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Introduction to the 2004 Hans Cloos Lecture

The reason for the topic of this lecture goes back lo
October 1963, when I was called by the consultants of
the ‘Societa Adriatica di Elettricitd’, at that time the
owner of the Vajont hydroelectric system, to help
investigate why, on the night of October 9, an enormous
landslide fell into the lake below Monte Toc, leading to
the tragic death of over 2,000 people. I was left with deep
feelings of dismay looking at what was left of the town
of Longarone, destroyed and washed away by a 40 m
high flow of water (Fig. 1). At the same time, I was
surprised when I realised that so little investigation or
monitoring had been carried out to predict and possibly
avoid this terrible disaster. In fact, the first indications of
the danger were identified around 3 years before the fi-
nal catastrophe. In 1960, my friend and colleague, the
engineering geologist Prof. Edoardo Semenza, son of the
dam designer, had identified the slip surface of an old
landslide body, the same surface along which the fatal
landslide later developed (Semenza 1986).

However, the observation of Semenza was not fol-
lowed by any adequate research or any action to make
the authorities aware of the fatal relationship between
the waler in the lake and the stability of the surrounding
slopes. Evidently at that time the scientific and techno-
logical knowledge of such a phenomenology was poor
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by today’s standards. In fact, three open pipe piezome-
ters (Fig. 2) had been installed in the landslide body
before the tragic event, because the slope had already
shown indications of movement. Unfortunately, the
data obtained had not given any indication that two
different critical groundwater levels existed in the slope,
a deep one and a shaliow one. Hendron and Pation
(1985) studied the piezometric data and concluded:*“The
piezometric data of the Vajont slope is too little and
questionable; it is not sufficient for drawing up a reliable
hydrogeological model, which is necessary in these cases
to make reasonable assumptions about the pore water
pressures for slope stability analysis” (Hendron and
Patton 1985).As well as the terrible disaster of Vajont,
floods and landslides have frequently affected Italian
regions in the past decades; the literature and history are
full of these events and the money spent on repairing the
damage caused by them is beyond imagination.

As we are in Florence, I think it is worth remem-
bering the flooding of this city (Cotecchia 1968) between
the 3 and 4 of November 1966 (Fig. 3), which also af-
fected the Triveneto region and covered a total area of
approximately 25,000 km®. The flood submerged Flor-
ence, with many contemporaneous landslides and debris
fiows occurring in Triveneto (Fig. 3), some of them with
tragic consequences. As a consequence, it has become
clear to political forces and the academic world that
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Volume of the landslide mass 274 000 000 m*
Maximum thickness of the landslide mass 250 m

Velocity of the sliding mass 27 mfs - 97 km/h
Time for collapse ta occur 20 - 25 sec
Volume of water forced over the top of the dam 25 000 000 m*
Maximum wave height above top of the dam 125m

Deaths 2043

Fig. 1 Vajont landslide (October 9, 1963)
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Fig. 2 Vajont landslide: geological cross sections. The landslide occurred in the left shore of the lake involving Lower Cretaceous marl and
limestone units with frequent clay interbeds near the base



The Second Hans Cloos Lecture 3

Fig. 3 Flooding in Florence and Triveneto (November 3-4, 1966},  Florence (a and b), the effects from Cordevole stream in
The flood caused severe damage, alluvial torrent-like phenomena, Cencenighe (c), from Mué stream in Val Zoldana (d) and Ru di
deep slips, soil and debris flows, Photos show the flooding in  Roccia landslide (Belluno) (e)
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there is an important need to dedicate more scieatific
research and economic resources to study these events
and to provide protection against the risks.

With respect to this, 1 would like to mention the
scientific commitment that the Italian Research Council
(CNR) has given to this field. In particular, I must
point out the scientific success of the so-called ‘Fina-
lised Project ol Soil Conservation’, starting in 1976
(Anon 1985). This project lasted for 6 years; 1
co-ordinated the Research entitled *Landslide Phe-
nomena” (Fig. 4). In this research, the first step was to
identify areas at risk from landslides in Italy and sub-
divide them according to the criteria that 1 had previ-
ously suggested in my General Report given during the
IAEG Prague Symposium Landslides and other mass
movements (Cotecchia 1977). On that occasion, with
reference mainly to hazard zoning, 1 supported the idea
of using the generated “geotechnical units™ taking into
account a complete knowledge of the geological and
geotechnical parameters involved, their mutual influ-
ence and the way they vary with time. Only in this way
was it possible to introduce the crucial “time” param-
eter into the diagnosis of the phenomena. My contin-

uing aim since then has been to point out the
importance of ‘“‘monitoring™ as a necessary methodol-
ogy to give an informed and documented interpretation
of the parameters and circumstances influencing the
instability and geomorphological evolution of slopes.
The CNR Finalised Project evolved on this basis and
involved approximately 400 researchers organised in
different groups, which collectively produced a large
database of case histories and hundreds of scientific
papers. This work was continued by the National
Group for Hydrogeological Disaster Prevention under
the watchful eye of the project co-ordinator, our ded-
icated colleague Paolo Canuti.

There are many other research programmes and
dedicated symposia on mass movements that would be
worth mentioning, to show how scientific research and
attention to this problem has developed in my country
in recent decades. For instance, with reference to the
influence of seismic activity upon landsliding, it is worth
recalling the International Symposium ‘“‘Engineering
geology problems in seismic areas” organised in Bari,
my home town, in 1986 on behalf of the IAEG; the
scientific contributions were innumerable and excellent

Fig. 4 C.N.R. Finalised Project
“Landslide Phenomena™ 1977-
1983 — Location of research
areas subdivided in geotechni-
cal units
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{Cotecchia 1986). Furthermore, 1 would like 1o
remember the EU sponsored research project, pioneered
by our colleague Marcel Arnould, entitled “*Landslide
evolution controlled by climatic factors in seismic areas.
Prediction methods and warning criteria” (Final Tech-
nical Report EU research project 1996, unpublished).
This project involved the collaboration between the
Politecnico di Bari {Italy), the Ecolé de Mines (Paris)
and the Department of Civil Engineering of City Uni-
versity (London) and I performed the pleasant task of a
coordinator.

The effects of seismic activity upon slope stability is
considered one of the key elements to explain the mas-
sive landslide reactivation that occurred at Ancona in
1986, the main topic of this lecture.

The great landslide of Ancona, December 1982
Effects and Main Features of the Landslide
The case study of Ancona has been chosen to illustrate

developments over the last decades in the investigation
and analysis of landslide phenomena in clay. On the

Volume of landslide mass
approx. 180 mitlion m?

night of December 13, 1982, the city of Ancona suffered
a large landslide that occurred along the coast to the
north of the town, in the adjacent slopes of the Mon-
tagnolo Hill. The volume of the mass movement was
about 180 million m® (Fig. 5). Historical records docu-
ment significant movements which occurred in the same
slope in 1578, 1774, 1858 and 1919 (De Bosis 1859, Segre
1920). The 1982 landslide caused extensive damage to
structures and infrastructure, such as the University
Medical Faculty and the local hospital (Anon 1986;
Cotecchia 1997a, b). In addition the Adriatic railway
and Flaminia road were shifted laterally 10 m towards
the sea (Fig. 6).

Figure 7 shows evidence of the phenomenon of
squeezing of Pliocene clays between buildings, observed
in the “Posatora” district of Ancona. During the event,
displacements started at the toe of the slope, spreading
upwards. In Fig. 8 there is a clear image of the general
uplift movement along the sea front. In Fig. 9 the
horizontal and vertical displacements that occurred in a
few hours as a result of the landslide reactivation
process are presented graphically (Anon 1986). Large
horizontal displacements of up to 8 m and uplifts of up
to 3 m affected the lower parts of the slope. In the

Fig. 5 Ancona landslide: panoramic view of the coastline involved in the landslide event. The landslide occurred to the north of Ancona

involving the Montagnolo Hill {shown in the small franic)
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Fig. 6 Ancona landslide: damage to man-made structures caused by the landslide

upper parts of the slope area, horizontal displacements
of up to 5m and large vertical settlements (up to
2.5 nl) were recorded. The effects of the landslide
movements were not restricted Lo on-shore areas; large
displacements also occurred in the sea bed adjacent to
the main landslide.

The movement of large portions of coastlines is a
phenomenon common to several locations along the
Adriatic coast where significant landslides have

occurred. This is a topic 1 brought to the attention of
the scientific community at the IJAEG Symposium in
Athens (Cotecchia 1997a, b} and which has proved a
rich and interesting line of research (Cancelli et al.
1984; Santaloia et al. 2004). These particular move-
ments mostly derive from the progressive degradation
of the clay forming the slopes, which appear to be
badly fractured by neo-tectonic movements. In the
map in Fig. 10 the main landslides that occurred along
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Fig. 7 Ancona landslide: effects of squeezing in Pliocene clays
evident between buildings in the “Posatora™ district

Fig. 8 Ancona Landslide: a traditional wooden fishing pier
(“trabucce™} deformed by uplift movement experienced at the toe
of the landslide

the Adriatic coast are marked. The most recently re-
corded movements in this region occurred in 1991, in
‘Petacciato’ (Guerricchio et al. 1996) and affected an
area of over 4 km? (Fig. 11). These recent movements
caused a general uplifting of the seabed, for a distance
of over 200 m from the present coastline. As at Anc-
ona, an interesting visible consequence of these move-
ments was the squeezing of Pliocene clays, causing the
emergence of pronounced clay ridges along the coast,
as shown in Fig. 11.

The main feaiures of the Ancona 1982 landslide
(Cotecchia 1997a, b; Santaloia et al. 2004) are outlined
as follows (see also Fig. 12):

1. The principal scarp of the slide runs approximately
sub-parallel to the coastline.

2. Three pre-existing deep compound landslides (A, B
and C, respectively) have been identified in the area.

3. The main scarp of Body A, not reactivated in 1982,
is located at the top of the slope and is related to a
sliding surface that reaches the sea and has a max-
imum depth of 120 m b.g.l.

4, Body B, with a maximum depth of 80 m b.g.l., is in
the middle part of the slope.

5. Numerous shallow slips have been observed within
Body B (e.g. the “Barducci” landslide in the central
part of the slope).

6. Body C, with a maximum depth of 120 m b.g.l.,
involves the slope below the main scarp “A” and is
bounded by two NNE-SSW [aults and one EW fault.

7. The sliding surfaces of the three deep landslides
converge into a single shear band at the base, that in
the past emerged offshore at a distance of 100 m
from the present coastline.

8. Two systems ofl natural trenches produced by the
different displacements downhill of old landslide
bodies are present on the slope (shown in yellow on
the map).

9. Cuts and fissures produced during the 1972 earth-
guake are recognisable.

10. Uplift movements were observed for a distance of
50 m from the coastline.

The soils involved in the landslide are fundamentally
over-consolidated Pliocene clays, locally fractured by neo-
tectonic movements. A mantle of recent colluvial deposits
and landslide debris generally overlies the Pliocene clays.

Because of the significance of the Ancona landslide
event, political authorities were interested in knowing
whether it was possible to stabilize the affected area. A
comprehensive geotechnical investigation and monitor-
ing programme was conducted to address this crucial
problem.

In this respect, it is useful to recall the advice given by
Leonardo da Vinci five centuries ago:

“First, I shall test by experiment, before I proceed any
further, because my intention is to consult experience
first, and then, with reasoning, to show why such expe-
rience is bound to operate in such a way. And that is the
true rule by which those who analyse the effects of nature
use to proceed; and, although nature begins with the
cause and ends with the experience, we must follow the
opposite course, namely, as | said before, begin with the
experience and, by means of it, investigate the cause”.

The study of the causes and conditions of the landslide

A wide range of both intrusive and non-intrusive
investigative techniques were used to assess the geo-
logical and geotechnical characteristics of the mass
involved in the 1982 landslide, the failure mechanisms
and the flactors that triggered the event. A complete
understanding of the landslide was the required
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Fig. 9 Ancona landslide: principal horizontal and vertical displacements caused by the landslide, oblained by comparison of aerial
photographs pre- and post-landslide

Fig. 10 Areas of significant landsliding along the Adristic coastline
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Fig. 11 Petacciato landslide (1991); squeezing ol the huoral
Pliocene clays along the outcrop of failure surface

starting point for the design of the remedial measures,
which were necessarily followed by long-term moni-
toring to assess the effectiveness of the stabilisation
programme.

Methods utilised to study the causes and conditions
of the landslide included the foliowing (Cotecchia 1994):

. Analysis of historical data (earthquakes, landslides).

. Geo-structural and geomorphological survey.

. Micro-palacontological studies aimed at defining the
tectonic evolution of the slope.

4. Interpretation of deformations and fractures from
aerial photos (1979, 1983, 1993) and topographical
surveys (1979-1998),

. Analysis of Landsat images.

. Statistical analysis of the long-term rainfall regime
and its relationship with the triggering of the 1982
event and current mass movements.

. High-resolution geophysical investigation.

. Exploratory boreholes: 60 overland and 14 overwater
boreholes were conducted to a maximum drilled depth
of 170.6 m with subsequent installation of piezometer
and inclinometer monitoring equipment.
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Fig. 12 Ancona landslide: geomorphological map of deep mass movements
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9. Penetrometer tests.

10. Epithermal neutron and y-ray probes.

1. Geotechnical laboratory tests of soils involved in the
fandslide process.

12. Thermic investigations of the water mobility within
the landslide mass.

13. Permanent scatter radar interferometry SAR (post
landslide).

14. High-resolution reflection seismic investigations in
the adjacent submarine area.

15. Piezometric and inclinometric long-term monitoring
programme (1983-2002),

16. Quantitative stability analysis focussed both on
understanding the causes of the landslide and the
design of stabilisation measures.

A map showing the general layout of the intrusive
exploratory locations is given in Fig. 13.

Geological, lithological and bio-stratigraphical setting

The geological setting of the area involved in the 1982
landslide has been deduced from a detailed geological,
lithological and micropalaeontological survey and also

from the structural and stratigraphical analyses of cores
from more than 60 boreholes drilled from 1983 to 1999,
both on-land and off-shore. A detailed commentary on
the geological, lithological and bio-stratigraphical data
was published by Cotecchia (19974, b).

From a structural point of view, the Ancona area lies
on the external margin of the Apennines, whose tectonic
history is directly connected to the evolution of the
Adriatic Foredeep (Bally et al. 1988). In Fig. 14 it is
possible to observe the Tavernelle syncline, the Conero
anticline and between these features, the tlown of Anc-
ona (Santaloia et al. 2004; Ori et al. 1991). The geolog-
ical map of the area, together with a representative
geological cross section, is shown in Fig. 15. Underlying
the recent superficial cover of elluvium/colluvium and
associated landslide debris, a succession of strata
belonging to the Lower, Middle and Upper Pliocene
and the Lower Pleistocene have been identified. Also
depicted on the geological map are traces of the
Tavernelle syncline, NE-SW transcurrent faults and EW
normali faults, which were formed principally as a result
of several tectonic phases from the Pliocene to the
Quaternary (Lavecchia and Pialli 1981; Cello and
Coppola 198).

Tl
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@ nclinometers
A Piezometers

= :5."‘.:‘
Xl

4 Neutron and y-ray probes 1 {, o

~ Selsmic Section ME1+L02 ;,

;R
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Fig. 13 Ancona landslide: geclogical, geotechnical and monitoring surveys
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Fig. 14 Ancona landslide: structural cross section resulting from seismic lines carried out in the central part of the Adnatic foredeep (a);
trace of seismic section (b); stratigraphic scheme of the deposits of the Adriatic foredeep (c)

A clear contact between Lower and Middle Pliocene
clays is visible along the NE-SW transcurrent fault.
Generally, however, the Lower and the Middle Pliocene
soils are not macroscopically distinguishable. Litholog-
ically they are homogenous and well-stratified marly
clays and clayey marls with a high silt content. The only
macroscopic evidence of the passage from the Lower to
the Upper Pliocene is the presence of thin sandy inter-
beds {a few millimetres thick), which become more fre-
quent in the Middle Pliocene. However, the complete
sedimentary succession has been reconstructed on the
basis of a detailed chrono-stratigraphic correlation of
borehole data, based on micropalaeontological analyses
{Fig. 16). Thus, the distinction between the Lower and
Middle Pliocene was possible on the basis of the well-
diversified foraminifera assemblages recognisable in the
Middle Pliocene clay samples (Cotecchia 1997a, b).

The planktonic and benthic foraminifera assemblages
present in most of the Lower Pliocene samples are
Globorotalia puncticulata, Uvigerina rutila, Globigerina
decoraperta, Globigerina bulloides and Globigerinoides
spp. Species of G. margaritae were not encountered,
meaning that the Lower Pliocene is represented only by
its upper part, which is associated with the G. punctic-
ulata Zone. As regards calcareous nanofossils, there

are associations with the Discoaster tamalis Zone,
which covers a rather extended period of time (Lower
Pliocene-Middle Pliocene). The Middle Pliocene sam-
ples have generally shown well-diversified assemblages
of foraminifera, belonging both to the G. crassaformis
(plactonic foraminifer) Zone and to the Anomalinoides
helicinus and Bulimina marginata (bentonic foramini-
fers) Zones. As regards calcareous nanofossils, the
D. tamalis, the D. pentaradiatus and the D. brouweri
Zones were identified in the Middle Pliocene clay.

In addition, the Upper Pliocene and Lower Pleisto-
cene are lithologically similar and their distinction was
made possible solely on the basis of the fossil associa-
tions. The Upper Pliocene and the Lower Pleistocene are
characterised lithologically by an alternation of different
strata, generally well stratified, including clayey sandy
silt, silty sand and calcarenite/calcareous layers and
nodules. The bio-stratigraphic analysis carried out, with
specific reference to foraminifera and the calcareous
nanofossils, allowed a distinction to be made between
the Upper Pliocene and the Lower Pleistocene and
confirmed the presence, already recognised, of an Upper
Pliocene stratigraphical hiatus (although more limited
than previously supposed). Bio-stratigraphical analyses
also revealed that, besides the Upper Pliocene, the top of
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Fig. 15 Ancona landslide: geclogical map and cross section of the landslide area

the Middle Pliocene was notl always present. This was
also confirmed in some boreholes by the presence of a
clear angular unconformity between the Pleistocene soils
and Middle Pliocene strata.

Recent sandy deposits which overlie the area with
variable thickness have been referred to the Holocene. A
network of natural trenches (grabens) was found to be
present across the slope, produced by differential dis-
placements and dislocations associated with previous
landslides. These were generally found to be infilled with
reworked recent material, having a maximum observed
thickness of around 65 m. A peat sample taken at 9 m
depth in one of these trenches was dated as 500 years old
using the C14 method.

The geological, micropalacontological and geotech-
nical investigations have also been extended teo the sea-
bed in front of the landslide area. Several boreholes
(indicated as CSM in the map in Fig. 13) were drilled up
to a distance of about 250 m from the present coastline,
in addition to a comprehensive off-shore high-resolution
seismic survey.

The geological and micropalacontological analyses
conducted on off-shore samples have proven that, up

to a distance of around 300 m from the present
coastline, the seabed is formed by Lower and Middle
Pliocene strata covered by landslide debris, locally
having a thickness of 20-25 m. This material is also
characterised by the presence of reworked Lower and
Middle Pliocene soils, sometimes overlying the Holo-
cene deposit. This is evident in borehole CS2M, as it
will be illustrated in the following (Fig. 26). Further
off-shore, the substratum is marked with a clear
angular unconformity, constituting an erosion surface
corresponding to a palaeo-coastline. Sub-horizontal
strata of undisturbed sands and silty sands, referrable
to the Flandrian marine intrusion, overlie this erosion
surface.

Tecronics and recent seismic activity

The tectonic and structural setting of the Ancona ares
derives from several tectonic phases along the peri-
Adriatic belt. The oldest phase recognised is the Lower
and Middle Pliocene compressive phase, having a max-
imum direction of compression around N 50°-60° E.
During this phase reverse faults and fold structures
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micropaleontological analysis

developed, having a direction parallel to the Apennine
Chain (NNW-SSE). The Tavernelle syncline (Figs. 14,
and 15) was also formed during this tectonic phase.
From the Upper Pliocene until the present, the mean
direction of teclonic movements at Ancona has
remained north-casterly.

In the northern part of the Apennine arc (which in-
cludes the Ancona area), some authors (e.g. Patacca
et al. 1990) distinguished zones of lithospheric ruptures
having an anti-Apenninic direction, corresponding to
normal and transcurrent faults at the surface. These
anti-Apenninic faults have produced, in some places, the
dislocation of the Lower Pleistocene fluvial terraces,
supporting the idea that these faults developed mainly
after the Lower Pleistocene. At Ancona the main
anti-Apenninic faults attributed to this period are the
Fornetto-Posatora and the Borghetto transcurrent
faults, which are associated with the concentration of
normal faults running NE-SW across the slope
(Fig. 15). The Fornetto-Posatora fault, which delimits
the eastern margin of the Montagnolo Hill, also dislo-
cates the Tavernelle Syncline, juxtaposing laterally the

Lower and Middle Pliocene at the surface. The throw of
the fault displaces the Lower Pliocene by up to 150 m.

The tectonic movements described, both paralie! and
transverse to the coastline, have generated discontinu-
ities or zones of weakness in the slope that have strongly
influenced the development of the failure mechanisms
and movements observed at Ancona.

The recent seismic activity that occurred in the area
between 1972 and 1975 is related to movements along
the existing anti-Apenninic transcurrent faults (Cres-
centi et al. 1977). Figure 17 shows the epicentre of the
1972 earthquake to the northeast of the area, together
with subsequent smaller shocks along the main fault
lines. The 1982 landslide area is located within the iso-
seismic line VIII (Mercalli-Seberg scale) of the 1972
earthquake, towards the epicentre. During these seismic
events, some deep fractures developed in the area
between the main scarp of the 1982 landslide and the
upper trench, as revealed by careful comparison of aerial
photos taken at different times (Cotecchia et al. 1995;
Cotecchia 1997a, b). Figure 18 shows some large
fractures that developed in the upper part of the
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Fig. 17 Ancona lanslide: 1972 earthquake and successive seismic events (June 1973-July 1980)

Montagnolo slope during the 1972 earthquake, adjacent
to the upper scarp of the 1982 landslide.

The Ancona zone is still affected by tectonic activity,
as shown by neo-tectonic variations in ground levels,
Looking at the plots of the vertical displacements
monitored between 1983 and 1990 (reproduced on the
3D model of the slope in Fig. 19), it can be seen that the
subsidence recorded at the top of the Montagnolo Hill
affects an area not involved in the 1982 landslide. It is

Fig. 18 Ancona landslide: belt of fractures induced by the 1972
earthquake in the upper part of Montagnolo hill

thought that this is largely attributable to tectonic
movements. In contrast, the displacements monitored at
the base of the hill were mainly due to the 1982 land-
sliding. The 3D model clearly shows the morphological
characteristics that have developed in the slope from the
long history of mass movements, that is, the natural
trenches/grabens produced by the landsliding and the
limits of landslide bodies B and C.

Hydrogeology

The ground water system in the area is influenced by the
complex structural setting including natural trenches,
fractures and discontinuities (generated both by land-
sliding and tectonic movements). Furthermore, in over-
consolidated and fissured clays, such as those forming
the slope at Ancona, the distribution of pore pressure is
generaily complex and difficult to analyse due to the
constant dynamic evolution,

Thirty-five piezometers were installed in the area of
the landslide to establish and monitor the groundwater
system. The most representative of these are shown in
Fig. 20. The piczometric data indicate the presence of a
prevalent seepage domain in the slope, probably as a
result of the high degree of fissuring of the clays.
In fact, it was sometimes difficult to distinguish the
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Fig. 19 Ancona landslide: 3D model of the Jandslide area obtained from a 1:2,000 cartographical map using Arc-Info software (height
amplification lactor = 2). The graphs show the vertical displacements monitored with time, between 1983 and 1990, at the top and toe of

the Montagnolo hill

piezometric levels recorded in the reworked material
involved in the landslides from those in the undisturbed
Pliocene clay at the base. The piezometric levels are
generally shown to decrease with depth in the uphill
piezometers and increase with depth in the piezometers
near the coast.

This particular feature of the groundwater system can
be explained further using the flow net model proposed
by Patton and Hendron (1974), which assumes a
homogenous and anisotropic natural slope in which the
axis of maximum conductivity is parallel to the dip of
the slope (see Fig. 20). The piezometers installed at the
toe of the slope have recorded piezometric levels up to
15 m above sea level, explained by the high curvature of
the flow lines at the toe of the slope and by the resulting
shape of the equipotential lines. This evidence supports
the idea of a single seepage domain involving most of the
slope. However, independent deep groundwater levels
have been evidenced by piezometer data, for example,
the last cell of piezometer CS17 shows a piezometric
level having no relation to the piezometric levels mea-
sured in the upper cells. In addition, the analysis of the
piezometric data also reveals that the groundwater flows
mainly along the sandy interbeds and the fractures and

fissures within the clay. These discontinuitics, together
with the natural trenches, also strongly influence rainfall
infiltration, which is discussed in the following section.
Figure 21 shows some representative results of a
comprehensive thermal survey, conducted to investigate
groundwater mobility and flow patterns. The survey
evidenced an anomalous temperature variation that
probably identifies a zone of fractures representing
preferential water pathways, having the same orienta-
tion as the NE-SW trending fault system identified in
the area. The presence of such a flow regime has obvious
consequences with respect to slope dynamics and ulti-
mately the reactivation of the landslide process itself.

Rainfall

The Great Ancona Landslide of 1982 occurred during a
rainy season characterised by heavy, but not excep-
tional, rains. In fact, between the end of November and
the beginning of December 1982, six consecutive days of
heavy, but not exceptional, rain were recorded, averag-
ing 30 mm/day (Fig. 22a). In order to evaluate the
magnitude and frequency of the rainfall events preceding
the 1982 landslide, a statistical analysis of the daily
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Fig. 21 Ancona landslide: winter thermal cross section. Variation of groundwater iemperatures in the landslide body reflecting mobility
and preferential water flow through discontinuities within the clay mass

rainfall data from the end of last century to the present
was carried out, using data from the Ancona (Torreite)
and Baraccola stations (Cotecchia and Simeone 1996).
The maximum values of cumulative rainfall from 1 to
180 days for each year were calculated and normalised
using the Gumbel distribution. A statistical analysis
revealed that precipitation preceding the 1982 landslide
was characterised by a return period of less than
10 years (Fig. 22b), while a much higher return period
of more than 50 years was obtained for the rainfall
events which, in 1919, resulted in mass movements
similar to those of 1982, However, although not excep-
tional, the precipitation preceding the 1982 event was the

highest and most unfavourable since the 1972-1973
carthquakes. In fact, it is thought that such a period of
sustained heavy, but not exceptional rainfall, caused a
significantly higher net infiltration than would have
been caused by a more intense but shorter precipitation
period.

This analysis suggests that the triggering mechanism
of the 1982 landslide was not the amount and duration
of precipitation, but crucially, the increased perme-
ability due to the fissuring of the clay produced by the
1972 earthquake and the probable contemporaneous
re-opening of the natural trenches. This is supported by
a comparison of aerial photographs pre and posl the
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1982 event, which indicates that the fractures enlarged
during the 1972 earthquake, which would have in-
creased the large-scale permeability of the slope and
therefore its susceptibility to failure during future
rainfall events.

Geomorphological features of the landslide

The 1982 event caused the reactivation, partially or
totally, of the majority of the pre-existing geomorpho-
logical discontinuities, and also the activation of several
new sliding surfaces and deformation zones. A general
subsidence of the central and upper part of the slope was
observed, with a partial reactivation and extension of
the pre-existing natural trenches. The geomorphological
map of deep mass movements (Fig. 12) shows the out-
cropping morphology of the deeper landslide bodies
present in the slope. Shear bands having a ductile
behaviour were recognised to delimit the deeper land-
slide bodies (see cross section D, Fig, 23).

The 1982 failure surfaces and shear bands have been
identified primarily by means of inclinometer and
borehole data and secondly by high-resolution
geophysics. Thirly inclinometers were installed over the
whole slope from 1983 onwards; the inclinometer mon-
itoring is discussed next, It was also possible to recognise
important features of the landslide by looking at the
borehole information, which allowed identification of
the principal landslide bodies. Numerous different
sections have been studied (see the geomorphological
map in Fig. 12), of which section D across “Body C”
is considered as the most representative example.

Figure 23 displays cross section D together with the
relevant borehole stratigraphies and the corresponding
location of deep fractures and disturbed soil strata. This
information supported the identification of the slip
surfaces in Bodies B and C as well as in other, shallower
landslides.

At this point, it is useful to iliustrate how a high-
resolution geophysical investigation has contributed
to our understanding of the whole phenomencn. The
seismic section in Fig. 24, which has an exaggerated
vertical scale (Bianchi 1999), shows that there is a clear
difference between continuous undisturbed strata and
chaotic disturbed horizons within the Pliocene clays
forming the core of the Tavernelle syncline. The upper
part of these disturbed clay masses has been affected by
landsliding. However, it is important to recognise the
possibility that these strongly folded and deformed
sediments within the syncline were produced by ‘grav-
itational tectomics’ in the late Pleistocene. Furthermore
it is possible to identify the location of a number of
faults running parallel to the coast, while on the
landward side of the syncline, conditions of ‘frana-
poggio’ (i.e. an unfavourable inclination of strata) are
evident. All of these tectonic structures have probably
influenced the shape of the sliding bodies to varying
degrees. By superimposing the principal failure surfaces
on the seismic section (Fig. 25), it is possible to observe
the relationship between the landslide bodies and the
tectonically disturbed clay masses.

With regard to the geomorphological map, it is
interesting to note the features revealed within the
seabed. Understanding the geometry of sliding surfaces
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Fig. 23 Ancona landslide: cross section D and representative borehole logs with indication of recorded sliding surfaces

beyond the coastline is of great importance when
ascertaining the effectiveness of any proposed stabili-
sation measures. On the pgeomorphological map
(Fig. 12} it is possible to see the toe portions of the
1982 landslide (red) and the toe of the older landslides
(black), further off-shore. Focusing on section G
(Fig. 26), the results of stratigraphical and micropa-
lacontological analyses in the off-shore borehole
CS2M, drilled 220 m from the coastline, have shown
the presence of chaotic, highly disturbed material,
representing shear bands of various ages, which crossed
the slope prior to the 1982 event. The micropalaeon-
tological analyses have also shown the presence of
Middle and Lower Pliocene deposits above the younger
Holocene strata, a stratigraphical inversion also proven
in other off-shore boreholes. Together, the results from
investigations of the seabed morphology, analyses of
the borehole data and reflection geophysical investiga-
tions revealed that the toe of the 1982 landslide is
approximately 50 m from the coastline.

Concerning the geomorphological features of the
landslide area, it is also important to point out the pro-
nounced difference in gradient existing along the coast-
line between the sliding slope (10°-12°) and the adjacent

seabed (2°-3°). This contrasling morphology can be
attributed to different phenomena, among which the
existence of a fault running parallel to the coast provides
a likely explanation. The seismic section in Fig. 24 shows
a number of sub-parallel faults traversing ENE-WSW
across the slope. By extrapolating the lault surface F1 we
can see that it outcrops at the approximate junction
between these contrasting morphologies. Furthermore,
because movement of the Ancona landslide is a very old
story, the glacio-eustatic Flandrian transgression had an
important effect on the slope evelution, resulting in
progressive erosion at the toe of the slope. Finally, in the
last century many clay quarries were excavated along the
coast, which modified the natural slope geometry by sub-
vertical cuts and undoubtedly infiuenced the slope
stability as discussed later,

Inclinometer data and slope deformation kinematics
after landsliding

Data obtained from inclinometer installations have been
of key importance in identifying the sliding surfaces and
monitoring the deep on-going deformations after the
1982 event.
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Fig. 27 Ancona landslide: representalive monitoring and investigation data points (referred to in the text)

the azimuth values above 13 m b.gl. vary between
N270° and N360°, which indicates movements along the
direction of maximum slope gradient (red arrow in
Fig. 28); whereas deformations within the deeper strata
iend to follow the effective direction of landsliding (i.e.
N-NE, indicated with a black arrow in Fig. 28).

For inclinometer GR 01, the deformation profiles
shown in Fig. 28 indicate large zones of plastic defor-
mation between 50 and 70 m b.g.l. and a more clearly
defined shear band localised between 35 and 40 m
b.g.l.. The direction of movements recorded up to a
depth of around 100 m b.p.l. vary between east and
north-northeast, according to the main landsliding
direction for Body C (N-NE); in this case the direction
of movement is also compatible with the local gradient
of the slope. In the deeper part of the inclinometer tube
(100-120 m b.g.L.) negligible deformations of less than
4 mm (i.e. below the instrumental error of 0.1 mm/m)
have been recorded between 1983 and 1990, suggesting
that the slope is stable below this depth. However, it
should be noted that the corresponding azimuth read-
ings recorded in these stable deeper sections were also
found to be not reliable.

In the case of inclinometer GR 01, a large variation in
the azimuth readings is observed between 100 and

120 m, with the general direction of movement being in
complete disagreement with the global movement of
Body C. In addition, inclinometer TO €1 also shows that
below 30 m b.g.l. the azimuth readings fluctuate between
a spuriously large range of values, thereby losing any
practical significance. However, anomalies in the azi-
muth data were generally clarified by correlation with
the recorded deformation. In fact for inclinometer TO
01, below 30 m depth, displacements are small or
questionable; in particular the October 1992 reading
shows below 30 m a shape that is likely to be related to
problems with the inclinometer probe or tube. In fact, it
has to be considered that drifting errors can amplify
gradually the recorded horizontal displacement, creating
a “fan shape” profile that does not correspond to a real
deformation at such depth. This anomaly has been re-
corded only in the first readings because afterwards the
inclinometer tube was found to be impenetrable below
30 m (see the reading of August 2001). This confirms the
clear movements experienced in the slope at the western
margin of the landslide area (Torrette). A well defined
shallow sliding surface (6-7 m b.g.l.) is also evident
from the first readings.

The reading from GR 01 in April 1990 (referenced to
the October 1988 “‘zero reading™) records a displace-
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Fig. 28 Ancona landslide: representative inclinometers showing sliding surfaces and anomalies or “cusp” deformations. The black arrows
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ment towards the northeast of around 10 mm, suggest-
ing the formation of a new shear band at 100 m depth
(Fig. 28). In January 1993, the inclinometer pipe was
found to be interrupted at that depth. This level appears
to correspond to the main shear band of Body ‘C'.
Looking at the last readings carried out from GR 01, the
inclinometer profile in April 2003 (referenced to
November 2001), still shows a probable zone of plastic
deformation between 40 and 45 m b.g.l., but does not
show any evolution of the deformations between 50 and
70 m b.g.l. recorded up to June 1993. The diminution of
these deep movements, found in every reading carried
out from 2001 until today, coincides with the activation
of the drainage system, which was constructed
between 1999 and 2000 and produced a decrease in the
piezometric level of up to some 10 m. This has
undoubtedly increased the slope stability, stopping any
further formation/progress of the deeper shear bands.
It is clear that several practical difficulties have been
identified with regard to long-term monitoring using
inclinometers. These include human errors, such as
changes of operator and installation defects and also
mechanical errors (e.g. incompatibility between readings
taken using different probes, drifting errors, etc.). The
compounded effect of these problems leads to difficulties

in both interpretation and ultimately the formation of a
coherent kinematic model.

Monitoring vertical displacements of the slope surface
by radar interferometry

Over the last 10 years, permanent scatter radar inter-
ferometry has also been used to monitor the slope
kinematics (Mazzotti et al. 2003). The technique applied
is patented by the “‘Politecnico di Milano” and exclu-
sively licensed to Tele-Rilevamento Europa T.R.E. S.rl
who use SAR (Synthetic Aperture Radar) data acquired
by satellites ERS-1 and ERS-2 of the European Space
Agency (ESA). The data processing was carried out
using two different data-sets of satellite images; the first
acquired during the satellite’s descending orbit and the
second during the ascending one.

Figure 29 presents the results obtained from the
descending orbit data, which was found to be better
suited to survey the vertical displacement at Ancona. In
fact, as shown in the small sketch reproduced in Fig. 29,
the descending orbit is almost parallel to the principal
direction of horizontal displacements, while the
ascending orbit forms an angle of around 30° with it.
This means that the horizontal displacements are not
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Figure 28 shows selected readings for inclinometers
GR 01, TO 01 and TE 01, which provide information
representative of the 30 inclinometers installed in the
area under investigation. The location of these three
inclinomelters is indicated in Fig. 27.

Inclinometer GR 01 was installed immediately after
the 1982 landslide, to a depth of 120 m in the central
area of Body C, downslope of the lower natural trench.
Inclinotmeter TO 01 was installed at the end of the 1980°s
to a depth of 50 m, within the western part of the
landslide area. Inclinometer TE 01 was installed a few
years later, to a depth of 50 m in the central part of the
landslide area. All remain operational and are not only
useful to interpret the deep deformations after the 1982
landslide, but also to highlight the typical problems
encountered when using and interpreting inclinometer
data.

The measured inclinometric deformations are neces-
sarily referred to different ‘zero’ measurements (indi-
cated in brackets in Fig. 28), due to the replacement of
the inclinometric probe over the years or to the recali-
bration of the same probe necessary for essential main-
tenance.

Inclinometer measurements over the area show that
the slope deformation processes were active for a long
period after the 1982 event. In general, movements at
depths exceeding 40-50 m are not indicative of the

presence of a single shear surface, but rather of large
zones of extremely irregular deformation, as also sug-
gested by the results of the high-resolution seismic
reflection survey. On the other hand, more conventional
well-defined shear bands are present above 40 m depth.
In any case, the overall slope deformation process differs
from a simple rigid block sliding mechanism and the
inclinometer deformations along the tube follow differ-
ent directions, refiected by the azimuth readings.

With regard to the azimuth readings, it is of note that
the azimuth values have shown a high variability from
one reading to another (generally within 90°). This may
be attributable to several causes, including instrumen-
tal errors (drifting and calibration errors), operator
inexperience and data processing errors. In our case
these errors have been amplified because of the lack of
continuity in the readings over the years, resulting in a
succession of different operators and equipment,
together with frequent changes in the “zero reading”
datum.

In spite of these problems, the azimuths obtained for
deep deformations generally agree with the principal
trend of landslide movements. However, the recorded
deformation azimuths within the superficial strata tend
to be influenced by such factors as slope morphology
and other localised features (e.g. proximity to natural
trenches). For example, looking at inclinometer TE 01,
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Fig. 25 Ancona landslide: traces of sliding surfaces defining the different landslides bodies superimposed on the seismic section
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perceived during the descending orbit, because the
distance between the sensor and the target on the ground
does not vary, whereas during the ascending orbit, the
horizontal displacements are interpreted by the sensor as
being additional, fictitious, vertical displacements.

The descending orbit data, processed between 1992
and 2002, gave clear indications that both the uplift and
subsidence which occurred within the landslide area
were in the order of a few millimetres per year. As ex-
pected for a soil mass subject Lo roto-translational slid-
ing, there are uplifts along the coast (blue tonality points
on Fig. 29) and clear settlements in the middle and up-
per areas of the landslide body (colours varying from
yellow to red). Furthermore, the central part of the coast
seems to be generally stable (green points), in spite of a
few anomalous points of positive and negative defor-
mations, while clear uplift movements have been ob-
served to the east and west of the landslide area (in the
Rupe della Palombella/Posatora and Torrette districts
respectively). This provides complementary evidence of
the ongoing deformation processes after the main 1982
event, supporting that already ascertained from the in-
clinometers, which identified the horizontal component
of these displacements.

Human influence upon slope stability: the quarrving
of clay

At Ancona, the quarrying of clay along the coast is a
very old practice, which stopped completely in the 1950s.
The century-old picture reproduced in Fig. 30 illustrates
the numerous quarries at the toe of the slope between
Palombella and Torrette. Not all of them are still visible
today because many have been covered by subsequent
landsliding events. During the execution of the first
phase of planned remedial works, a number of old brick
kilns were found buried by landslide debris, thus con-
firming this process.

Forty years ago Robert Legget described man as a
“geological agent,” referring to the damage that he often
caused to the environment. At Ancona, the sub-vertical
man-made cuts in the clay slopes have strongly
influenced and accelerated the slope instability
processes. For instance, at Palombella, radar interfer-
ometry has been able to detect uplift movements at the
base of the slope of up to 7.5 mm per year (see Fig. 31b).
These movements coincide with fracturing at the top of
the adjacent slope, evident in the photo shown in
Fig. 31a. These are undoubtedly due to local slope
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Fig. 30 Ancona landslide:
quarrying of clay along the
coast at Ancona. This old
practice, which stopped com-
pletely in the fifties, strongly
influenced and accelerated the
slope instability processes

Ancona, end of the XIX century |
P

deformaltions resulting from the unloading at the toe of probably because of the beneficial effect on the slope
the slope produced by the quarrying excavations. This stability produced by a reclamation carried out before
area was only marginally affected by the 1982 event, 1982 just in front of the slope (Zipa reclamation,
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Fig. 31 Ancona landslide: upiift at the toe of Palombella slope (a): data obtained by Interferometry S.A.R. (b} and by slope deformation

analysis conducted using the distinct element method (UDEC) (c)

Fig. 29). In spite of this, the significant and progressive
deformations measured by the radar interferometry
show that the slope is still in a condition of critical
instability. This is also confirmed, at least from a con-
ceptual point of view, by the slope deformation analysis
carried out by numerical modelling using the distinct
elements method (according to UDEC code). Following
this method, the clay slope was subdivided into pris-
matic blocks (Fig. 31c) separated by three sets of parallel
planes, one horizontal and the others inclined at +60°
with respect to this. The deformation analysis resulted in
a clear uplift at the toe of the slope, as observed by the
radar interferometry.

Stabilty analysis of the slope and design
of stabilisation measures

General

A quantitative stability analysis of the slope is essential
to fully understand the causes of the landslide and is
indispensable for the correct design of the stabilisation
measures. A fundamental step in this analysis is the
transition from the geological model to the geotechnical

model of the slope. In a case such as Ancona, given the
geological, geomorphological and structural complexity
of the slope, the main difficulty is to apply the guanti-
tative data obtained from laboratory tests (malerial
characleristics} to the largely variable and composite
framework (mass characteristics) of such a landslide.
The problems inherent in this approach are clear when
considering that the mechanical behaviour of a slope
formed by fractured clays and containing numerous
zones of reworked material (due to the presence of pre-
existing sliding surfaces) is not controlled by the intrinsic
strength of the undisturbed clay, but mainly by the
geometry, frequency and kind of discontinuities crossing
the slope and by the strength characteristics of the clay
along these discontinuities. Skempton and La Rochelle
(1965) wisely remind that the operational shear strength
of a jointed clay mass depends largely on the strength
characteristics of the discontinuities. In fact, landslides
in stiff jointed clays have been observed mainly to occur
along the existing surfaces of weakness produced by
previous landslide or tectonic processes, where the shear
strength has already attained the residual value (Haw-
kins 2002; Sciotti and Calabresi 2004).

From this it is clear that in carrying out a complex
stability analysis such as that at Ancona, it is not
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sufficient to refer solely to the geotechnical para-
meters obtained by laboratory and insitu tests. In
order to obtain strength parameters more representa-
tive of the large-scale behaviour of the slope, a very

useful supplementary technique is provided by back-
analysis of the slope failure. The following sections
provide a more detailed account of both of these
methodologies.
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soils in the investigated area in order to determine the
. input parameters for the stability analyses.

Figures 32 to 37 present some results from the geo- Figure 32 shows the grading curves and the plasticity
technical in situ and laboratory testing carried out on  chart of several undisturbed soil samples taken at depth,

Geotechnical parameters from laboratory tests

4)
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2. A deep drainage system to reduce the pore water
pressures in the soil. The parallel permeable trenches
shown in blue in Fig. 38 are part of this system.

3. A bio-stabilisation and slope re-profiling strategy to
improve the drainage of surface waters and minimise
areas of excessive accumulation or ponding, thereby
reducing infiltration into the slope.

Prior to my involvement in this project, analogous
remedial measures had also been proposed by other
researchers in a preliminary phase of study sponsored
by the Ancona Council in 1987 (Colombo et al. 1987).
However, the final proposed remediation measures in-
volved complete re-profiling of the original shoreline
and also relocation of the Flaminia road and Adratic
railway, which constituted part of a contemporancous
improvement in local urban infrastructure. In Fig. 39 a
conceptual sketch of the area after the completion of
the planned works is shown. In this project, the effec-
tiveness and size of the proposed scheme was assessed
by means of stability analysis, using the operational
strength values calculated from the back-analysis.

The designed stabilisation embankment consists
of two principal components (Fig. 40): an earth
embankment (shown in green) and a protective reef

(orange-brown). The planned deep drainage scheme
comprises a system of drainage trenches perpendicular
to the coastline and crossing the lowest part of the
landslide area. A number of deep drainage wells have
also been constructed at regular intervals within these
trenches {see cross section in Fig. 41) in order to reduce
the deeper pore water pressures by limiting the maxi-
mum height of the deep piezometric level to the base of
the trenches. Figure 41 also shows some construction
details [or the drainage trenches.

The effectiveness of the proposed stabilisation works
was established by carrying out a number of direct
stability analyses of the slope (along the sliding surfaces
shown in Fig. 42) using a number of different limit
equilibrium methods (Janbu simplified, Bishop simpli-
fied, Fellenius). The operational strength values along
the selected sliding surfaces had been calculated retro-
spectively using back-analysis. The effectiveness was
assessed in terms of incremental change in factor of
safely from the initial value (prior to any remedial
work), which was arbitrarily assumed to be 1.05.

The results of the stability analysis are summarised in
Fig. 43. For each sliding surface, the benefits produced
were assessed in lerms of the percentage increase in

Stabilization embankment
New railway :
New highway

e ]2 ——d3

Fig. 38 Ancona landslide: plan with indication of the proposed stabilisation works in the landslide area (Cotecchia 1994)
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Fig. 39 Ancona landslide; conceptual skeich of the arez after toe of the slope above the surcharge embankment. in addition the
completion of proposed remedial works. The completion of new layoul makes provision for a new large public promenade,
remedial works will comprise the planting of u large forested area  more than 50 m wide, running parallel to the coastline. These
over the slope and the relocation of the Flaminia road and FF.85. additional features are part of a new town plan, which is currently
ratlway to a safer position. These wilt be relocated away from the  under development by Ancona Town Council
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Fig. 40 Ancona landslide: design of remedial measures, representative cross sections of the proposed stabilisation embankment
factor of safety as a function of the embankment length In these calculations, the effect of the embankment and

(parallel to the cross section} and the decrease in pie- of the deep drainage were considered separately and
zomelric levels produced by the designed deep drainage. then summed to show the combined effects. The stability
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Fig. 42 Ancona landslide: design of remedial measures, principal landslide bodies considered for the stability analysis (cross section D)

analyses found that, in the assumed conditions, the
increase in factor of safety is higher for the superficial and
the medium depth landslides. However, an improvement
of around 10-15% was also obtained for the deeper
landslide bodies. This improvement is predominantly
attributable to the effect of the embankment; however,
due to the high values of pore pressure recorded at depth
in the slope toe (ie. up to 15 m as.l., see Fig. 20), a
significant contribution is still provided by the drainage
measures. In reality, the combination of the two tech-
niques is a key factor in the long-term success of the
stabilisation programme. In summary, it is evident that
the main beneficial effect of the stabilisation measures is
on the superficial and intermediate sliding surfaces.
These surfaces are considered to be crucial to the global
stability of the slope as they restrict the progressive

retrogressive failure mechanisms, which are thought to
be the most likely mode of long-term slope degradation.

Stabilisation works carried out to date

Unfortunately, although essential for restoring important
urban infrastructure and providing a safer future for the
local population, implementation of the recommended
stabilisation works is progressing very slowly. To date,
the planned remedial scheme has only been partially
carried oul. These stabilisation works were conducted
between 2000 and 2003 and generally concentrated on the
eastern part of the landslide area (between Barducci and
Palombella Districts). In addition to being one of the
zones mosl affected by the 1982 landslide event, this area
was also considered crucial to the redevelopment of
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infrastructure at Ancona. The first phase of stabilisation
works involved the construction of two substantial
drainage trenches uphill of Via delia Grotta (see Fig. 45).
These were located largely within the major existing
natural trenches and had the function of intercept-
ing surface water infiltrating into the slope through
these natural features and generally lowering pore water
pressures within the slope.

After this initial work, priority was given to the
stabilisation of the slope between Via della Grotta and
the main road $S16 (Fig. 44). This was the location of
a superficial but extensive landslide (“*Barducci”’ land-
slide Fig. 42) that occurred in 1982, with an approxi-
mately NNE direction of propagation. These works
consisted of

(a) Two anchored concrete diaphragm walls,

(b) One anchored bored cast in situ concrete pile wall,

(c) A system of drainage trenches,

(d) A surcharge fill at the toe of the slope

(e) A bio-stabilisation programme comprising the
planting of a large forested area

(f) Associated slope reprofiling and drainage improve-
ments.

For the general stabilisation of the slope a long
reinforced concrete diaphragm wall (n. | in Fig. 44) was
constructed along Via della Grotta to protect the

Posatora area from the risk of a reactivation with
retrogressive movement of the landslide. A reinforced
concrete pile wall (n. 2 in Fig. 44) was constructed in the
middle of the slope together with a sizeable drainage
trench perpendicular to and intersecting the sheet piling,
in order to constrain a local debris flow.

A more specific objective of the work was the direct
stabilisation and protection of the new Palombella
by-pass from movement of the adjacent slope
(Fig. 44). This was achieved by constructing a rein-
forced concrete diaphragm wall sub-parallel to the
road (n. 3 in Fig. 44) together with a system of eight
drainage trenches parallel to the general direction of
maximum gradient of the slope. Every trench was
terminated in a basal drainage well, each of which was
interconnected by a discharge pipe, which was also
instrumented for monitoring purposes. Trenches 1-4
are part of the preliminary planned system of trenches
(Studio Cotecchia Plan 1994), which are intended to
cross the entire landslide area from east to west. The
construction of these trenches represented the first
experimentation of the method proposed in 1994, to
excavate deep trenches within this highly unstable
slope. The stability of the trench walls during con-
struction was ensured by a progressive construction
sequence involving the insertion of porous concrete
panels at 12.5m centres within coarse trench fill
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Fig. 44 Ancona landslide: stabilisation works carried oul to date downhill of Via della Grotta

material, in order to continuously reinforce the trench
structure (Fig. 41).

Long-term monitoring of groundwater
(pre- and post-construction of remedial works)

In addition to the stabilisation works, a long-term
monitoring programme has been also carried out to
allow the continuous control of the slope stability and
assess the effectiveness of the works. The 20 year long
(1983-2003) inclinometer monitoring of the slope has
been discussed previously, together with the monitoring
of settlement and uplift movements at the slope surface
carried out by radar interferometry (1991-2002). A long-
term monitoring programme of the groundwalter regime
in the slope has been carried out to assess the effective-
ness of the drainage system.

Figure 45 shows the drainage works implemented to
date, together with some representative piezometric
monitoring points selected from the many that were
installed in the general area of the landslide. The data
recorded by these piezometers clearly show the effects on
the groundwater level produced by the drainage system.
The plot of the piezometric levels for the piezometer PZ
CS 16 (Fig. 46) indicates the rapid lowering of the

groundwater level corresponding to activation of the
drainage trench network, evidencing the effectiveness of
the deep drainage remedial measures. This is also con-
firmed by flow measurements in the drainage system
directly downslope of PZ CS 16, which recorded an
average discharge of 10 I/min.

Another feature evident from the piezometric trends is
the rapid variation in static groundwater level in direct
response to rainfall. For example, piezometers WP and
WP2 (Fig. 47} clearly demonstrate that periods of heavy
rainfall correspond to peaks in piezometric level, which
tend to reduce in subsequent months when there is a
modest pluviometric regime. They also show that the
mean piezometric level decreased from about 5 m b.g.l to
around 10 m b.g.l. after activation of the drainage sys-
tem. Piezometer PZF 2 (Fig. 48), located in the western
part of the landslide area (Torrette zone), shows that in
this area also there is a direct correlation between the
pluviometric regime and piezometric levels in the slope.
The high degree of microfissuring in the clay and areas of
high rainwater infiltration (natural trenches), which were
both magnified by the 1972 earthquake, play a significant
role in the relationship between the pluviometric regime
and the piezometric levels and confirm the importance of
rainfall in triggering the 1982 landslide event.
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Fig. 45 Ancona landslide: drainage works carried out until 2003 and representative monitoring points of piezometric levels

Summary

The coastal slopes in the Ancona area are known to have
been unstable for many years. These slopes, formed
mainly in Pliocene clays, contain a number of previous
failure surfaces/zones, which over time have been reac-
tivated. In recent years this may have been exacerbated
by the digging of clay pits towards the lower part (toe) of
the hill slope, causing some unloading in this area. The
toe of the main landslide had been proved to extend
some 50 m beyond the shore line. The extent of the
off-shore movements may in part be related to coastal
erosion during previous glacio-eustatic sea level changes.

In addition to the near surface movements, which can
be studied geomorphologically, deeper movemenis have
taken place, which in some boreholes is indicated to be
in a ductile zone some 100 m b.g.l. The slope itself has
clearly moved at various times, with the individual
landslides causing trenches (grabens) to be opened semi
parailel to the contour line.

Shear strength testing and back analysis have indicated
that the peak angle of internal friction is in the order of 21°
while the residual strength is in the order of 13°. The test
results from samples from the on-land holes show a typical

curved failure envelope, which for convenience is often
shown as a straight line in the arca where the effective
normal pressures are in excess of some 300 kPa. This
curvature was not as pronounced in the off-shore borehole
samples, although the testing of these was not extended
beyond an effective normal stress of 600 kPa.

Using examples from the Ancona records, several
practical difficulties have been highlighted with regard to
long-term monitoring using inclinometers and subsequent
difficulties in data interpretation. However, the inclino-
metric readings remain essential to the formulation of a
valid kinematic model of the slope and experienced
researchers studying the data carefully are normally able
to discard some results due to operator error, etc.

The paper highlights the significance of the
groundwater pressures, whether they are created by fast
percolation (resulting from storm events) through the
fractures or through cumulative rainfall over long
periods.

The main effect of the remedial works was considered
to be related to the loading of the toe by the placement
of a new embankment structure and the draining of the
lower slope area, thus allowing dissipation of pore
pressures in the higher parts of the landslide and also
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lowering the groundwater pressure exerted on the deeper
failure surfaces. The combination of these two tech-
niques is a key factor in the long-term success of the

found that the main beneficial effect

stabilisation programme. In the case of Ancona, it was

of the stabilisation

measures was on the superficial and intermediate sliding
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surfaces. These surfaces are considered to be crucial to
the global stability of the slope as they restrict the pro-
gressive retrogressive failure mechanisms, which are
thought to be the most likely mode of long-term slope
degradation.

Conclusion to the Hans Cloos Lecture

The case history of Ancona provides a good example
of the necessity for a rigorous approach when
endeavouring to understand complex and extended
landslide phenomena. Indeed, the complexities outlined
herein testify to the dangers inherent in applying over-
simplistic assumptions based upon geomorphology
when attempting to produce large-scale zonation maps
of landslide risk levels. This was an issue upon which I
expressed my doubts more than 30 years ago, during
the first IAEG Symposium dedicated entirely to land-
slide phenomena, which was held in Prague in 1977
(Cotecchia 1977).

At Ancona, in spite of the considerable effort spent in
understanding the landslide phenomena, both pro-
gressing subsequent research/monitoring activities and
the implementation of the remedial measures have
proved to be very difficult. This is primarily due to a lack
of financial resources but also possibly because there is
not the political awareness of the risk posed to the
western part of the town. The same consideration can be
applied to many other cases in Italy.

In my introduction, 1 highlighted the poor investiga-
tion and monitoring culture at the time of the event of
Vajont. As a result of this, the scientific community still
continues to debate over the mechanics of that cata-
strophic landslide. This is not the right place to start
discussing the various hypotheses proposed to explain
the sudden collapse of 270 million m® of rock into the
lake. In spite of the numerous suppositions, the main
difficulty is to accept the surprisingly low values of fric-
tion coefficient (f = 0.18-0.26) necessary to produce the
exceptional velocity of the sliding movement (27 m/s)
and the short time for collapse to occur (20-25 s).

It seems that the phenomenon of aquaplaning
(Fig. 49) is the only one capabie of explaining the fea-
tures of the collapse and also the integrity with which the
rock mass was dislodged across the lake and ascended
more than 150 m up the opposite shoreline. The aqua-
planing theory assumes that as the landslide mass star-
ied to slide into the lake, it was allowed to accelerate via
an almost frictionless cushion of pressurised water,
generated by the lake water unable to escape instanta-
neously from beneath the enormous rock mass.

As a final thought on Vajont, I would like to
remember Professor Gregorio Melidoro, one of my first
students and a great supporter of the IAEG. He sadly
passed away in 2004. We started to carry out research
regarding the phenomena of aquaplaning at Vajont, but
the difficulty of finding sponsors to finance the complex
experimentation meant our efforts were in vain. So,
more than 40 years after the event, no unequivocal
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Fig. 49 Vajont landslide: the aguaplaning phenomenon is the only
one capable of explaining the features of the coilapse and also the
integrity with which the rock mass ascended more than 150 m up
the opposite shoreline of the luke

answer has been given to explain this historical tragic
event.

In my lecture 1 have recounted a few cases of slope
instability which have violently affected this and other
countries. I would like to suggest that you should orga-
nise an IAEG meeting on the greatest landslides in his-
tory, remembered for having made significant changes to
the planet! The great Latin poet Ovidio at the dawn of the
Christian era observed in his “Metamorphoses™: ““vidi
ego, quod fuerat quondam solidissima tellus, esse fretum"
{ *“f've seen what once was very strong land become sea”

I would really like to study further the many floods
caused by past landslides and which have helped to shape
our world and change the course of history.

Slope stability represents a science in progress.
However, research in this field does not find a proper
understanding nor attract appropriate financial support
at the political level worldwide. Recently the geologist
Prof. Robert Karlin of Nevada University, who is
investigating the potential role of landsliding in the
formation of the Bosphorus Channel, informed me that,
because of lack of funds, he was unable to continue his
survey in the Black Sea which started in 1988, In that
year, he took part in a scientific expedition carried out
by the Oceanographic Institute of Woods Hole in the
Black Sea area. On that occasion, a few deep off-shore
boreholes (Fig. 50) discovered a thick deposit of land-
slide debris.

At the same time, Pitman and Ryan, geophysics
professors at the Columbia University of New York,
were investigating the formation of the Black Sea with
the purpose of correlating this natural event with the

o Offshore borsholes (Ocaan graphic
Institute of Woods Hale, 1
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Fig. 50 Black Sea: Ryan and Pittman formulated the hypothesis
that the Black Sea was formed 7,500 years ago due to massive
overflowing of the Mediterranean through the Bosphorus Channel.
This would have led to the migration of the local population.
In 1988, during a scientific expedition carried out by the

Oceanographic Institute of Woods Hole, the geologist Bob Karlin
discovered a thick deposit of landsiide debris in the Black Sea
seabed, thus supporting the sudden and catastrophic influx of
seawater through the Bosphorus Channel
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biblical story of Noah's flood. The discovery of Karlin
was important in supporting their ideas, In their book
“The Noah’s Flood” (1998) Ryan and Pitman formu-
lated the exciting hypothesis that the Black Sea was
formed 7,500 years ago because of the sudden breaching
of the natural earth barrier in the Bosphorus Channel
under increased pressure caused by the glacio-eustatic
elevation of the Mediterranean Sea. This caused the
sudden and catastrophic influx of seawater into the lake
behind (ancestor of the Black Sea). Those of the local
population who survived the flood migrated towards
Europe and Mesopotamia.

Figure 51 shows the Flandrian Transgression for the
Mediterranean Sea over the last 15,000 years (Cotec-
chia et al. 1969, 1971; Cotecchia and Pagliarulo 2001).
Using this sea level curve, it is possible to deduce the
probable sea level in the Mediterranean when the
postulated catastrophic failure of the Bosphorous
occurred, that is, some 15 m below the present day sea
level. Among the causes of the landsliding, I would also
consider the potential contribution of a contemporary
seismic event along the Anatolian Fault passing by
the Bosphorus Channel (Fig. 52). Together, these
considerations reflect the delicate balance and synergy
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Fig. 51 Black Sea: glacio-custatic variations of Mediterranean sea
level. The diagram waus derived from carbon- 14 dating of peat and
helix levels encountered in boreholes drilled along the lonic coast
(Calabria Region). The glacio-eustatic variations were determined
between the Tyrrhenian and Holocene, in this case the diagram has

been cut just before the Flandrian transgression. Even though the
diagram derives from a survey carried out on a limited Mediter-
ranean arc, a general meaning can be attributed to it. This allows us
to deduce the sea level when the catastrophic Bosphorus failure
would have occurred as being around 15 m below present sea level

Fig. 52 Black Sea: seismic
evenls recorded between 1939
and 1967 along the Northern
Anatolian Fault, passing just a
few kilometres south of the
Bosphorus Channel. Among
the causes that could have
produced the sudden breaching
of the natural earth barrier
between the Mediterrancan
Sea and the Black Sea, the
contribution of a contemporary
seismic event must also be
considered

BLACK SEA N

Northern An




40

V., Cotecchia

between glacio-eustatism, tectonics, earthquakes, geo-
morphological changes and geomechanical conditions
for slope stability. The impressive scenario drawn by
Ryan and Pitman is highly reminiscent of the Vajont
case.

In conclusion, it is important that IAEG continues to
use its scientific authority to encourage as much as
possible that international research develops along the
lines illustrated here. Besides topics of general and his-
torical interest, great attention should be devoted to
developing technologically advanced instruments capa-
ble of comprehensively measuring the various factors
influencing landslides and monitoring the agents which
determine the landslide evolution. These will greatly help
to safeguard the environment and design appropriate
stabilisation solutions. As this requires adequate finan-

cial support, | hope that the needs of the geo-engineering
community will be brought to the attention of decision-
makers in society.
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"The piezometric data of the Vajont
slope were too little and
guestionable; they were not
sufficient for drawing up a reliable
hydrogeological model, which is
necessary in these cases to make
reasonable assumptions about the
pore pressures for slope stability
analysis"

(by Hendron & Patton, 1985)
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