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(Received 12 February 2014; accepted 3 July 2014)

We present a new method to achieve failure forecast of landslide phenomena by
considering near-real-time monitoring data. Starting from the inverse velocity
theory, we jointly analyse landslide surface displacements on different time
windows, and apply straightforward statistical methods to obtain confidence
intervals on the forecasted time of failure. Our results can be relevant to support
the management of early warning systems during landslide emergency conditions,
also when the predefined displacement and /or velocity thresholds are exceeded.
In addition, our statistical approach for the definition of confidence interval and
forecast reliability can be applied also to different failure forecast methods. We
applied for the first time the herein presented approach in near-real-time during
the emergency scenario relevant to the reactivation of the La Saxe rockslide, a
large mass wasting menacing the population of Courmayeur, northern Italy, and
the important European route E25. Our results show how the application of
simplified but robust forecast models can be a convenient method to manage and
support early warning systems during critical situations.

1. Introduction

Landslides are one of the most frequent among geohazards, causing every year high
economic losses and several fatalities (Petley 2012). For this reason, forecasting the
occurrence of landslide phenomena in space and time is a major scientific challenge.
The approaches used to forecast landslides mainly depend on the spatial scale ana-
lysed (regional vs. local), the temporal range of forecast (long- vs. short-term), as
well as the triggering factor and the landslide typology considered (Soeters & van
Westen 1996; Guzzetti et al. 1999).

By focusing on short-term forecast methods for large, deep-seated slope instabil-
ities, the potential time of failure (ToF) can be estimated by studying the evolution
of the landslide deformation over time (i.e., strain rate). This approach can be
applied when landslide materials follow the creep mechanism before reaching rup-
ture. In the last decades, different procedures have been proposed to estimate ToF,
mainly by considering simplified empirical and/or graphical methods applied to time
series of deformation data. The first recognized successful ToF forecast was
described by Saito (1965), which used an empirical formula to infer ToF by analysing
displacement data acquired in a continuous manner during the secondary creep
stage. Instead, Fukuzono (1985) proposed a failure forecast method (FFM) based on
the experience performed during large-scale laboratory experiments, which were
aimed at observing the kinematic evolution of a landslide induced by rain. This
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approach, known also as the inverse-velocity method, considers the evolution over
time of the inverse value of the surface velocity (v) as an indicator of the ToF, by
assuming that failure approaches while v ~! tends to zero. Following these two exam-
ples, in the last decades many other authors dealt with the problem of landslide ToF,
and several attempts of prediction on natural and man-made slopes have been pre-
sented (Federico et al. 2012).

In general, most of the ToF forecast approaches are based on the availability of
direct measurements of surface and/or deep-seated displacements. Large slope insta-
bilities can be nowadays monitored through in situ instruments, which provide accu-
rate displacement time series with high temporal sampling. Moreover, when
landslide hazard menaces the safety of people and/or infrastructure, surface dis-
placements are usually measured, processed and interpreted in near-real-time, and
early warning system (EWS) based on predefined displacement’s threshold are even-
tually implemented to manage potential accelerations phases (Intrieri et al. 2012).
However, straightforward procedures to provide reliable and near-real-time objec-
tive projections of the short-term landslide’s evolution to manage emergency scenar-
ios are yet lacking. Indeed, many of the approaches found in literature for ToF
forecast consider a unique time-window for the calculations, and in general are not
updated with the same temporal frequency of the data sampling. Moreover, these
methods rarely provide an estimate of the reliability of the forecast.

In this work, we present an extension of the inverse-velocity method, to provide
landslide ToF forecast based on surface displacement monitoring performed in near-
real-time. We first describe the rationale behind the proposed methodology, and
then show an example where our procedure has been successfully tested in a real
scenario.

2. Method

Nowadays, through in situ monitoring techniques, it is possible to provide high
resolution and near-real-time time series of surface displacements at specific points
(targets and/or benchmarks), with processing times ranging from few minutes to
maximum one hour. The time series measurements need usually a pre-processing
step, which consist of procedures dedicated to noise filtering, smoothing spikes, and
eventually resampling or interpolation by considering uniform time-steps, to avoid
missing values and have homogenous sampling over a pre-defined reference time
window (W). The choice of W analysed depends on several factors, such as the moni-
toring sampling rate, the landslide typology, as well as its current status.

By considering the most recent measurement of a near-real-time monitoring
network at a point target d;, displacement values of the time series can be selected
according to the time window analysed:

DW:{dti7W7"'7dti} (1)

and the inverse value of its first derivative with respect to time computed, obtaining
the time series of the inverse velocities 7, as follows:
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Figure 1. Schematic representation of the method presented in this work to forecast landslide
failure. Time series of inverse velocity values (black dots) on a defined time window are fit
through regression analysis. Bootstrap procedure is used to define confidence intervals (red
lines), considering 5% and 95% tiles among the N = 1000 ToF estimations (inset). In addition,
among bootstrap population the selected best fit (dashed line) entails minimum RMS of the
residual between model and data. To view this figure in colour, please see the online version of
the journal.

At this stage, we applied linear regression analysis to model /,,, in order to find the coef-
ficients providing the best fitting of data in the least square sense (e.g., Hamming &
Hamming 1973). According to the Fukuzono’s inverse-velocity method, the roots of
the linear model found with the regression analysis provide an estimate of ToF. The
latter procedure is repeated for N = 1000 iterations by applying a bootstrap resampling
strategy (Efron 1979), which is aimed at deriving robust assessments of errors associ-
ated to the estimated regression coefficients. The model vs. data fitness is evaluated by
calculating both the Pearson’s correlation coefficient (CCORR) and the root mean
square (RMYS) of the residuals of the difference between data and model. Thus, 5th and
95th percentiles of the bootstrap distribution are used to define of confidence intervals
for the ToF estimations, and provide a time range where the failure occurrence is most
likely (see figure 1). In addition, the best-fit model of the population generated via boot-
strapping is considered as the most representative ToF.

The method above explained was applied in near-real-time for the first time to the
surface displacement time series relevant to the La Saxe rockslide, a large slope insta-
bility located in northern Italy.

3. La Saxe rockslide: the April 2013 emergency scenario

A large and complex active mass movement (Cruden & Varnes 1996) is located in the
north-western part of Aosta Valley, northern Italy (see figure 2). The rockslide, here-
after referred to as La Saxe, involves a large sector of the southern flank of the
Mount de la Saxe, located in the Ferret valley just in front of the Mont Blanc massif
Italian’s side. La Saxe rockslide involves a total instable volume estimated in ca. 8 x
10° m? (Crosta et al. 2012). The mass wasting menaces both Entreves and La Palud
villages, which are part of the Courmayeur municipality (one of the most prominent
touristic areas of the Italian western alps). Moreover, the landslide threats also a
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Figure 2. Aerial view of the La Saxe landslide area (N 45.81, E 6.97). Yellow shading is rele-
vant to the whole instable area, while red shading constraints the sector showing larger dis-
placements during the April 2013 emergency. Black dots represent the targets of the RTS
monitoring network, while the black square shows the location of the measuring station. Blue
shading around the B6 point identifies the area of the sector collapsed on 21 April 2013.
Entreves and Palud belong to the Courmayeur Municipality. To view this figure in colour,
please see the online version of the journal.

crucial point of the route E25, an important highway connection crossing Europe
from north to south.

Since 2002, in situ monitoring has been performed in order to follow the landslide
evolution, and an EWS aimed at ensuring safety of the population has been set up
starting from 2009. The current monitoring network includes several instruments to
monitor surface and subsurface deformation in near-real-time (Crosta et al. 2012);
however, the EWS is mainly based on surface velocity thresholds set on measure-
ments performed hourly via a robotized total station (Leica TCA™, RTS, see loca-
tion on figure 2). A first pre-alarm is issued when RTS line-of-sight (LOS) mean
surface velocities measured in the last 24 hours overcome the 1-mm/hour threshold,
while alarm starts for values larger than 2 mm/hour. These thresholds were defined
by the Geological Survey of Regione Valle d’Aosta after careful geological and geo-
morphological considerations, as well as by considering the approach described in
(Crosta & Agliardi 2002). When pre-alarm and alarm levels are overcome, specific
civil protection actions are performed by authorities, with a pre-defined order and
time scheduling. These procedures include interruption of roads traffic, and eventu-
ally evacuation of edifices located in areas at higher risk. Since 2013, the RTS meas-
urements and EWS thresholds are processed by considering the ADVICE
procedure (Allasia et al. 2013), a recently developed methodology which allows for
a rapid and effective data analysis, as well as divulgation and dissemination of the
current displacement status to the different users involved in the landslide monitor-
ing activities.
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Figure 3. (a) Displacement time series relevant to the measurements performed via RTS in
April 2013 (see Figure 2 for the locations of targets B4, B6, T8). () Zoom on the period
18—23 April, when displacements at the target B6 evolved exponentially and finally lead to a
sector collapse (see also Section 3 and figure 4 for details).

At the end of March 2013, the surface displacements of the right sector side of La
Saxe evolved rapidly. Indeed, since 2009 it has been observed that snow melting dur-
ing spring seasons causes progressive acceleration of the surface displacements,
which can potentially evolve and lead to a partial (or complete) failure of the land-
slide body (Crosta et al. 2012, and references therein). Pre-alarm and then alarm
thresholds were both overcome on April 15 by the B6 optical prism (see figure 3),
which was installed to monitor the frontal portion of the most unstable sector of the
La Saxe rockslide. Although acceleration was recorded at other neighbour locations,
surface velocity values measured at the point B6 were of about one order of magni-
tude larger, reaching values of about 330 mm/hour on 21 April 2013. Under these
circumstances, an emergency status was issued, including the evacuation of several
buildings located in the most risky areas.

Figure 4 shows the results of the application of the our experimental FFM proce-
dure (outlined in Section 2) to the time series of the displacements measured by the
prism B6 during the April 2013 emergency phase, by focusing on the time period
18—22 April. To test the method and check its performances on a real case scenario,
the procedure was activated for the B6 point target and for the others prisms
installed in the most active sector of the landslide on 15 April 2013. We considered
different time windows, i.e., 24, 48, 72, and 168 hours (one week), respectively; how-
ever, due to the rapid evolution of the surface displacements, the most representative
time window of interest was W = 24 hours. On 19 April in the afternoon, and in the
morning of 20 April, the CCORR values between inverse velocity data and the best-
fit model were estimated as higher than 50%, thus we started to evaluate the ToF
forecast obtained; however, these values could be not yet considered reliable enough
to gather robust estimations. Starting from the night between 20 and 21 April,
CCORR values started to increase exponentially, reaching the 90%—95% values on
21 April 2013 at Central European Time (CET) 06:00 am, and remaining stable on
that values in the period between CET 06:00 and 12:00 am. At this stage, we noticed
a high probability of an imminent failure within the following 24 hours on the sector
monitored by the B6 prism, which finally collapsed on 21 April 2013 at CET 11:00
pm. The rock-fall was limited to a small portion of the moving sector of the La Saxe
rockslide, with an estimated volume in the range of 0.5—1 x 10° m®.
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Figure 4. Top: Range of ToF calculated in near-real-time by considering the RTS measure-
ments for the target B6. Bottom: CCORR calculated between the inverse velocity data and the
best-fit linear model estimated within the bootstrap procedure. For CCORR values larger
than 75% (red bars), the reliability of the regression model increases as well as the ToF fore-
cast. On the contrary, CCORR values smaller than 50% are associated with unreliable failure
forecast, and thus the results discarded. Time is expressed as CET.

4. Discussion and conclusions

Recent advances have been performed on real-time and near-real-time displacement
monitoring strategies to survey a wide range of geohazards (Allen & Ziv 2011; Ji
et al. 2013; Tu et al. 2013; Xiao & He 2013). In general, the principal aim of this kind
of monitoring approaches is to accurately understand the temporal evolution of the
investigated phenomenon, as well as to eventually provide early warning in the case
of recognized risk scenarios. EWS linked to displacement monitoring is usually based
on the definition of two or three different states associated with the overcoming of
predefined thresholds (Medina-Cetina & Nadim 2008). One of the main limitations
of this approach is that, when the last defined threshold is exceeded, the monitoring
network and consequently the EWS end their efficacy although this is the most criti-
cal stage of the landslide emergency. Indeed, decision-makers have to be fully sup-
ported in their activities so that civil protection measures can start timely and be
effective in reducing risk exposure. To this aim, “physics-based” numerical models
can be used to evaluate slope’s stability, as well as to build up and/or update land-
slide hazard scenarios (Crosta et al. 1999; Thiebes et al. 2013). However, the reliabil-
ity of such numerical models strictly depends on the accuracy geological and
rheological interpretation of the phenomenon, and in several cases, the time needed
to achieve updated results is not compatible with the evolution of an emergency situ-
ation. On the other hand, in that period decision-makers and civil protection opera-
tors would benefit of straightforward tools and robust procedures associated with
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real-time and/or near-real-time monitoring data providing short-term indications of
an imminent failure (Xu et al. 2011).

In this work, we proposed a new approach to cope with continuous monitoring
data of displacements in order to obtain ToF in landslide scenarios. We combined
the inverse-velocity method and bootstrap statistics in order to provide ToF confi-
dence intervals in near-real-time. In April 2013, the method has been applied for the
first time during the emergency relevant to the La Saxe rockslide. The area surround-
ing the point B6 collapsed on 21 April at 11:00 pm, as indicated with a high reliability
level. Our approach allowed to issue a “failure warning” to the responsible authori-
ties about 10 hours prior to the sector failure. By considering nearby point measure-
ments (showing also acceleration in the same time period), CCORR values between
data and ToF models were never as larger as evidenced for the B6 point target, thus
the forecast were considered not reliable (see figure 5).

We are aware of the constraints, as well as of the several limitations, that have to
be carefully considered while using “data-driven” models to infer ToF in landslide
scenarios. The use of this method assumes that a continuous increasing of accelera-
tion occurs until failure. Short-term changes in the boundary conditions, as well as
variations in the driving forces of slope instability, might cause rapid changes in the
acceleration trends, and thus also strongly affect ToF estimations. Also, acceleration
decrease observed before failure and not consistent with existing theoretical creep
models may correspond to a delay on the failure time predicted with the inverse-
velocity methods (Mazzanti et al. 2014).

We also point out that information on the probability of a failure during emergency
scenarios is very critical, thus the divulgation of forecast results obtained with auto-
matic procedures has to be limited (Popescu & Zoghi 2005). Our method has been
developed to obtain reliable short-term failure forecast at the scale of the single mea-
surement point, and is not intended for medium- and long-term predictions of the
ToF for the whole instable slope. On the contrary, we aim at providing a new toolbox
to manage EWS in critical situations, whose final interpretation is still provided by
experienced users, which are conscious of the limitations of these methods and can
take into account not only displacement data, but also additional evidence from other
data sources depending on the specific context. By considering the herein presented
method, new thresholds based on the ToF short-term forecast might be implemented
within an EWS. For example, when the forecast confidence level is sufficiently high
(CCORR > 75%), automatic alerts to expert operators can be supplied. This would
increase the added-value of an EWS to support the management of an emergency
condition also when pre-defined displacement and/or velocity thresholds are
exceeded, providing an estimate of the time lasting before a failure updated at each
new measurement cycle, for different observation time-windows. In addition, our sta-
tistical approach for the definition of confidence interval and forecast reliability can
be applied also to other “phenomenological” methods that provide short-term predic-
tions within the tertiary creep phase (Federico et al. 2012). Similar methods can be
applied also to indirect strain measurements, as for example real-time monitoring of
strain energy retrieved from seismic monitoring at active volcanoes and/or in other
geohazard scenarios (Bell et al. 2011; Lépez et al. 2012). The herein presented results
seem to confirm the robustness of the methodology; however, further experiments
have to be performed, as well as an accurate evaluation of the method’s forecast accu-
racy, in order to verify the potential application in operative civil protection contexts.
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Figure 5. (a) Range of ToF calculated in near-real-time by considering the RTS measure-
ments for the target B4 in the period 12—23 April, 2013. (b) CCORR calculated between the
inverse velocity data and the best-fit linear model estimated within the bootstrap procedure for
the target B4. For CCORR values larger than 75% (red bars), the reliability of the regression
model increases as well as the ToF forecast. On the contrary, CCORR values smaller than
50% are associated with unreliable failure forecast, and thus the results discarded. (¢ and d)
Same as (a) and (b) but for the T8 target in the period 12—23 April 2013. Time is expressed as
CET.
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