











Fig. 1- Examples of active earthflows in the Emilia-Romagna region, Northern Apennines. a) The Montevecchio
landslide, near the city of Cesena. The main scarp is completely exposed and the bedding of the layers is dip slope;
b) The picture show the deposit/toe of the Boceto landslide (near the city of Parma), where there are a lot of cracks;
¢) The Calita landslide (near the city of Modena) present an huge channel body with a maximum width of almost
200m. d) The Silla landslide (near the city of Bologna) is classified as a complex landslide and reactivated in 2014.

Basically, these landslides have a source area that are generally characterized by the terrace of the
slide that originates the earthflow, a track (or more than one) and an accumulation area (Picarelli et
al., 2005). However, there are cases in which a real channel does not exist and the earthflow spreads
over a flat slope. Guida et al., (1993) proposed a model regarding the evolution of earthflows
divided in four differentiated phases on the basis of the morphological characteristic elements,
recognizable by the macroscopic evidence of movement (Fig.2). In the phase A, the main scarp is
evident and the detached materials move downslope at first with an high velocity (>0.3 m/day;
Varnes, 1978), then with a velocity of 1.5 m/month. The landslide surface is highly softened and
very irregular. The duration of this phase is usually seasonal. During the B phase, the material has a
medium to low velocity (> 1.5 m/year; Varnes, 1978) and the accumulation area starts to enlarge as
a lobate toe. In the C phase, the geometry of the landslide is characterized by a lower steepness of
the shape and the velocity of the movement is low to very low (> 0.06 m/anno; Varnes, 1978). The
phase D is characterized by the considerable morphological evolution of the main scarp, while the
landslide body is not easily recognizable on the slope. There are no macroscopic evidences of
deformation in the channel and in the toe (dormant phase).
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Fig. 2- Evolution scheme of earthflows. The different phases represent how usually earthflow move downslope and
the kinematics over time. In the first phases, the main scarp is well defined and the material is accumulated in the
channel. In the lasts phases the main scarp draw back, the accumulation area reduces its steepness and basically
there are no evidences of deformation. Modified from D’Elia, 1975.

Active earthflows commonly exhibit seasonal movements controlled by rainfall, snowmelt, and in
some cases atmospheric tides (e.g. Coe et al. 2009; Schulz et al. 2009) and in particular conditions,
some earthflows can remain active for several centuries and move over very long distances (Coe et
al., 2009). Earthflow response to rainfall or snowmelt is often delayed, and in several cases, long
periods of cumulated precipitation are required to trigger activation (Kelsey 1978; Iverson 1986;
Iverson and Major 1987). Velocity profiles generally show the existence of well-defined basal and
lateral shear-surfaces normally associated with sliding movement (e.g. Hutchinson, 1971). In spite
of their flow-like morphology, the dominant mechanism of the earth-flow movement is sliding at
residual strength (Keefer and Johnson, 1983; Baum, 2003; Schulz et al., 2009). Continued
movement may be maintained over long distances and periods of time with intermittent plastic
deformation combined with internal creep controlled by pore-pressure fluctuations (e.g. Iverson,
2000; Baum, 2003). Slow movement could persists for days, months, or years (e.g. Varnes and
Savage, 1996; Coe et al., 2009). In others cases, earthflows move intermittently; this character of
motion is especially pronounced in arid climates (Hungr et al., 2014). Surges in movement are less
common and earth flows capable of surging move in a slow persistent manner most of the time
(Keefer and Johnson, 1983; Hungr et al., 2014). Observations of earthflow velocities (Keefer and
Johnson, 1983) reveal three distinct patterns of variation: the first is characterized by period of



constant velocity lasting for several days, interrupted by short lived accelerations and decelerations;
the second movement pattern is characterized by relatively slow velocity with few millimeters or
centimeters movement surges. A third movement pattern is characterized by major surges causing
abrupt advancements of several meters. (Keefer and Johnson, 1983).

Movement and activity of the earthflows are controlled by the water content of the involved
materials (Baum et al., 2003). A pore-water pressure rise decreases the effective stress, thus the
shear strength of the soil. Pore-pressure fluctuations, driven by rainfall and/or atmospheric tides, in
combination with soil properties and shear-surface roughness, directly influence the rate of
earthflow movement (Hutchinson and Bhandari, 1971; Keefer and Johnson, 1983; Iverson and
Major, 1987). Moreover, changes in pore-water pressure near the basal slip surface, induced by
earthflow material deformation, may play a role in damping acceleration (Iverson, 2000; Coe et al.,
2009; Schulz et al., 2009). It indicate that earthflow velocity is generally positively correlated with
groundwater pore pressure near the center of the landslide, and inversely correlated with pore-water
pressure along the margin of the landslide (Schulz et al., 2008). The inverse correlation along the
margin may be due to a pore-pressure feedback mechanism (Schulz et al., 2008) wherein landslide
material dilates during acceleration, causing pore pressures to decrease and the landslide to
decelerate. Baum and Johnson (1993) proposed that the deformation of earth-flow material moving
on an irregular slip-surface induces a forced circulation of water that occurs as secondary flow of
pore water.

The presence of clay layers causes the landslide to retain water, thus to react quickly to precipitation
and snowmelt events. Shear strength of the clay layers tend to be significantly lower than both the
landslide materials and the adjacent ground, helping to perpetuate movement on relatively gentle
slopes. In some cases, the clay layers are pre-existing features, such as buried soil horizons or
stratigraphic layers, while, in other cases they appear to have formed by redistribution or
mechanical enrichment of existing clay as a by-product of earth-flow movement (Baum et al.,
2003).

The aim of this work is to study the evolution of active earthflows. At first, we focused our attention
on the solid-to-fluid transition of the material involved in earthflows, and we analyzed this aspect
through laboratory tests, field monitoring and geophysical investigations (ReMi-MASW surveys
and continuous ReMi measurements) (paper 1 and 2). On the second hand, we studied the
distribution of surface structures to characterize the short-term behavior of an active earthflow in
southern Italy, and we reconstructed the 3D geometry (using HVSR acquisitions and ReMi-MASW
surveys) of the earthflow in order to compute sediment discharge at the transition of kinematic
zones (paper 3). Finally, we used HVSR and ReMi-MASW acquisitions in order to study the
seismic liquefaction effect on soils and to understand how the seismic wave velocity is influenced
by the different liquefaction potential.

One way of characterizing the solid-to-fluid transition is to carry out rheometric tests on clayey soil
samples in order to assess the evolution of the viscosity with the shear stress. We perform
rheometric tests on clay soil collected in six landslides defined as earthflows (see paper 1). One of
these is located in the Emilia Romagna region (Northern Apennines of Italy), and is referred to as
the Montevecchio landslide. The primary objective of the study is to assess if these clayey soils
exhibit similar rheological properties at the solid-fluid transition, in particular in terms of critical
shear stress and viscosity bifurcation. The second objective is to investigate whether the rheological
properties of these clayey soils can be related to (and possibly predicted by) their geotechnical






2. The University of Sannio, Department of Sciences and Technologies (Prof. Guadagno
Research Group), which made available geomorphology and monitoring data regarding the
Mount Pizzuto earth flow in Southern Italy (Campania Region).






Position resolution 50nrad
Frequency range 1uHz to 150Hz
Measurable speed range 10nrad s to600 rad s*
Temperatur range -150°C to 550°C

Tab. 1- A view of all the main characteristics of the Bohlin rheometer.

The clayey soils were placed between the two parallel-plates (Fig. 3c) following a specific
procedure. At first you have to install the upper tool, inserting the 5mm diameter shaft on the top of
the tool into the collet on the air bearing. In the display on the right of the rheometer (Fig. 3a) it is
possible to observe the normal force meter that indicate the amount of normal thrust that you are
placing on the air bearing. It is important to monitor this thrust so as not to overload the air bearing.
Once the instrument has stabilized at the desired test temperature, you must zero the gap between
the top and bottom plates or between the cone and the plate. Once the gap is properly zeroed, the
instrument will correctly read sample thickness relative to this zero value. After that it is possible to
set the intended gap (in this case 3600 u m for all the tests). To load the sample, it is first necessary
to use the up and down arrows (on the right side of the rheometer), and raise the upper plate, then
you have to proceed as follows: 1) separate the two plates until there is enough space to insert your
sample; 2) insert your sample; 3) lower the upper plate using the knob on the top or press the down
arrow on the test station front and hold for about one second to instruct the instrument to
electronically lower the upper tool to the intended gap.

Fig. 3. a) The Bohlin CVOR rheometer. On the right, it is possible to see the display in which you can set the
parameter of the test (e.g. the parallel-plats gap, the duration of the test). b) View of the sliding lock and assembly
that hold upper tool. ¢) The parallel-plats that rotate during the tests and apply the shear strain to the samples.










































mailto:simon.carriere@hotmail.fr
mailto:denis.jongmans@univ-grenoble-alpes.fr







































































































































































































































































































































































































































































































PAPER 4

A surface seismic approach to liquefaction

Castellaro S., Panzeri R., Mesiti F., Bertello L.

*published in Soil Dynamics and Earthquake Engineering, April 2015








www.sciencedirect.com/science/journal/02677261
www.elsevier.com/locate/soildyn
http://dx.doi.org/10.1016/j.soildyn.2015.04.023
http://dx.doi.org/10.1016/j.soildyn.2015.04.023
http://dx.doi.org/10.1016/j.soildyn.2015.04.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soildyn.2015.04.023&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soildyn.2015.04.023&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soildyn.2015.04.023&domain=pdf
mailto:silvia.castellaro@unibo.it
http://dx.doi.org/10.1016/j.soildyn.2015.04.023



http://ambiente.regione.emilia-romagna.it/geologia/
http://ambiente.regione.emilia-romagna.it/geologia/




38 S. Castellaro et al. / Soil Dynamics and Earthquake Engineering 77 (2015) 35-46

Table 1
Sedimentological description of the four soil classes.

Soil Observed Description [0, 15] m depth Number of
class liquefaction sites
A Yes Sands (paleo-river beds, out-flow 28

channels)
B No Sands (paleo-river beds, out-flow 25
channels)
C No Shallow clays/silt ( <8 m) 13
Deep sands (> 8 m)
D No Clays, silts 18
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Fig. 3. Average friction ratio (i.e. sleeve friction, fs, versus tip resistance, qc) for the
four soil classes. The standard deviations can be inferred by looking at the data
distribution in the Appendix (Fig. 15). Lower fs/qc ratios indicate sandy soils while
high ratios indicate silty-clayey soils.

Recalling that a Rayleigh wave induces the maximum displace-
ment at a depth equal to 1/3-1/2 of its wavelength 4 (e.g.
Chapter 4 in [14,29]), and considering that our surveys show
phase velocities Vi ranging between 150 and 250 m/s at f=4 Hz
(Fig. 5), we get an average wavelength of A=Vg/f=(150-250)/
4=37-62 m, which stands for a depth of investigation z., ~ [1/3,
/2] ~ [12, 32] m, which is adequate for our task, since liquefaction
generally occurs at depths shallower than 15 m and in the present
case study it was documented at a depth shallower than 8 m.

The phase velocity spectra collected in this area are all clear
and easy to interpret in the [4, 50] Hz frequency range, as can be
seen in the examples shown in Fig. 5. This is not always the case.
We pick the dispersion curves of the fundamental mode from the
phase velocity spectra at the 84 inspected sites, grouping them as
per the four soil classes of Table 1. The average dispersion curve
plus or minus the standard deviation of each group is shown
in Fig. 6. We immediately observe that the geophysical approach is
not capable of separating the four soil classes. Class A and B sites,
characterized by liquefied and non-liquefied sandy soils, have
exactly the same phase velocity distributions, while the CPTs
(Fig. 3, Fig. 15 in Appendix A) suggest that some difference exists
between these two classes: class A soils are richer in sand between
5 and 7 m depth. This limitation of the adopted seismic surface
methods is discussed in the next section.

Class D soils, which are characterized by clay and silt in the first
10 m depth, show significantly lower phase velocity distributions
compared to class A and B soils in almost the whole frequency
interval considered. Class C soils, characterized by sands at depths
larger than 8 m, show phase velocity distributions comparable to
class D soils in the high frequency part of the spectra, increasing
up to or higher than the distribution of class A and B soils in the
low frequency part. This trend is somewhat expected: Vi (and Vs)
normally increases from clays to silt to sand in this type of
depositional environment. However this is probably the first time
that this has been well documented in this part of the Po Plain, to
the point that the phase velocity distribution in this geographic
area could be used as a proxy for the shallow stratigraphy.

We note that the difference in the Vs values among classes (a
few tens of meters per second) appears low compared to the
difference in the CPT parameters. This is not surprising if one
recalls that that soil stiffness u is proportional to VZ (and the same
relation involving an exponent 2 exists between Vp and other
elastic constants and V is a function of both Vs and Vp).

The step of moving from the (frequency, Vx) space (Fig. 4B) to
the (Vs, depth) space (Fig. 4C), either through forward modeling or
inversion procedures, adds uncertainty due to the non-unique
inversion process. It is not the aim of this paper to discuss the
pitfalls of the inversion procedures, even though a few major
points will be highlighted in the following sections. In general we

Fig. 4. Workflow of surface-wave based seismic surveys. (A) Time-series recorded from the geophones at increasing distance from the source. The dispersion of surface
waves is visible in the enlargement of the ‘wave packet’. (B) Rayleigh wave phase velocity spectra. (C) Vs model proposed for the site, whose theoretical dispersion curve fits
the dispersion curve properly (i.e. the high energy part of the phase velocity spectra in panel B).
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Fig. 5. One example of phase velocity spectra of Rayleigh waves for each soil class in Table 1.
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Fig. 6. Dispersion curves (average + standard deviation) grouped into the four soil
classes. The number of curves used to assess the distribution of each soil group is
indicated in square brackets in the legend.
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Fig. 7. Typical Vs profiles of each soil class defined in Table 1 as inferred from the
average dispersion curve (Fig. 6).

prefer to work directly in the (frequency, Vi) space; however, in
Fig. 7 we show the average Vs profiles for the four soil classes
derived from the 84 dispersion curves as a general reference.

2.3. Possible biases

Liquefaction is a local phenomenon, linked to buried sand
channels and other finite depositional features. Using spatially
distributed seismic methods to characterize these geological
features, as we did in this study, might introduce some bias. In
order to keep this bias to a minimum, we adopted the following
precautions:

1) Sites classified as A are sites where liquefaction occurred over
large areas (tens of meters). This selection was possible by
observing the hundreds of aerial photos (courtesy of G. Barto-
lini) collected in the first few days after the May 2012
earthquakes.

2) Since the output of any surface-wave based multichannel
method (SASW, MASW, ReMi™, ESAC, SPAC, etc.) is affected
by 2D geometries in the subsoil, we kept the array aperture as
short as possible in order to ensure the desired depth of
investigation (10-15m) but also to avoid lateral geological
heterogeneities. All our arrays are only 27.5m wide (12
geophones spaced at intervals of 2.5 m each).

3) In active surface-wave based methods (SASW, MASW), a
possible way to detect 2D geometries in the subsoil is to
compare the dispersion curve obtained by energizing the soil
with the same source at the two ends of the array. Even though
a difference in the results cannot be unambiguously attributed
to heterogeneities in the subsoil (it could be due, for example,
to local reflectors/scatterers at one end of the array), obtaining
two identical dispersion curves suggests that the subsoil might
be treated as a 1D plane-parallel condition. This cross-check
was performed at all of the 84 surveyed sites. One example is
provided in Fig. 16A and B in Appendix A.

4) A further way to check the 1D plane-parallel assumption for
soils is to compare several microtremor H/V recordings
acquired along the array line (e.g. [2]). The sensitivity of the
H|V technique to stratigraphic layering is discussed in more
detail in Section 5 (see also [26]). Here we simply recall that the
H|V peaks are proxies for the resonance frequencies of soils,
which, in the simplest form, occur at f=Vs/(4H), where H is the
thickness of the resonating layer. Since fis also equal to Vs/4, it
follows that the H/V method is more sensitive to the details of
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the shallow surface, with the resolution being linked to the
wavelength A, which is directly proportional to H. At all of the
84 surveyed sites we performed three H/V recordings (at ‘%4, Y3,
and 3 of the array line) and compared the H/V curves, checking
for possible lateral heterogeneities in the subsoil which would
be indicated by peaks (or troughs, [3]) at different frequencies.
We applied this method at all of the 84 surveyed sites. One
example is provided in Fig. 16 in Appendix A.

When the HJV curves collected at the same site showed
significant differences between 4 and 20 Hz (which means at
depths shallower that 10 m) and/or did not fulfill the requisites
of item 3, we discarded the site and replaced it with a
different one.

5) In principle it is possible that liquefaction occurred with no
surface evidence at some sites. However, we can exclude
liquefaction at sites C and D for sedimentological reasons and
the CPT/SPT data available at all sites strongly support the non-
occurrence of this phenomenon in class B soils, where sands
are too shallow to undergo liquefaction.

A further possible source of bias in this study is the ‘time
factor’. Liquefaction is a densification process even though the
expulsion of solid material from fissures/fractures could generate
voids in the subsoil and the accumulation of loose sediment on the
surface. The phenomenon is complex and contradictory observa-
tions were reported, for example, from the 2010-2011 New
Zealand earthquakes where soils re-liquefied [5,8].

The field survey presented in this study was performed from 12
to 18 months after the earthquakes that caused liquefaction. The
measurements at class A sites might therefore be biased by having
been collected on liquefied (and therefore possibly consolidated)
sands. However, Fig. 6 shows that the dispersion curves for class A
and B sites are statistically identical in the whole frequency range
of interest. This means that they can be traced back to the same Vs
profile, even if we know that at 5-7 m depth (|6, 10] Hz), class A
soils present liquefied sand while class B soils present clays, which
are expected to have a lower Vix-Vs in this depositional environ-
ment. This is clearly a limitation of the seismic surface-wave based
methods used, as discussed in the next section. In other words, we
do not expect the dispersion curves of class A sites to differ
significantly from the pre-earthquake conditions, due to the

resolution limits of the seismic exploration methods used in
this study.

A last possible source of bias is the seasonal variation of the
water table depth. This was the reason for repeating the measure-
ments at 25% of the sites, equally distributed between class A and
B, in a dry summer (August, 2013) and a rainy winter (February
2014). No significant differences were observed in the Vi values
below 10 Hz (i.e., at depths approximately larger than 4 m; see
Fig. 17 in Appendix A), which is the depth of interest of the
surveyed phenomenon. However the water table depth affects the
calculation of the liquefaction potential according to different
methods, including the method of Kayen et al. [13] used in this
study. The value of this parameter at the time of the earthquakes
(May 2012) was known with precision at most surveyed sites from
direct data (water wells, drillings). In the few cases in which it
could only be extrapolated from water table maps, considering
that the earthquakes occurred in spring, which is when the water
table is shallow, we used the less conservative values in the
calculations.

3. Sensitivity of the dispersion curves

It is intuitively clear that direct methods like cross-hole, down-
hole, seismic cone, seismic dilatometer, and so on are potentially
capable of providing more accurate Vs profiles (since Vs is
physically measured at any desired depth or depth interval)
compared to surface methods. However, their accuracy is often
overestimated ([ 18], and references therein) and the fact that they
have only point validity is often forgotten.

Surface-wave based methods like those presented in this study
are sensitive to the vertical variation of the subsoil in a way which
is proportional to the size and depth of the variation. The details of
this topic need a separate discussion that will be the subject of a
future paper; however, here we outline the main features through
some examples.

Let us consider the difference in the sand content between 5 and
7 m depth suggested by the CPT (Fig. 3, Fig. 15 in Appendix A).
This makes the difference between class A and B soils from a
geotechnical point of view and was responsible for the liquefaction
of class A sites. However, this difference cannot be recognized in the
surface seismic geophysical tests, which provide exactly the same
dispersion curves (Fig. 6).
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Fig. 8. (A) Initial soil model (black) and modified soil model (red). (B) Theoretical dispersion curves for the two models of panel A. (C) The thickness of the red line is
proportional to the maximum percentage change between the dispersion curves of panel B (10% in this case). The position and length of the red line indicate the depth, Vs,
and thickness of the layer added to the initial model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 9. Let us consider an initial Vs profile (black lines) and its theoretical Rayleigh wave dispersion curve (not shown). The thickness of the vertical red stripes indicates the
percentage change introduced in the dispersion curve by the presence of a layer of the thickness, at the depth, and with the Vs represented by the vertical red lines
themselves, compared to the initial Vs profile. The gray shaded areas indicate the typical Vs and depth of the liquefied sandy soils encountered in the studied area. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The average Vs profile of class B soils (black in Fig. 8A) gives the
theoretical dispersion curve in black in Fig. 8B (we assume
Poisson's ratios equal to 0.49 and density equal to 1.7 - 10> kg/m®
for all layers). Let us now add a 3-m-thick sand layer at the depth
of 5 m, with Vs=155 m/s (typical Vs value for sand in this area, red
in Fig. 8A), as suggested by the CPT for class A sites. The dispersion
curve of the modified soil profile is shown in red in Fig. 8B. This
differs from the initial case by at most 10% and is indicated by the
thickness of the red line in Fig. 8C. We note that dispersion curves
differing by less than 10% can hardly be distinguished in practice.

In Fig. 9 we provide more examples to illustrate the extent to
which the presence of a stiffer layer (e.g., sand) in a Vs profile can be
recognized in the surface wave seismic data. The data are presented as
in Fig. 8C, where the thickness of the vertical red stripes is propor-
tional to the maximum percentage of change introduced in the
dispersion curve by the presence of the stiff layer.

Fig. 9A, in practice, shows that starting from a Vs profile as the
black one, the addition of a stiffer layer along the profile can be
recognized only if it implies a Vs increase larger than 30% (from
130 to 170 m/s), otherwise the dispersion curves will not differ
significantly.

In panels B1-B3 we repeat the experiment starting from different
Vs profiles (e.g. the average non-liquefiable clayey-silty soil of class D)
and imagining the presence of a layer of potentially liquefiable sand (2,
3, and 4 m thickness) at different depths (from 2 to 8 m depth). The
vertical red stripes suggest that: a 1-m-thick layer at 2 m depth with
Vs=175m/s (i.e. a Vs value 50% higher than that of the surrounding
clay) would generate a local change in the dispersion curve of about
15%. The same sandy layer at 6 m depth would introduce a difference
of less than 5% in the dispersion curve, which means it is practically
undetectable.

By following the thickness of the red stripes in Fig. 9 we observe an
intuitive fact: that in order for a layer to be recognized in a predefined
profile, it has to become thicker and to have a stronger Vs variation as
its depth increases. The picture also shows that thin and ‘deep’ layers
can be completely invisible to the method.

The gray shaded areas in Fig. 9 indicate the typical Vs and depth
of the liquefied sandy soils encountered in the studied area.
Setting the detection threshold at a 5% change in the dispersion
curve (which is very optimistic), as can be seen in panel B1, a sand
layer of 2 m thickness would not be identified by the method at
any depth of interest for liquefaction. A sand layer of 3 m thickness
starts showing its presence with a very modest 5 to 10% change in
the dispersion curve (panel B2) and a 4-m-thick layer at 3 m depth
changes the dispersion curve by only 5% (panel B3).

4. Results

The first relations between Vs values and liquefaction potential
described in the literature were based on laboratory or direct (in
hole) measurements. More recent attempts [13] introduced,
together with direct measurements, a number of Vs estimated
from Spectral Analysis of Surface Waves (SASW), which is an
ancestor of MASW. These methods consist in the calculation of the
corrected seismic demand (cyclic stress ratio, CSR*) and the
corrected soil capacity (Vs;) to be used as entry values in plots
where the liquefaction and non-liquefaction areas are divided by
curves representing different probability levels (Fig. 10).

The critical stress ratio (CSR) is the ratio between the average
shear and vertical stresses, Tayg/Cavg. This can be rewritten as
CSR=0.65 amax/g ov/o'y 14, where ag.x is the peak ground
acceleration at the surface, oy is the total overburden stress, o'y
is the effective vertical overburden stress, and rqy is a non-linear
mass participation factor, which depends on a number of factors
including the soil depth, the average Vs of soil, the peak ground
acceleration, and the earthquake magnitude. We use Eq. 4 in
Kayen et al. [13] to calculate rq, by setting amix=0.31g and
Mw=6.1, which are the values of the 2012 main shock. The other
parameters (depth of the sand layer on which to perform the
calculations and depth of the water, average Vs of the overlying



42 S. Castellaro et al. / Soil Dynamics and Earthquake Engineering 77 (2015) 35-46

P =15% 0.001%

LIQUEFACTIO:N
03} S s
025 koo R
: e
Q : ®
Y
016 .
(1 [ EE—— .......... P (JOR }, ,,,,,,,,,,, proenseness R REE ............
: : o : ; :
A . NO LIQUEFACTION
0.05 i iz i i 1 i
50 100 1560 200 250 300 350 400

Vg, [m/s]

Fig. 10. Corrected cyclic stress ratio (CSR*) versus corrected shear wave velocity
(Vsp) for the sand layer at the inspected sites. The thick black line corresponds to
the 15% liquefaction probability level proposed by Kayen et al. [13].

soil) are known at all sites from the penetration test, drillings,
water wells, and the geophysical surveys performed ad hoc.

The adjustment of CSR to CSR* is done by scaling the computed
CSR to compensate for the duration of shaking (duration weighting
factor, DWF) relative to an equivalent My=7.5 event, so that
CSR*=CSR/(DWF Kj), where K;=1, following the recommenda-
tions in Kayen et al. [13] and DWF=15 - My'>*? (Eq. 17 in ibid.).

The results are plotted in Fig. 10 and show that our class A and
B data (liquefied and non-liquefied sandy soils) are randomly
distributed around the P, =15% line (this value is recommended
in [13], and corresponds to a safety factor of 1.2), while the class C
data (deep sands) are well separated and fall in the non-
liquefaction zone.

We also note that if we wish to include both the A and B sites in
the liquefaction area, we need to operate according to P,=10""2,
which represents a huge factor of safety (dashed line in Fig. 10).

We observe that the phase velocity spectra/dispersion curves
(Fig. 6) are just experimental data with little subjective interpreta-
tion. Transforming these data into Vs profiles and calculating the
CSR*-Vs; values requires a large number of assumptions and
corrections (earthquake DWFs, adjustment for the influence of
fines, calculation of effective stress, etc.) and is not a unique
process (inversion of the data to get Vs profiles). All this effort
does not seem to be warranted in the case of the present study
and, besides the points above, there can be two further reasons for
such a failure: 1) surface wave methods do not have sufficient
sensitivity to characterize appropriately the Vs of the 2-4 m thick
sandy layers potentially involved in the liquefaction phenomenon,
and/or 2) the sandy deposits in this part of the Po Plain area have
features that make them different from the sands studied world-
wide by Kayen et al. [13].

In order to better discriminate between the last two hypoth-
eses, we calculated the liquefaction potential of the same sand
layers through the fines-modified CPT tip resistance approach, g,
mod [17]. Results in terms of CSR*~q1mod are shown in Fig. 11 and
suggest that the geotechnical method provides a better prediction
of the liquefaction potential (a failure rate of less than 20% is
achieved by adopting the 20% liquefaction probability curve)
compared to the seismic-surface wave based method, thus making
the first hypothesis more credible.

We observe that the surface wave dispersion curves alone
(Fig. 6), prior to any inversion, can still be very informative. On
the basis of the 84 surveys, for this area of the Po Plain we propose
a soil classification scheme based on the Rayleigh wave dispersion

P, =50% 20%
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Fig. 11. Corrected cyclic stress ratio (CSR*) versus corrected and fines-modified CPT
tip resistance (gc1moa) for the sand layer at the inspected sites. The black lines

represent the contours of 50 and 20% probability of liquefaction [17]. Data are
normalized with respect to Myw="7.5 and ¢'y=1 atm.
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Fig. 12. Soil classification scheme based on the Rayleigh wave dispersion curves for
the surveyed area. The adjectives “high”, “intermediate”, and “low” indicate the
degree of caution recommended in assessing the liquefaction potential of the soil.
In general, low Vg values in this plot indicate clays, while the sand content
increases the Vg values. A dispersion curve falling completely within the gray area
indicates with high probability a site with clay at shallow depth and sand at large
depth ( > 8 m); this configuration represents a low liquefaction disposition under
the typical My ~ 6.1 earthquakes used as design earthquakes in this area [21].
A curve falling completely within the magenta area indicates with high probability
a site with sand which could undergo liquefaction. Further investigations are
recommended at these sites, for example by using CPT-STP, to assess the
liquefaction potential. A curve falling completely within the lower yellow area
indicates with high probability a clayey soil with low liquefaction potential. A curve
falling completely within the upper yellow area indicates a site with dense sand in
the upper 15 m, which would be less prone to liquefaction under the reference
earthquake.

curves (Fig. 12), which indicates the degree (high, intermediate, or
low) of caution recommended in assessing the liquefaction poten-
tial of the soil under the typical design earthquake (My ~ 6.1)
imposed by the national building code [21] in this part of Italy for
standard constructions. The class boundaries - high, intermediate,
and low - mean that 50, 30, and < 5%, respectively, of the sites
presenting a dispersion curve completely falling within them
experienced liquefaction during the 2012 - My ~ 6.1 events (near
field condition).

Generally speaking, low Vg values in this plot correspond to
clays, while sand content increases the Vi values. A dispersion
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curve falling completely within the gray area of Fig. 12 indicates
with high probability a site with clays followed by sand at a depth
greater than approximately 8 m. This configuration represents a
low liquefaction susceptibility under a typical My ~6.1
earthquake.

A curve falling completely within the magenta area indicates a
site with sand which can potentially undergo liquefaction. Further
investigations are recommended at these sites, for example, by
using CPT-STP, to better assess the liquefaction potential.

A curve falling completely within the lower yellow area
(VR <110 m/s in the 10-30 Hz interval) indicates with high prob-
ability a clayey soil with low liquefaction potential. A curve falling
completely within the upper yellow area (Vg > 150 m/s in the 10-
30 Hz interval) indicates a site with dense sand in the upper 15 m,
which would be less prone to liquefaction under the reference
earthquake.

The above discussion applies also to the case of sites with a stiff
crust, such as a dessicated clay layer or manmade fill, overlying
loose saturated sand. In these cases there would be a ‘kink’ in the
dispersion curve (not normally dispersive) which would not
closely match the dispersion curve shapes discussed above but
would still represent a potentially liquefiable soil. The most part of
the dispersion curve is however expected to lay within the
boundaries of Fig. 12, excluding the high frequency part which
might lay above these limits.

Such a scheme appears to be more effective (and less demand-
ing) in identifying the soils where further study is recommended
compared to the CSR*-Vs; approach, in which Vy; is computed
from surface-wave based seismic approaches. We emphasize that
even though the Vi-frequency plot of Fig. 12 represents the result
of this study, before applying it to different geographical and
geological settings, specific tuning and verification are needed.

5. Further considerations

For each of the surveyed sites, we performed two microtremor
H|V recordings in order to verify the homogeneity of the soil under
the array. As is widely known, plane-parallel layering is a
mandatory condition for the active-passive surface-wave array
inversion. Since the H/V curves have point validity at the high
frequencies (i.e. shallow depths) considered in this study, by
taking at least two recordings along the array one can get an idea
of the lateral continuity of the reflectors (which show up as peaks
in the H/V) along the array (see also Fig. 16 in Appendix A). We
grouped the 168 recorded H/V curves into the four soil classes to
look for possible systematic differences but, as shown in Fig. 13, we
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Fig. 13. Average H/V curves + standard deviations grouped into the four soil
classes.

just found that the H/V curves completely overlap in the whole
experimental frequency range. This results from the fact that the
impedance contrast among layers (clay-silt-sand) in this part of
the Po Plain is too moderate to show up as H/V peaks (this was
expected in advance since theoretical modeling shows that an
impedance contrast of approximately 1.5 is needed to produce
visible H/V peaks, [4]).

At 25% of the sites, the array and H/V recordings were
performed both in summer 2013 and in winter 2014 in order to
check for significant seasonal variations that might compromise
the significance of the scheme proposed in Fig. 12. The conditions
in summer were extremely dry and geophone penetration was
difficult, thus requiring soil wetting to facilitate the penetration.
The conditions in winter were the opposite: the soil was com-
pletely saturated with water.

In about half of these cases (i.e. 1/8 of the total number), the
dispersion curves recorded in winter showed values of Vi that
were 10 m/s lower than those recorded in summer and the
difference particularly involved clays (i.e. class C and D sites). This
might be due to the desiccation and consolidation of shallow
clayey deposits that follows the water-table drop in summer and
that is only partly released in winter (a complete recovery of the
initial state can never be reached, [27]). However, considering the
summer and winter measurements separately does not modify
Fig. 12 in a significant way (see also Fig. 17 in Appendix A).

As a last consideration, we performed an extensive search of the
regional databases for seismic arrays collected before the 2012
earthquakes, at sites that underwent liquefaction, to inspect for
possible variations in the Vs of the sandy deposits after liquefaction.
Unfortunately, despite the large number of liquefaction phenomena
observed, we found only one site where the conditions were met: at
the Sant’Agostino Cemetery a ReMi™ survey was recorded in 2010
(solid line in Fig. 14), and it is compared to a survey recorded in
2012 in the frame of the present study (dotted line in Fig. 14). As can
be seen, both dispersion curves fall completely in the high caution
area of Fig. 12, and after the liquefaction, Vg appears to be on
average 15 m/s higher than before the earthquake. The 2010 survey
was fully passive and a 1D passive array might provide biased Vg-Vs
estimates but only in excess [16,19]. The 2014 curve was instead
derived from active-passive surveys, and therefore no bias is
expected due to the unknown position of the sources with respect
to the 1D array. This means that under unfavorable circumstances,
the 2010 curve might be even lower than what is shown in Fig. 14.
In conclusion, liquefaction at this site has apparently increased the
Vr-Vs values of the deposit. However we cannot clearly derive
general conclusions from this single case.

Santo Agostino - Cimitero

20.04.2010
3.02.2014

Vi [mis]

8

f[Hz]

Fig. 14. Comparison between the dispersion curves recorded before (solid line) and
after (dotted line) the 2012 earthquake at Sant'Agostino cemetery, a site which
underwent extensive liquefaction phenomena.
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Fig. 15. Tip resistance (qc, left) and sleeve friction (fs, right) from CPT tests at the inspected sites. Only a few tests reached depths greater than 10 m .
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Fig. 16. Rayleigh wave phase velocity spectra obtained from the correlation of waves generated by an active source at 10 m distance from the first (A) and the last
(B) geophone of the array line. (C) Comparison of the H/V curves recorded at %, %, and % of the array line. This example refers to a class D site .
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Fig. 17. No significant difference is observed, as an effect of the water table change, in the dispersion curves of class A and B soils collected in summer 2013 and winter 2014
below 10 Hz (i.e. at depths greater than approximately 4 m), which is the interval where liquefaction phenomena were observed .

6. Discussion and conclusions

The liquefaction potential of soils is commonly assessed
through geotechnical methods (CPT, SPT, etc.) but some attempts
to estimate it through geophysical parameters, such as the shear
wave velocity, Vs, of soils, have also been developed. Measuring Vs
in boreholes or in the laboratory (when the collection of undis-
turbed samples is possible) has the advantage of providing more
accurate values at the specific depth of interest but at the expense
of higher costs and invasiveness compared to the geotechnical
methods and of the same point validity. Being able to measure Vs
from the surface and over wider areas therefore appears to be a
desirable solution. In 2013, Kayen et al. proposed a probabilistic
and deterministic method to assess the liquefaction potential of
sands through Vs measurements. The dataset used also included a
number of Vs estimates from surface-wave based methods,
specifically SASW.

In this work we verified the applicability of seismic active and
passive multichannel modern surface wave techniques in the
prediction of liquefaction potential. The opportunity was provided
by the two earthquakes that occurred in the Po Plain (Northern
Italy) in 2012, causing extensive liquefaction. Using the above
mentioned seismic surface techniques, we surveyed 84 sites where
geological information was available from direct geotechnical
methods (penetration test, drilling, etc.).

Based on the geotechnical information, the sites were grouped
into four classes: A) liquefied sandy soils; B) non-liquefied sandy
soils; C) deep sands; D) clayey-silty soils. The penetration tests
suggested that on average in class A soils, sand was dominant at 5-
7 m depth (and was in practice the liquefied layer) while in class B
soils, sand was dominant at shallower depths. However, the
geophysical surveys showed that the Rayleigh wave phase velocity
spectra were clusterized into three groups only: classes A and B
were found to be indistinguishable from a seismic point of view.
Through a set of theoretical models we showed that this is due to

the resolution of the adopted seismic methods, which is a function
of the ‘exploring wavelength’, and which makes seismic layers
such as the sands under investigation — which are just 2-4 m thick
and have Vs just a few ten of meters higher than the surrounding
clay-silt — practically invisible at depths greater than 4-5 m.

We then applied the probabilistic and deterministic methods to
assess the liquefaction potential of sands through the Vs measure-
ment proposed by Kayen et al. [13], but we found that this
approach failed in the case of the present study since class A
and B soils were found to be randomly distributed between the
liquefaction and non-liquefaction zones, while predictive power
exists for class C soils, which, as they represent deep sands, fall in
the non-liquefaction zone.

The geotechnical approach based on the tip resistance in the
CPT to assess the liquefaction potential was found to be more
successful.

The reason for the failure of the surface geophysical method seems
to be linked, therefore, not to the specific features of the sands in this
area but to the insensitivity of the seismic surface-wave based
methods used to the details of stratigraphy for this specific goal.

In conclusion, based on this study (i.e. in the region of
Vs1=[150, 250] m/s), it seems that surface-wave methods (MASW,
ReMi, ESAC, SPAC, and many others), which are extremely useful in
a wide range of applications, do not have sufficient sensitivity to
be used as predictors of liquefaction in the classic frame of seismic
demand versus soil capacity scheme.

However, at least in this specific depositional environment, it
also seems that the simple analysis of the Rayleigh wave phase
velocity spectra — before any inversion procedure (Fig. 6) — can be
used since it suggests the presence of sand or clay. On the basis of
the experimental results we built the ‘caution against liquefaction’
graph shown in Fig. 12, which can however only be used in the
studied area. Nonetheless, the procedure - after specific tuning for
different geological settings — could probably also be applied at
different sites.
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no inversion) is still potentially informative and can be used to identify the sites where more
detailed surveys to assess the liquefaction potential are recommended. In fact we made up a
‘caution against liquefaction’ graph, in which you can identify the degree (high,
intermediate or low) of caution recommended in assessing the liquefaction potential of the
soils under the typical designed earthquake imposed by the national building code in this
part of Italy for standard constructions.

A possible future progress could be developed in laboratory tests. With the rheometric tests we
focused on the behavior of the clayey samples with a water content over the Liquid Limit (LL) and
we calculated the variations of the shear modulus (G) and the critical shear stress (tc). In the field,
these conditions are representative just for the paroxysmal phase of an earthflow (velocity of
movement in the range of several meters/hour). It is possible to study the mechanical properties of
the material, in the range between the LL and the average water content in the field, using bender
elements on a triaxial cell (Mitaritonna et al., 2010). As originally reported by Dyvik et al., (1985)
piezo-ceramic bender elements are electromechanical transducers capable of converting mechanical
energy (movement) either to or from electrical energy. A bender element typically consists of two
thin conductive piezo-ceramic plates rigidly bonded to a central metallic plate. When a driving
voltage is applied to the element, one plate elongates and the other shortens resulting in the bending
of the system (Brignoli et al., 1996). The bender elements have to be powered by a waveform signal
generator. The output signal is converted into digital and transmitted to PC via an interface and
processed with the virtual oscilloscope software. The travel time of the shear wave from the
transmitter to the receiver is determined via a specific software that allows the user to quickly and
easily calculate the shear wave velocity. Preparing the clayey sample in the cell and inserting a
bender element at the base and the other one at the top, it is possible to directly measure the surface
wave velocity of remolded samples at different void ratio. As G=p.Vs (where p is the density and
Vs is the shear wave velocity), the different value of measured Vs directly correlated to the changes
in G. That could allow us to have complete information of the variation of G for all the possible
water content in a clay sample.
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During the three years PhD project, | participated at some international conference

1)

2)

3)

4)

European Geosciences Union in Vienna (2015). Title: Study of the dynamic behavior of
earthflows through the analysis of shear wave velocity in the landslide body.
Type of presentation: poster;

Fourth Italian Workshop on Landslides in Naples (2015). Title: Kinematic segmentation
and velocity in earth flows: a consequence of a complex basal-slip surface. Type of
presentation: oral (held by the first author);

European Geosciences Union in Vienna (2016). Title: Continuous monitoring of surface
wave velocity at the Montevecchio earthflow (Forli-Cesena Province, Northern Apennines).
Type of presentation: oral;

Societa Geologica Italiana in Naples (2016). Title: Monitoring of a fast moving landslide
in a weak cemented sandstone in Northern Apennines. Type of presentation: oral;
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Study of the dynamic behavior of earthflows through the analysis of shear
wave velocity in the landslide’s body

Lara Bertello
Geology at the University of Bologna

Over the first year of my PhD, I carried out a literature search about earthflows features and dynamics and
conducted periodic ReMi-MASW campaigns to assess the temporal variation of shear velocity for several
landslides that were recently reactivated. Literature search was conducted to review recent works related to shear
wave velocity as an indicator for rheological changes in clay materials (Mainsant et al., 2012). From January
to August 2014 1 carried out numerous ReMi-MASW surveys to characterize several active earthflows in the
Emilia-Romagna Apennines. I did these measures both inside and outside the landslide’s bodies, usually during
the first ten days after the reactivation. At first, these measures indicate low shear waves velocity inside the
landslide and high velocity outside. This is due to the different consistence of the materials, to the different water
content and to the void index. Then I repeated the measures over time in the same places on the same landslide, in
order to detect the variability of Vs over time in correlations with the landslide’s movements.

Periodic ReMi-MASW survey were conducted on the following landslides:

* The Montevecchio (FC) earthflow was reactivated the 1th of February 2014 (estimated volume of 240.000 m?)
and increased the movement’s velocity around the 7th of February 2014, after intense precipitations. Analyzing
the data collected inside the landslide’s body, I observed an increase of Vs over time, due to the decrease of
landslide velocity;

» The Silla (BO) complex landslide reactivated the 10th of February 2014 (estimated volume of 900.000 m?), and
moved downslope with a maximum velocity in the order of several m/hour. Studying the data, it is possible to
notice how the Vs increase over time only in the lower portion of the landslide. In fact the upper portion is still
active, so the Vs remained unchanged over time.

* the Puzzola-Grizzana Morandi (BO) complex landslide. This landslide was reactivated the 10th of February
2014 involving about 5000 m> of materials. Analyzing the data collected inside the landslide’s body, I observed an
increase of Vs over time, due to the decrease of landslide velocity and, probability, to the remedial works carried
out after the reactivation;

* The Mozuno (BO) rotational landslide. This landslide was reactivated around the first day of March 2014. The
data collected show a decrease of Vs variability, due to an increase of fractures near the main scarp;

* The Borgo Val di Taro (PR) complex landslide. This landslide was reactivated during the night between the 9th
and the 10th of February 2014 with a maximum velocity around 40m/d. The data collected show an increase of
Vs, due to the slowing of the movements and the consolidation of landslide material;

* The Camugnano (BO) transitional landslide. The reactivation of this landslide was around the 15th of March
2014. Analyzing the data collected inside the landslide’s body, I noted an increase of Vs over time, due to the
slowing of the movements;

* The Zattaglia-Poggio Zampiroli (BO) transitional landslide. The reactivation of the landslide occurred on the 9th
of February 2014. The data show really different values of Vs in relation to the landslide’s portion investigated
and show an increase of Vs over time.

In all these cases, the measures taken outside the landslide’s body do not show a significant Vs variability, because
the material are not involved in the landslide’s movements.

Preliminary results from field data clearly show that the variation of the shear wave velocity with time is related to
the movements of the landslides and to the different consistence of the materials.
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Abstract

We investigated the relation between structures, velocity distribution and basal-slip surface geometry within individual kinematic
domains of two large earth flows in the Apennine Mountains of southern Italy: the “Montaguto” earth flow and the “Mount
Pizzuto” earth flow. Our analyses indicated that earth flows can be composed of distinct kinematic zones characterized by a
specific deformational pattern and longitudinal velocity profile. Velocity variation along a kinematic zone is controlled by the
geometry of the basal slip surface and in particular by local variation of the slope angle. Such geometry seems to control also the
density of the forming extensional structures at driving earth flow elements (i.e. riser).
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1. Introduction

Periodic movement of large, thick landslides on a discrete basal-slip surface produces modifications of the
topographic surface, creates deformational structures (i.e. faults and folds), and influences the location of hydrologic
features like springs, ponds, and streams®. Earth-flow movement alternates between long periods of relatively slow
movement and relatively rapid surges in movement®. Slow movement could persist for days, months, or years”.
Surges in earth-flow movement are less common and earth flows capable of surging move in a slow persistent
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manner most of the time?!. Velocity of earth flow during slow, persistent, movement range from less than 1 mm/d to
several meters per day®’. The highest localized earth-flow surge speed documented in the literature is 0.13 m/s®.

Velocity profiles in earth flow generally show the existence of well-defined basal and lateral shear-surfaces
normally associated with sliding movement!®#"3!2 |n spite of their flow-like morphology, the dominant
mechanism of earth-flow movement is sliding at residual strength®"%2,

The geometry of the basal-slip surface, that can be controlled by geologic structures and ancient earth-flow
deposits*>? can control the position of deformational structures and the spatial variation in the rate of displacement,
both of which are responsible for kinematic segmentation of the landslide body®**. Thus, large earth flows are often
composed of several distinct kinematic zones®*>'®*® characterized by stretching (extension; i.e. driving element) of
the upper part of the zone and shortening (compression; i.e. resisting element) of the lower part’.

On the basis of this knowledge, we investigated the relation between structures, velocity distribution and basal-
slip surface geometry within individual kinematic domains of two large earth flows in the Apennine Mountains of
southern Italy: the “Montaguto” earth flow and the “Mount Pizzuto” earth flow. Both earth flows involved
structurally complex slopes. Especially, at Montaguto, we considered the mapped distribution of structures and
hydrologic features from Guerriero et al.’®, the geometry of the basal-slip surface beneath individual domains
reconstructed by Guerriero et al.® and used successive sets of orthorectified aerial-photos to determine the velocity
distribution of 25 natural objects within the “neck domain”. At Mount Pizzuto we considered the mapped
distribution of structures and hydrologic features from Guerriero et al.’®, used 2 hand-excavated boreholes, 7
shallow-seismic profiles and 27 ambient seismic noise acquisitions (HVSR) to define the geometry of the basal-slip
surface, and used RTK-GPS surveys of a network of 35 benchmarks to determine the distribution of average flow
velocities.

2. The Montaguto earth flow
2.1. Earth flow description

The Montaguto earth flow affects the southern slope of La Montagna Mt. in Southern Italy. It is located along the
northern side of the Cervaro River valley at approximately 4566000 N and 518000 E (UTM coordinates). The earth
flow is approximately 3 km long and involves between 4 to 6 millions of m® **3, Its width ranges from 75 m at the
earth-flow neck to 450 m in the upper part of the earth-flow source area. Total elevation difference from the toe,
adjacent to the Cervaro River, to the top of the 90 m high headscarp, is approximately 440 m. The average slope
angle, excluding the headscarp, is approximately 7.2°.

Earth-flow displacement occurs mainly along lateral strike-slip faults and shear zones. Lateral strike-slip faults
are better expressed in the lower part of the source area, where they are commonly associated with flank ridges and
along the earth-flow transport zone where fault segments reached a length of few hundreds of meters. Shear zones
are distributed along earth-flow boundary between fault segments and locally between active lateral strike-slip faults
and between active lateral strike-slip fault and the earth-flow margin. The earth-flow travel path is complex and is
strongly influenced by inactive earth-flow deposits and geologic structures®.

The earth-flow deposit derives from the Miocene Flysch of the Faeto formation and the Pliocene Villamaina
formation that widely outcrops in the upper and lower zone of the slope, respectively*’. The Flysh of the Faeto
formation and the Villamaina formation are lithologically complex'’. This geological complexity influences
groundwater flow and many springs are present from 600 m above the sea level to the top of the La Montagna
Mountain®. Several spring groups are located along the western flank of the earth-flow Body and within the earth-
flow Head feeding the earth-flow creek.

Historical information collected by Guerriero et al.™ and Guerriero et al.”" showed that the Montaguto earth flow
has been periodically active during the last decades and it is approximately 100 years old. In particular, the 1958 and
the 2006 reactivations were the largest in terms of mobilized volume and changes in earth flow extension and
morphology. Both reactivations followed an exceptional hydrologic year in terms of total rainfall amount™.

I.lS |.17
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2.2. Deformational structures and segmentation
Guerriero et al."®> mapped deformational structures and hydrologic features of the Montaguto earth flow in May
2010. Structures were mapped using real-time kinematic (RTK) Global Positioning System (GPS) technique®, with
a dual-frequency GPS receiver. Horizontal accuracy during field mapping ranged between +1.5 and +7.2 cm; 3D
accuracy ranged between £3 and £11.2 cm. Describing structures, they used terminology and classifications from
structural geology because they accurately depicted the geometry and relative sense of displacements for the
structures that were observed'®. Mapped distribution of the structures was used to identify kinematic zones formed
by major paired driving and resisting earth-flow elements®.

Map of figure 1a shows the configuration of the Montaguto earth flow in 2010. Deformational structures within
the flow comprises normal faults and tension cracks, indicating earth-flow stretching, thrust faults, back-tilted
surfaces, flank ridges and, fold structures and /pressure ridges, indicating earth-flow shortening, back-tilted surfaces
indicating backward rotation and strike-slip fault bounding the earth-flow moving core. Five active kinematic zones
containing structures indicating both stretching and shortening were recognized along the earth flow: the Head, the
Hopper, the Neck, the Body and the Active Toe. The source area was formed by two zones of paired extension and
shortening. The upper zone, the Head, consisted of the headscarp, internal landslides, back-tilted surfaces with
associated ponds and a cluster of thrust faults. The lower zone, the Hopper, which started immediately downslope
from a cluster of thrust faults, consisted (in upslope to downslope progression) of a cluster of normal faults, flank
ridges bounded by strike-slip faults, and two thrust faults. Downslope from the Hopper, the earth-flow Neck was
delineated at its upslope end by a group of normal faults (shown as a single fault because of scale limitations) and at
its downslope end by a thrust fault and a back-tilted surface. As the earth flow emerged from the earth-flow neck, it
changed direction and moved to the southeast, instead of to the southwest. The active earth-flow Body, downslope
from the neck, contained paired normal faults and thrust faults and discontinuous strike-slip faults that were
associated with flank ridges toward the downslope end of the zone. Downslope from the Body, the Active Toe was
defined by normal faults at its upslope end and thrust faults at its downslope end. Strike-slip faults periodically
formed at the advancing front of the Active Toe through 2010, as it continued to advance downslope and spread
laterally. For further detail about the evolution of structures and kinematic zones refer to Guerriero et al.*®.

2.3. Balsal-slip surface geometry
Guerriero et al.”® used data from boreholes, pit excavations, static cone penetration tests, seismic profiles, and
difference DEMs to reconstruct the geometry of the basal-slip surface. In total, they used 26 data points to constrain
the geometry of the basal-slip surface along the longitudinal profile of the flow: 1 point within the Head zone, 5
within the Hopper, 3 within the Neck, 6 within the Body, and 11 within the Active Toe (Fig. 2). The depth of the
basal-slip surface ranged from 14 m within the Active Toe to about 4 m in the Neck (Fig. 2). Overall, the basal-slip
surface (Fig. 2) is a repeating series of steeply sloping surfaces (risers) and gently sloping surfaces (treads). The
upslope ends of each kinematic zone are at risers and the downslope ends are at treads. Normal faults occur at risers
and thrust faults occur at treads. Within each kinematic zone, the overall shape of the slip surface is concave
upward, whereas at the transition areas between zones, the shape is convex upward. In general, the thinnest parts of
the earth flow are at risers and transition areas, and the thickest parts are at treads. Individual pairs of risers and
treads formed quasi-discrete kinematic zones that operated in unison to transmit pulses of sediment along the length
of the flow™ (Fig. 2).

3. The Mount Pizzuto earth flow
3.1. Earth flow description

The Mount Pizzuto earth flow® is among the most active earth flows of the Benevento province (Revellino at al.,
2010). It affects the northeastern side of the Pizzuto Mount. from about 720 m above sea level (a.s.l.) to about 550 m
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(a.s.l.), and involves an estimated volume of 300,000 m3 of fine-grained flyshoid material. From a geological
viewpoint, the Mount Pizzuto earth flow is located at the overthrust fault between i) the Argille Varicolori formation
forming the upper part of the slope, where the flow source area is located, and ii) the Flysh of San Bartolomeo
formation outcropping in the middle and lower parts of the slope®. The tectonic contact between such formations
materializes a WNW-ESE trending thrust fault that constitute a weak zone where several landslide source-area are
localized®. The Mount Pizzuto earth flow has been periodically active in the last decades and, as stated by local
people, early in 2006 it surged damming the Ginestra torrent at its toe. The earth-flow dam induced episodic floods
that periodically damaged a segment of a local road and power and telephone service lines. In 2008, a man-made

ditch was excavated along the torrent course and a large diameter drain was installed. It worked until early 2011,
when a new flood destroyed the drain, the local road and the service lines.
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Fig. 1. Maps showing a) structures and kinematic zones of the Montaguto earth flow and b) structures and
velocity within the earth flow Neck. C) Velocity profile of the earth flow Neck, see b) for profile position.

3.2. Deformational structures and segmentation

Guerriero et al.** mapped deformational structures and hydrologic features of the Mount Pizzuto earth flow in
September 2014. Structures were mapped using real-time kinematic (RTK) Global Positioning System (GPS)
technique™, with a dual-frequency GPS receiver. Horizontal accuracy ranged between #1.5 and +7.2 cm and 3D
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accuracy ranged between £3 and +11.2 cm. GPS data were exported in form of vector features as point, line, and
polygon, and were processed onto a GIS environment. Describing structures, they used terminology and
classifications from structural geology because they accurately depicted the geometry and relative sense of
displacements for the structures that were observed®®, Mapped distribution of the structures was used to identify
kinematic zones formed by major paired driving and resisting earth-flow elements®. Map of figure 1a, simplified
from the highly detailed map of Guerriero et al.*®, shows the configuration of the Mount Pizzuto earth flow in 2014.

Deformational structures within the flow comprises normal faults and tension cracks, indicating earth-flow
stretching, thrust faults, back tilted surface, flank ridges and, fold structures and /pressure ridges, indicating earth-
flow shortening, back-tilted surfaces indicating backward rotation and strike-slip fault bounding the earth-flow
moving core. Five kinematic zones were recognized along the earth flow: the Head, the Hopper, the Neck, the Body,
and the Toe. The Head of the earth flow (Fig. 3) consists of two coalescent branches containing both extensional and
compressional structures. The northern branch began with a group of normal faults delineating a natural
amphitheater. Downslope from this first set of normal faults the earth-flow moving core is bounded by
discontinuous strike slip faults and contains both normal faults, tension cracks and thrust faults. Segments of strike-
slip faults are arranged as left- or right-stepping en echelon arrays and stepping direction controls the width of the
earth flow. Segments length ranges from 4 to 30 meters. Tension-crack opening direction ranges from 30°
counterclockwise to 30° clockwise from the direction of the strike-slip faults forming the left flank of the flow. The
southern branch began with a group of normal faults forming the main headscarp (from 2 to 4 m high) and structure
distribution is similar to the northern branch. The northern and the southern branches join where thrust faults are
associated with back-tilted surfaces and ponds. Downslope from the Head zone, a highly fractured area marks the
beginning of the Hopper kinematic zone (Fig. 3). This kinematic zone is laterally bounded by inward-stepping
segments of strike-slip faults accommodating earth-flow narrowing. The earth-flow Hopper can be divided into
three major deformational zones: i) an upper zone characterized by normal faults and tension cracks, ii) a middle
zone contains a group of normal faults that face downslope in its upper part and tends to face toward the flanks in
the lower part and, iii) a lower zone is characterized by thrust faults associated with back-tilted surfaces containing
ponds. The Neck kinematic zone contains the narrowest section of the earth flow. Along the Neck, the moving core
is bounded on both flanks by discontinuous strike-slip faults that step inward upslope from the neck and outward
downslope. It begins with a highly fractured area that evolves downslope into a cluster of downslope-facing normal
faults. The Neck kinematic zone ends in correspondence of thrust faults. Downslope from the Neck is the Body
kinematic zone. It is bounded by segments of strike-slip faults, locally alternated with en-echelon sets of tension
cracks. The upper part of the Body is characterized by a group of extensional features (i.e. normal faults and tension
cracks) and a thrust fault. Downslope, pull-apart basin delineated by extensional and compressional structures are
present at steps of strike slip faults forming the right flank of the flow. Toward the longitudinal axis of the flow,
longitudinal segments of thrust fault form the suture line between the material remobilized in April 2014 and the
material outgoing from the structural basin. Thrust faults in this part of the earth flow mark the end of the Body
kinematic zone. The earth flow Toe consists of a smaller, upper, extensional zone with a group of normal faults and
a larger compressional zone with large thrust faults associated with back-tilted surfaces. Most of these back-tilted
surfaces contains ponds.

4. Methods
4.1. Measuring earth-flow displacement from successive sets of orthoimages at Montaguto

We measured the displacement of 25 natural and artificial objects (i.e. large rock fragments, draining pipes etc...)
on the surface of the Neck kinematic zone of the Montaguto earth flow, visible in successive sets of satellite
orthoimages. The orthoimages were Eros-B digital orthorectified images taken on 25/05/2010 and 25/08/2010,
respectively. EROS-B satellite acquire panchromatic images with a nadiral Ground Sampling Distance (GSD; i.e.
spatial resolution) of 0.7 m (single sided pixel dimension) and the radiometric resolution is within a spectral range of
0.5 to 0.9 um. Objects consisting of groups of pixels were recognized on the basis of their geometry and color (i.e.
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Digital Number) distribution. Corners of object were visually picked from a display and displacement was manually
measured into a GIS. Irregularly distributed displacement values were interpolated to produce a displacement map.
Interpolation was completed using Inverse power to a distance method and deformational structures were used as
breaklines. The error in displacement was assigned on the basis of the computed east-west and north-south root
mean square errors in position of 16 stable ground control points (corner of pixel on stable ground). The 2 X XRMS
values ranged from #-0.04 to £0.12 m, but averaged about 0.08 m. The 2 X yRMS values ranged from +0.02 to
£0.18 m, but averaged about 0.06 m. Considering that XRMS # yRMS, the error in displacement module depends
on the direction of the displacement vector and XRMS and yRMS are the maximum and the minimum, respectively.
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Fig. 2. Longitudinal profile of the Montaguto earth flow showing the geometry of the basal-slip surface. Types of data used to control the
position of the basal-slip surface are shown (e.g., seismic line and pit excavation). SCPT is static cone penetration test.

4.2. Subsurface exploration of the Mount Pizzuto earth flow

We used 2 boreholes, 7 shallow-seismic profiles (i.e. ReMi-MASW) and 27 ambient seismic noise acquisitions
(i.e. HVSR) to detect the depth of the basal slip-surface along the Mount Pizzuto earth flow (Gerriero et al., in
review; Fig. 4). The boreholes were hand-excavated using a helicoidal auger. Shallow seismic profiles were carried
out using MASW method (Multichannel Analysis of Surface Waves; add reference) and the Soilspy equipment
(Micromed). The acquisitions were completed using 8 vertical geophones (4.5 Hz) with 2 meters spacing, in both
passive (ReMi) and active (MASW) mode. In order to produce a signal characterized by a low noise at high
frequency, we jump 5 meters apart the first geophone. The surveys were interpreted with Grilla (Micromed
Software) with a manual procedure. The HVR*? analysis were carried out with Tromino (Micromed).

4.3. Installation, distribution and monitoring of points at Mount Pizzuto

We installed, in April 2014, 35 monitoring points inside the Mount Pizzuto earth flow. Monitoring points were
placed inside the earth flow approximately along its longitudinal axis. Exceptions were the monitoring points from 9
to 19 that were installed within the Hopper and the upper part of the Neck (Fig. 3). Monitoring points were
distributed along the earth flow on the basis of field observations used to identify major kinematic zones. In each
kinematic zone we installed from 4 to 9 points. The points, placed with a clear view of the sky, were surveyed using
Real Time Kinematic GPS technique using a Leica Viva-Net rover equipped with a Leica GS08 dual-frequency



Author name / Procedia Earth and Planetary Science 00 (2016) 000-000 7

antenna. Real time correction for high-accuracy measurement was obtained through the ItalPos network. The
horizontal RMS and the 3D RMS in positioning, calculated during all surveying sessions, ranged from 0.7 and 3.2
cm and from 1.6 and 5 cm, respectively. All of the points were surveyed during 2 GPS campaigns of 1 day over a

period of 395 days. The first survey was in April 08, 2014. Earth-flow displacement and direction were measured
onto a GIS environment.
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Fig. 3. Maps showing a) structures, kinematic zones and monitoring points of the Mount Pizzuto earth flow and b)
structures and velocity within the earth flow Neck. C) Velocity profile of the earth flow Neck, see b) for profile position.

5. Results
5.1. Displacement, velocity and structures within the Neck of the Montaguto earth flow

The Neck of the earth flow was actively moving between May and August 2010 (90 days). The average earth-
flow velocity over the entire monitoring period ranges from 0.016 m/d of the upper and lower parts of the kinematic
zone to 0.066 m/d of its middle part. Variation of earth-flow velocity along the longitudinal axis of the kinematic
zone is shown in the velocity profile of figure 1c. It is characterized by a peak of approximately 6 m/395ds in the
middle part of the kinematic zone toward the right flank of the flow and an upper and a lower parts where velocity
increase and decrease, respectively. Distribution of displacement and average velocity, shown in figures 1b
underline the existence of three sectors characterized by i) few normal faults and a linear increase of flow velocity;
ii) a group of normal faults in the upper part of the sector, an irregular variation of earth-flow velocity and a peak in
velocity where the flow moving core is bounded by segments of strike slip faults; iii) a negative variation of earth-
flow velocity associated with the existence of thrust faults and a rapid narrowing of the section of the active flow.
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5.2. Slip surface geometry of the Mount Pizzuto earth flow

We used data from 2 boreholes, 7 seismic profiles (i.e. ReMi-MASW), and 27 ambient seismic noise acquisitions
(i.e. HVSR) to reconstruct the geometry of the basal-slip surface of the Mount Pizzuto earth flow (Fig. 4a). In total,
we used 29 data points to constrain the basal-slip surface geometry along the longitudinal profile of the flow: 4
points within the Head zone, 6 within the Hopper, 4 within the Neck, 8 within the Body, and 6 within the Active Toe
(Fig. 4). Position of boreholes and ReMi-MASW s reported in figure 4a using red symbols. HVSR measurement
were completed in correspondence of monitoring points installed along the flow (Fig. 4). Their position can be seen
in figure 4a plotting the position of blue symbols on the black line indicating the earth flow ground surface. The
depth of the basal-slip surface ranged from 6 m within the Active Toe to about 2 m in the Neck (Fig. 4). Overall, the
basal-slip surface (Fig. 4) is a repeating series of steeply sloping surfaces (risers) and gently sloping surfaces
(treads). The upslope ends of each kinematic zone are at risers and the downslope ends are at treads. Risers and
thread are better expressed in terms of longitudinal extension and change in slope angle in the Head, the Hopper and
the Neck.
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Fig. 4. Longitudinal profile of the Mount Pizzuto earth flow showing the geometry of the basal-slip surface and displacement profile.

5.3. Displacement and velocity of the Mount Pizzuto earth flow from April 2014 to May 2015

All of the monitoring points moved between April, 2014 and May, 2015 (395 days) and total movement was
largely dominated by the horizontal component. Cumulative displacement of moving points ranged from 92 m of
monitoring point 20 within the Neck of the earth flow to 0.4 m of monitoring point 33 and 34 at the Toe of the earth
flow and all of the points moved downward. Displacement of monitoring points showed in figure 4 (blue symbols)
ranged from 81 m of monitoring point 21 within the Neck of the earth flow to 0.4 m of monitoring point 33 at the
Toe of the earth flow. The blue line of figure 4a shows how the module of displacement vectors corresponding to
monitoring points variate along the flow. Especially, each kinematic zone is characterized by an upslope area of
acceleration and a downslope area of deceleration with a peak of displacement localized in the middle. An exception
from this statement is the earth flow Toe where the module of the displacement vectors linearly decreases toward the
toe of the flow. The average daily velocity at the Head of the earth flow ranged from 6 cm/d of the point 4 to 17
cm/d of the point 2. At the Hopper of the earth flow, the peak of daily velocity is of 4 cm/d and occurs at the
monitoring point 9. Within the Neck, the average daily velocity ranged from 10 cm/d of the point 18 to 20 cm/d of
the point 21, while it ranged from 17 cm/d of the point 24 to 11 cm/d of the point 27 within the Body. At the Toe of
the earth flow, the average daily velocity ranged from 1 cm/d of the point 28 to 0.1 cm/d of the points 33 and 34.
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5.4. Displacement, velocity and structures within the Neck of the Mount Pizzuto earth flow

The Neck of the earth flow was actively moving between April 2014 and May 2015 (395 days). The average
earth flow velocity over the entire monitoring period ranges from 0.1 m/d to 0.22 m/d. Variation of earth-flow
velocity along the longitudinal axis of the kinematic zone is shown in the map of figure 3b and in the velocity
profile of figure 3c. It is characterized by a peak of approximately 90 m/395 days in the middle part of the kinematic
zone toward the right flank of the flow and an upper and a lower parts where velocity increase and decrease,
respectively. Where earth-flow material accelerates, normal faults accommaodate flow stretching while where earth-
flow velocity decrease thrust faults accommodate earth-flow shortening. This is the case of a sector located
immediately downslope from the area where the maximum velocity is reached where thrust faults accommodate
earth-flow deceleration. This area is located between the peak of velocity and the sector where velocity linearly
decrease (Fig. 3c).

6. Discussion

|.15 |.18

Our results, combined with data from Guerriero et al.” and data from Guerriero et al.™ indicates that the ground
surface of the Montaguto and of the Mount Pizzuto earth flow are disseminated of structures indicating different
styles of deformation of the earth flow material. Guerriero et al."® underline that structure distribution can be used to
infer the geometry of the basal-slip surface, because of the relation existing between extensional structures and
raiser in the basal slip surface and compressional structures and thread, and is the basis to understand if an earth
flow is formed by distinct kinematic zones. Such structures accommodate deformation caused by spatial variation of
earth-flow velocity (i.e. acceleration and deceleration) and from our analysis appears that their density on the ground
is independent by the magnitude of the velocity change. The highest density of extensional structure along the
Mount Pizzuto earth flow can be observable in the upper part of the Hopper kinematic zone where a highly fractured
area was mapped by Guerriero et al.*® while, the highest acceleration of the flow occurs in the upper part of the Neck
(Fig. 4). This highly fractured area corresponds to the riser of the Hopper that is characterized by the highest value
of the slope angle of the basal-slip surface. Our interpretation is that the slope angle of the basal-slip surface might
control the density of deformational structures forming during flow movement.

The displacement profile of the Mount Pizzuto earth flow (Fig. 4) indicates that average velocity (displacement /
395 days) variate along the earth flow showing several sectors of acceleration and deceleration. The existence of
these sectors was also observed within the neck of the Montaguto earth flow. Such sectors roughly correspond to
driving and resisting elements forming kinematic zones. The maximum displacement of the Mount Pizzuto earth
flow occurred at point 21 near the neck of the flow. Excluding point 18, displacement increases linearly from the
upper end of the Hopper (i.e. point 9) to the earth-flow neck (i.e. point 21). Considering that this part of the flow is
characterized by a consistent reduction of the earth-flow section and that field observation confirm a constant
activity of the flow in terms of sediment supply, we might infer that the module of the displacement is controlled by
both the width of its section and the geometry of the basal-slip surface. Especially, the presence of thread induces a
deceleration of the flow around point 18 while the presence of a riser induces an acceleration of the flow.

In this context, velocity profile along kinematic zones has a consistent pattern as described in the result section
for the Neck of the Montaguto earth flow and the Neck of the Mount Pizzuto earth flow. These observations indicate
that a relation between velocity profile of an active earth flow and its slip surface geometry does exist. Especially,
local variation of earth flow velocity (i.e. local acceleration and deceleration) are controlled by variation of the slope
angle along the slip surface. In other words, the geometry of the basal slip surface controls both the kinematic
segmentation of an earth flow and the geometry its velocity profile.

7. Conclusion

Our work shows that earth flows involving structurally complex slopes can be composed of distinct kinematic
zones characterized by a specific longitudinal velocity profile. Velocity variation along a kinematic zone is
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consistence with the distribution of structures disseminated on the ground surface of the flows that accommodates
deformation of material during movement. Such variation is controlled by the geometry of the basal slip surface and

in

particular by local variation of the slope angle. Such geometry seems to control also the density of the forming

extensional structures at driving earth flow elements (i.e. riser).
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The Montevecchio landslide is located about 20 km to the south - west of Cesena (Northern Italy). The landslide
has a length of nearly 700 m, a maximum width of 50 m in the accumulation zone and the depth of the slip surface
is around 10 m. This landslide was triggered several times in the last few years. At first on the 1th of February
2014 and at the end of February 2014 some remedial works started. From February to May 2014, the velocity
of the landslide was around meters/day. At the end of May 2014, two monitoring systems were installed in the
main track of the earthflow channel. The System 1 consists of a rain gauge, a pressure sensor at the depth of 1
meter, a time-lapse camera Brinno (taking photos every 30 minutes), a laser system and four geophones at 4.5Hz
with a spacing of 2 meters. The System 2 consists of three GPS rover placed in the earthflow channel and the
master station outside the landslide. During the 2015, the Montevecchio earth flow reactivated three times. The
last reactivation was during the night between the 24th and the 25th of May. Analyzing the data acquired from the
geophones, the trend of the shear wave velocity over time was detected. The data correspond to an acquisition of
the ambient seismic noise (passive mode) with a sampling frequency of 300 Hz for 2min every hours and all them
are collected in a Flash Memory Drive. A drop in Vs is found from the 21th-22th of May, in correspondence with
a rainfall event. The video collected by the time-lapse camera shows that the landslide started to move downslope
with a velocity of about 10 cm/d. Before this rainfall, the landslide was moving at a very low speed (less than 1
cm/day) and shear wave velocities were relatively high. The displacement rate increased on the 27th of May after
the second rainfall event (30 mm/d) and reached the value of 10 m/day. The velocity remained apparently constant
for several days, but we should consider that the data collected from the 27th of May to the 1th of June are not
significant because the geophones were buried and moved downslope of about 50 meters. On the 1st of June the
monitoring system was retrieved e reinstalled in its original position. From the first week of June to the 25th of
July, the landslide slowed down and reached a velocity of 1 cm/d and accordingly, the Vs shows an increasing
trend, except for the drop on the 22th-23th of June. Observing the video, the landslide did not accelerate; maybe
the drop in shear wave velocity is a direct consequence of a rainfall event that occurred on the 22th, but we are
still working on this aspect. A preliminary interpretation of the observed relationship between the displacement
rate of the landslide and the shear wave velocity of the moving mass relies on the changes in the consistence of the
material. During the phase of fast moving, the soil probably increases the void ratio and loses its stiffness, so Vs
are low. At the contrary, during the phase of slow moving, the void ratio is relatively low and Vs are higher.



Monitoring of a fast moving landslide in a weak
cemented sandstones in the Northern Apennines

Landslides of the flow type are known to cause severe damages to houses and infrastructure (e.g.
Hungr et al.,, 2001). Despite numerous documented cases of landslides that evolved from
moderately to fast moving flow like landslides, the mechanics involved in this transition remains
still uninvestigated (van Asch and Malet, 2009). This is also due to the difficulties in designing a
monitoring system that registers this transition with high frequency data. We present in this work a
case study of a first time failure in a bedded sandstone in the Northern Apennines of Italy. The
landslide is referred to throughout the work as Ronco-Puzzola landslide, which is located in the
municipality of Grizzana Morandi, approximately 30km S of Bologna in the Northern Apennines of
Italy. The landslide evolved in two distinct stages: the initial failure took place on April 2013 and
the catastrophic reactivation occurred on 10" February 2014. In according to Cruden and Varnes
(1996), the Ronco-Puzzola landslide can be classified as composite rock-earth slide in the upper
part of the slope with flow like cinematic in the lower portion. Surface geophysical analyses were
carried out in order to define the consistence and volumes of the involved material. In detail,
periodic ReMi-MASW surveys and HVSR acquisitions were performed both inside and outside the
landslide body to define the pre and post-event slope condition. A monitoring system was installed
on October 2013 in the upper portion of the landslide and it consisted of 2 piezometers equipped
with electric pressure transducers, 3 inclinometers, 3 wire extensometers and 12 visual targets
mounted on steel rods. At the time of slope failure (Feb. 10", 2014), only the visual targets, the
pluviometer and a piezometer were active. According to the extensometer data, the upper part of the
landslide started to move steadily by 1mm/day since the beginning of December 2013. On January
19" 2014 all the visual targets started to move : the highest velocities were recorder from the lower
and central targets (1800mm/day), whose data are available only until Feb. 2" because the
landslide swamped one of the target. Sudden increases in displacement rates were observed between
Jan. 30" and Feb. 1% (500 mm/day) and at the catastrophic failure (400mm/day). Although different
parts of the landslide mass moved synchronically, at this stage the velocities are slightly higher for
the targets placed in the upper part. Rapid increases of displacement rates are closely associated
with short precipitation inputs. The second stage of the monitoring system activity began on July
2" 2014: the rate of displacement recorded after mitigation measures were undertaken, indicates
that the landslide is substantially stable and the water table level lies on average at 4.5m below the
ground level.
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