018;
Di Traglia et al. 2021; Vassallo et al. 2021). Within the PST-A plan,
ERS (1992-2000) and Envisat (2003-2010) series were processed
for both descending and ascending passes of the satellite, while the
CSK series (2011-2013) was processed only for the descending pass.

\ Landslides

Figure 9 reports the available data in terms of average yearly
displacement rate along the LOS. A significant number of scatterers
was detected on the buildings of the town, with increasing density
of targets moving from ERS to Envisat and then to CSK. LOS dis-
placement rates generally increase from South to North reaching
at the northern edge of the town values in the order of 1-2 cm/year,
which are quite consistent with topographic readings (Fig. 8). In
Fig. 9, the white squares are used to indicate the buildings for which
both ascending and descending pass data are available.

The readings by spaceborne InSAR are one-dimensional meas-
urements that come from the projection, along the radar LOS, of
vertical, West-East and South-North displacement components.
According to De Luca et al. (2017) and Di Traglia et al. (2021), data
detected from three different LOS directions on common pixels
would therefore be necessary to obtain the three components of
ground displacement. In the case at hand, for which information is
available for two LOS directions only, the vertical and the West-East
components of displacements (s) or average rates (v) were esti-
mated from the available ascending and descending pass data rela-
tive to ERS and Envisat sensors through the following equations:

Vasc + Vdesc
2 cos@

IR

(1)

Yu



Fig.7 Main damages caused 0
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quakes (Fenelli et al. 1992)
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where 6 =23° is the look angle, i.e. the angle between the LOS
and the vertical, and a (= —11° on ascending orbit, and =180° +11°
on descending orbit) is the satellite heading angle, i.e. the angle
between the projection of the sensor path on the ground and North
(Fig. 9a). Negative values of v, indicate downward movements,
while negative values of v; correspond to westward movements. It is
however worth to mention that the former equation is approximate,
since it neglects the contribution along the LOS of the North-South
component of displacement compared to that of the vertical com-
ponent. This is justified by the fact that the LOS projection on the
ground forms a small angle (+11°) with the West-East direction.
Figure 10 shows the elaboration of data for the 2003-2010
time interval (Envisat). Ascending and descending displacement
rates reported in Fig. 9d-e were averaged on 50 m X 50 m pixels
and then processed using Eqs. (1) and (2) so as to obtain raster
maps in the vertical and West-East directions. Vertical rates range
between —3 and —19 mm/year. Similar values (0-16 mm/year) are
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estimated for the horizontal components in the E-W direction,
which point to East or to West depending on the zone, with a
prevalence of eastward displacements. The moduli of vertical
displacement rates clearly increase moving from South to North
with a significant step through the cross section located at an
elevation of about 885 m, where is present the high escarpment
mentioned above, which might bound an ancient landslide. The
highest values of the E-W rate are observed in the northern sector
and, locally, in the vicinity of hillslopes. LOS displacement rates
for the descending CSK orbit (Fig. of) seem to confirm that the
values increase in proximity of scarps and retrogression sectors.
As mentioned above, available data do not allow obtaining reliable
information about the South-North component of displacements,
i.e.in the direction of the longitudinal hill axis. In any case, the
entire set of data highlights an active deformation process of the
entire platform possibly including local effects along its contour.
Based on a rough review of data concerning other towns in the
same area, the examined case appears to be a unique situation
(Di Marino 2011).
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Fig.8 Vertical displacements
measured along the main axis
of the downtown between
February, 1981, and October,
1988 (redrawn after Fenelli
etal. 1992)
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To further deepen the subject, Fig. 11 shows vertical and
West-East displacements of a number of representative buildings
for which data are available for both ascending and descending
satellite passes in different time intervals. Such an information
can be considered more accurate than that provided by Fig. 10,
being the data related to specific buildings rather than averaged
on wider areas although, of course, more discontinuous in space.
For CSK satellite data (2011-2013), since only descending orbit
data are available, vertical and W-E displacements were obtained
under the hypothesis that their ratio is equal to that obtained
in the Envisat monitoring period 2003-2010. The displacement
field appears consistent over the entire 20 years observation
period (1992-2013), with some evident rate changes in time.
For instance, in the zone of buildings Q and R, which are quite
close to each other, higher vertical displacement rates have been
recorded in the period 2003-2007 than in the interval 1992-2003.
On the other hand, if the whole monitoring period is considered,

\ Landslides

displacement rates globally seem to decrease with time in the
entire built area. The trend of horizontal displacements in the
W-E direction appears more complex, with more evident vari-
ations in the average yearly rate in some zones than in others,
and an apparent change of sign in the zone of buildings Q and R.

An updated profile of vertical displacements in the South-North
hill axis is plotted in Fig. 12 where it is again compared to the plat-
form profile. As a first useful consideration, the trend of recent read-
ings is fully consistent with the previous one. The figure also shows
the cumulative 1981-2013 displacements obtained by summing the
data from satellite images to those obtained from topographic
readings (Fig. 8), integrated with extrapolated values that cover
the “black holes” in the time intervals 1988-1992, 2001-2003 and
2010-2011. The obtained plot again suggests a long-lasting defor-
mation process, presumably started well before the 1980 earth-
quake and characterized by apparently independent movements
of single blocks, which led to the present platform profile. The peak
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settlement value from 1981 to 2013, just at the northern boundary of
the platform, is approximately 70 cm, which corresponds to a rate a
little higher than 2 cm/year.

Interpretation of the observed deformation phenomena

Considering that all readings obtained from satellite images are in
line with those provided by topographic measurements, the set of
all available data, which globally covers quite a long time interval
(about 32 years, from 1981 to 2013), forms a clear and consistent
framework. They testify that the hill is subjected to continuing
deformations with a significant vertical component and lateral
movements in the direction normal to its axis; unfortunately, no
information is available about the displacement component in the
axis direction. In particular, the vertical displacement profile in the
South-North direction (Fig. 12) suggests that the platform consists
of distinct blocks that subside into the bedrock with a rate that
increases moving from South to North. The most recent data show
that it is now slowly decreasing (Fig. 11).

In the considered time interval, the highest vertical displace-
ment rate, measured at the northern edge, is not far from 2.5 cm/
year, while it is extremely small (or nil) at the southern edge behind

l/a‘ E

-25 mm/y

the high escarpment that separates the oldest centre from the new-
est part of the town. The maximum cumulative vertical displace-
ment over the investigated time interval of 32 years has been about
70 cm. The horizontal movement rate along the West-East direc-
tion is not negligible as well, ranging from less than 2 cm/year to
almost zero depending on monitored area; with the exception of
small zones of the platform, it essentially develops in the West-East
direction. Considering the long time interval covered by available
data and the vertical displacement profile that is very similar to
the shape of the ground surface, the described deformation history
appears to be only the present stage of a process that has begun
long before.

The effects of such phenomena are evident. In fact, the mor-
phological steps present in the town are likely to be an effect of
movements of conglomerate blocks. Moreover, although in the
years after the 1980 earthquake part of the damaged buildings was
demolished and rebuilt and part has been repaired, day by day,
pre-existing cracks are widening, and new cracks are opening in
old and new buildings, on walls and pavements, while some build-
ings are clearly tilting.

Such a complete and consistent data base, supported by the
results of laboratory tests and of pore pressure monitoring, has

Landslides |
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Fig. 10 Average displacement rates in the period 2003-2010 in the
vertical a) and West-East b) directions obtained from Envisat satel-
lite data, superimposed to a Google Earth view-Landsat/Copernicus

been a useful tool for a mechanical interpretation of ongoing phe-
nomena. Based on a careful evaluation and analysis of all data, a
major factor is probably the intense erosion process that is deepen-
ing both valley floors; a significant role seems also to be played by
periodic earthquakes that shake the area; finally, the landslides that
have indented and still erode the lateral sides of the hill represent
another active factor.

Based on geological data, erosion is supposed to have started
about 300,000 years ago along two parallel faults more or less cor-
responding to the axes of the lateral valleys. Figure 13 schemati-
cally reports the geological evolution of the area. Such a process
was simulated through a 2D FEM numerical analysis (Picarelli and
Urciuoli, 1993). The initial top of conglomerates was assumed to be
horizontal, and then these were gradually removed in order to repro-
duce the present morphology of the area. The rate of conglomerate
erosion was considered to be either constant or variable assuming
a threefold increase after complete dismantling of the slab in order
to account for the different erodibility of conglomerates and of clay
shales. The groundwater table was initially located at the top of clay
shales, then, after removal of the uppermost conglomerate layer, it

| Landslides

+16 mm/y
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image (negative rates correspond to downward and westward dis-
placements; positive values correspond to eastward displacements)

was gradually lowered following the deepening of the valley floor.
The main vertical cracks in the platform were reproduced by thin
(30 cm) vertical deformable elements; finally, an interface allowing
horizontal relative displacements was located at the contact between
the platform and the bedrock. The conglomerate slab was simulated
as a linear elastic medium while the clay shale behaviour was repro-
duced through the Cam Clay model adopting the soil parameters
obtained by a rich campaign of laboratory tests.

The main result of the analysis was a strong and delayed swell-
ing of the valley floors (a in Fig. 14) and some sinking of the hill
within the basal formation (b in Fig.14) due to the combined effect
of unloading caused by erosion and both high deformability and
low permeability of clay shales (Urciuoli 1992; Picarelli et al. 2002).
Another important output was some lateral spreading of the hill
due to decrease of the lateral confinement; in particular, the analy-
sis suggests the formation of a shear zone at the top of the basal
formation (c and d in Fig. 14). Some clues about that might be pro-
vided by the water content profiles of clay shales (Fig. 15) obtained
from measurements on samples taken from the boreholes B and D,
compared to the values calculated through the numerical analysis
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Fig. 13 Evolution of the Bisac-
cia area (after Di Nocera et al.
1995)
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(Picarelli and Urciuoli 1993). In particular, while these last can cap-
ture the trend of the water content profile along the vertical B, they
underestimate the water contents measured within a depth of about
15 m under the platform. This might just indicate the presence of
a thick shear zone generated by the process of lateral spreading
discussed above.

Figure 16a shows the calculated deformation of a cross section
of the platform. In particular, it shows that the lateral blocks are
subjected to some rotation, which implies a distortion of the slab
and formation of a concave interface at the conglomerate-clay shale
contact. The figure also suggests the development of tensile stresses
at the base of the platform, which might lead to formation of fur-
ther vertical cracks. Interestingly, a similar deformation field as in
Fig.16a has been observed in some Canadian river valleys indented
in highly plastic clay shales (Fig. 16¢).

All these results are consistent with the general framework pro-
vided by field surveys and by monitoring, depicting in a convincing
way the deformation process of the platform. Figure 16a, in particu-
lar, clearly shows the mechanism of sinking of conglomerate blocks
in the bedrock (see also Fig. 16b). Also, a careful consideration of
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Fig. 16a could explain the observed horizontal movements in the
East-West direction as a result of the combined effect of lateral
spreading and of tilting of blocks that is confirmed by the tilting of
some buildings (Di Marino 2011); in particular, a clockwise or anti-
clockwise rotation can justify westward or eastward movements. It
also justifies the presence a deep aquifer above the deformed concave
top of the bedrock under conglomerates as shown by piezometer
readings in borehole D (Fig. 6b). Finally, the analysis allows explain-
ing the deficient pore pressure field measured in the subsoil of the
eastern valley (borehole B, Fig. 6a). In fact, due to the low perme-
ability and high depth of the fine-grained bedrock, the erosion rate
is quick enough to generate a constant deficient pore pressure regime
within a deep zone under the valleys bed (Koppula and Morgenstern
1984; Fenelli and Picarelli 1990). Such a pore pressure regime seems
to play a significant role on the stability of the hillslopes. In fact,
accounting for the low shear strength of clay shales, a steady-state
pore pressure profile (as in Fig. 6) would imply the triggering of deep
landslides favoured by the presence of vertical fractures in the con-
glomerate slab. Under this condition, the platform should have been
completely dismantled by landsliding since long time. Instead, due to
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Fig. 14 Calculated time-dependent swelling of the centre of the val-
ley’s bed (A), settlement of the hill (B) and horizontal displacements
of conglomerate bed (C) and clay shale top (D) (Urciuoli 1992)

the deficient pore pressure regime, the shear strength of clay shales
is high enough to assure a safety factor higher than one (Di Nocera
et al. 1995). Not for nothing, the landslides that have been recognized
along the hill contour consist of large blocks with a mall toe in clay
shales, thus involving only the shallowest part of the basal formation
where pore pressures are less affected by erosion.

Strong earthquakes, which in the area at hand have a return
time of some tens of years, certainly play some role on the soil
slope deformation process. This was a sound hypothesis when,
just after the 1980 earthquake, Bisaccia became the focus of spe-
cific investigations. The general continuing deformation of the hill

was in fact considered to be the clue of a process of post-seismic
subsidence consequent to the building up of positive excess pore
pressures induced by the shock (Fenelli et al. 1992; Olivares 1997;
Silvestri 1997). Specific investigations on the subject supported
by special cyclic triaxial tests on undisturbed specimens and by
numerical analyses confirmed the reliability of such a hypothesis
(Lampitiello et al. 2001; Olivares and Silvestri 2001). In particular,
the seismic interaction between the conglomerate slab and the
underlying clay shales was investigated through targeted analy-
ses carried out by interpreting the 1980 seismic motion meas-
ured by an accelerometer located just in the town of Bisaccia
and soil parameters obtained through targeted laboratory tests
(Olivares 1997). Based on those analyses, during the earthquake
quite a large soil volume under the slab should have experienced
positive excess pore pressures triggered by the cyclic shear stresses
induced by the seism and favoured by the strong contrast in stiff-
ness between clay shales and conglomerates (Fig. 17). The high
initial pore pressure and the decreasing value measured in the
time interval 1991-1996 at a depth of 151 m, just under the plat-
form (Fig. 6b), might testify a post-seismic consolidation process
(Fenelli et al. 1992).

The temporal evolution of vertical displacements of the plat-
form since February, 1981, until 2013 (thus ignoring the deforma-
tion cumulated in the time interval between November, 1980, and
February, 1981) can be obtained coupling the readings obtained by
topographic measurements and satellite data. A plot of settlements
at site D in the northern sector of the town is shown in Fig.18. In
the same figure are reported the results of numerical analyses based
on the results of laboratory tests on natural samples (Lampitiello
et al. 2001), in the assumption of 2D dissipation of the calculated
excess pore pressures triggered by the 1980 earthquake. The evolu-
tion of the settlement rate is characterized by a typical decreasing
trend, even though the monitored displacement is higher than the
predicted one well before the availability of satellite images. Such
a difference might be explained by the presence of a thick com-
pressible shear zone. These considerations suggest that any strong
earthquake occurring in the area at hand can lead to similar effects
contributing to the ongoing deformation process.

Finally, some role in the observed displacement field is prob-
ably played by the landslides that erode the lateral slab sides. Such
effects, which might be testified by some higher than the average
horizontal West-East displacement values provided by satellite
images, are of course limited to the unstable zones.

As outlined above, unfortunately, no data are available about
the horizontal displacement component in the South-North
direction. Such an information might be useful to complete the
described general framework. In this regard, the Authors believe
that some significant movement might be taking place also in
such a direction, favoured by the morphology of the entire area,
which leans just in the South-North direction. In particular, the
hypothesis by Crescenti et al. (1984) that the platform is cut by
the scarp of an ancient landslide suggests that the described slope
deformation process might be influenced also by the presence of
a deep slip surface.
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Fig. 15 Measured and calcu-
lated water content profiles
in the subsoil of eastern
valley (site B) and under the
conglomerate bed (site D)
(redrawn after Picarelliand
Urciuoli 1993)

Fig. 16 a) Simplified cross
section of the Bisaccia hill and
displacement vectors obtained
from numerical analysis
(Picarelli and Urciuoli 1993); b)
the Eastern Bisaccia hillslope
that is sinking in the clay shale
deposit; c) effects of erosion in
the Saskatchewan river valley

(Matheson and Thomson 1973).
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Fig. 18 Temporal evolution
of the vertical displacement at
point D based on both topo-

Summary and conclusions

The old town of Bisaccia rises on a thick elongated conglomer-
ate platform that overlies a deep deposit of highly plastic clay
shales. After the strong 1980 Irpinia-Basilicata earthquake, some
in-depth field and laboratory investigations were carried out in
order to recognize the effects of the event in the town. In particu-
lar, the results of topographic readings carried out in the period
1981-1988 brought to light a general deformation mechanism of
the hill. Numerical analyses were then carried out to interpret
the effects of either erosion that is modelling the area where
the platform rises either seismicity. The availability of satellite
images since 1992 has then allowed to keep track of the move-
ments occurred in the subsequent years providing an important
and consistent framework that helps in the definition of a com-
prehensive scenario of the geomorphological phenomena that
affect the area.

The hill is an about 1.5 km long fractured conglomerate plat-
form with an irregular contour created by some shallow lateral
landslides that are eroding the hillslopes. The conglomerate
blocks are slowly sinking into clay shales. Available satellite image
data bring to light also a horizontal component of movement in
the direction normal to the hill axis.

Three distinct causes, whose effects cannot be easily sepa-
rated, could explain such phenomena. The first one is the quick
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erosion process that is deepening the two valleys that border the
Eastern and Western sides of the hill explaining the vertical and
horizontal East-West component of movements. The second cause
is the seismicity of the area. Earthquakes cause some opening
of fractures in the platform. The strongest events can also trig-
ger excess pore pressures in the clay shales underlying the slab,
leading to some post-seismic subsidence that adds to effects of
erosion. The global effect of such phenomena should then be
a continuous deformation of the hill due to erosion enhanced
by transient accelerations induced by earthquakes. As shown by
available data, both processes have a long evolution due to the
low permeability of the clay shale deposit and its high depth.
The third cause is the occurrence of shallow and slow landslides
favoured by erosion, which involve the boundaries of the slab
causing outward movements. As a result, the platform is narrow-
ing. A fourth cause, which unfortunately cannot be checked by
satellite images, might be a northward component of movement
due to the evolution of a deep and ancient landslide.

The described deformation process is very slow and complex.
Recognized by some Authors as a spread or as a deep-seated grav-
itational slope deformation, due to its features and complexity, it
has here been classified as a soil slope deformation (Hungr et al.
2014). It is probably active since thousands of years and will prob-
ably be active over further hundreds of years.
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