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Abstract Predicting the time of failure is a topic of major concern
in the field of geological risk management. Several approaches,
based on the analysis of displacement monitoring data, have been
proposed in recent years to deal with the issue. Among these, the
inverse velocity method surely demonstrated its effectiveness in
anticipating the time of collapse of rock slopes displaying acceler-
ating trends of deformation rate. However, inferring suitable linear
trend lines and deducing reliable failure predictions from inverse
velocity plots are processes that may be hampered by the noise
present in the measurements; data smoothing is therefore a very
important phase of inverse velocity analyses. In this study, differ-
ent filters are tested on velocity time series from four case studies
of geomechanical failure in order to improve, in retrospect, the
reliability of failure predictions: Specifically, three major landslides
and the collapse of an historical city wall in Italy have been
examined. The effects of noise on the interpretation of inverse
velocity graphs are also assessed. General guidelines to conve-
niently perform data smoothing, in relation to the specific char-
acteristics of the acceleration phase, are deduced. Finally, with the
aim of improving the practical use of the method and supporting
the definition of emergency response plans, some standard proce-
dures to automatically setup failure alarm levels are proposed. The
thresholds which separate the alarm levels would be established
without needing a long period of neither reference historical data
nor calibration on past failure events.

Keywords Time of failure - Alarm threshold - Early
warning - Monitoring - Inverse velocity

Introduction and rationale for the study

Monitoring slopes potentially affected by instability is an activity
of fundamental importance in the field of geomechanics. The
interpretation of monitoring data is one of the main point of
emphasis when trying to predict the time of geomechanical failure
(Tp) or to assess the probability of an imminent rock slope col-
lapse. Although a universal law which successfully accomplishes
this goal for all the types of failure mechanisms and lithology does
not exist, a good number of empirically derived methods and
equations have been produced in the last decades. These are
usually based on the recurrent observation before failure of certain
relationships in the strain or displacement data, eventually linked
to some intrinsic properties of the rock mass (Ventura et al. 2009).
For example, Mufundirwa et al. (2010) evaluated Ty as the slope of
the t(du/dt)-du/dt curve, where du/dt is the displacement rate.
Newcomen and Dick (2015) recently reported the “boundary
conditions” for different failure mechanisms based on the correla-
tion between the Rock Quality Mass (RMR) index and the observed
highwall strain percentage. Federico et al. (2012) presented 38 case
studies where velocity and acceleration were measured up to the
slope collapse and found that in those instances, a common
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relationship between the logarithms of these two parameters is
approximately satisfied just prior to failure. The most diffused ap-
proaches for Ty prediction are those based on the accelerating creep
theory, which has been repeatedly studied by different authors under
slightly different perspectives (Saito 1969; Fukuzono 1985; Cruden
and Masoumzadeh 1987; Crosta and Agliardi 2003) and from which
derives that the time of slope failure can be predicted by extrapolat-
ing the trend towards zero of the inverse velocity-time plot. The most
notorious description of the topic was made by Voight (1988, 1989),
who extended the theory to the behaviour of materials in terminal
stages of failure and proposed a relation between displacement rate
and acceleration, influenced by two dimensionless parameters (A
and o):

Q"0G-A=o0 (1)

where (2 is the observed displacement and the dot refers to differen-
tiation with respect to time (i.e. 2 represents velocity and (2 acceler-
ation). He then provided an analytical solution for the forecast of Ty
that may be utilized especially when the inverse velocity plot ap-
proaches zero with a striking non-linear trend (perfect linearity is
verified for o = 2), which would make more uncertain the use of the
graphical solution. A and « are not necessarily constants and can
change if different time increments are considered (Voight 1988;
Crosta and Agliardi 2003); Voight (1988), in fact, supposed that the
mechanisms of deformation and the conditions of loading are time
invariant, an assumption which may very well not agree with reality.
The accuracy of the analytical method is thus heavily influenced by the
precision and frequency of the monitoring data (Voight 1989). Anyway,
experience suggested (Fukuzono 1985; Voight 1988, 1989) that « is
frequently nearly equal to 2, which made linear fitting of inverse
velocity-time data a simple and much preferred tool to predict Ty of
slopes displaying strong acceleration phases. Petley et al. (2002) ob-
served that the form of the inverse velocity plot is in fact predomi-
nantly linear for landslides where generation of a new shear surface
and crack propagation are the dominant processes. Rose and Hungr
(2007) also assessed that the inverse velocity plot often approaches
linearity, especially during the final stages of failure; they also
highlighted the need to seek consistent linear trends in the data and
their changes. On this subject, Dick et al. (2014) suggested that the
linear fitting procedure should only include data following the identi-
fication of Onset Of Acceleration (OOA) points; they also advised that
additional fitting should be performed if a TU point (Trend Update,
i.e. significant change in the acceleration trend) is detected.

Here, we are not attempting to give a review of the methods briefly
described above. Certainly, the inverse velocity method (INV) has
become a widely applied tool for failure prediction and the simplicity
of use is its most powerful feature. Nevertheless, INV has some
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important limitations and its application requires experienced users.
In particular, INV can be used only for slopes which fail in accordance
to the accelerating creep theory, excluding, for example, cases of
structural (Mufundirwa et al. 2010) or brittle (Rose and Hungr 2007)
failure. Rose and Hungr (2007) provided a list of elements that can
cause variation of displacement rates and thus hamper the perfor-
mances of INV. The theoretical method was actually obtained from
constant and controlled laboratory conditions, which are extremely
unlikely to be satisfied on natural slopes and field conditions. Such
limitations can include measurement errors and random instrumental
noise, local slope movements, variation of the displacement rates
driven by periodically changing factors (e.g. rainfall, groundwater,
snowmelt, human activities, etc.), o significantly diverging from 2,
and lack of clear OOA and TU points acceptably earlier than the
occurrence of the failure event. Moreover, INV assumes that velocity
at failure is infinite; this condition is obviously not verified and in fact
velocity at failure varies for different rock types, volumes, mechanisms
of failure and slope angles (Newcomen and Dick 2015). All these
elements can decisively hamper the interpretation of the inverse
velocity plot, thus affecting the accuracy and reliability of Ty predic-
tions and eventually discouraging users from using the method during
the monitoring program.

For these reasons, it is of crucial importance to correctly pro-
cess the velocity time series in order to remove as much as possible
these disturbing effects, which here are generally termed “noise”
for simplicity. Data filtering is indeed essential to help locating
OOA and TU and to increase the degree of fitting of the linear
regression line (growth of the coefficient of determination R* on
the inverse velocity plot is usually a good indicator that an accel-
eration phase is occurring at the slope). In this paper, we make
reference to two types of noise:

“Instrumental noise” (IN), caused by the accuracy of the mon-
itoring instrument

- “Natural noise” (NN) that includes all the other afore-
mentioned factors causing possible divergence of the slope
movements from the theoretical linear behaviour of the inverse
velocity plot towards failure, as derived from Fukuzono’s and
Voight’s models

To our knowledge, a detailed study devoted to testing different
methods of data smoothing on a collection of case histories in
order to thoroughly evaluate their performances, determine the
effects of noise on the reliability of Ty predictions and eventually
obtain related guidelines for an optimal utilization of INV does
not appear to have been yet produced to date. Dick et al. (2014)
carried out a sensitivity analysis for an open pit mine slope failure
case history, which showed that variation of Ty for rates filtered
over a short time period produced larger variations compared to
rates filtered over a longer time period; however, the topic was not
comprehensively examined as in the terms proposed here, and the
main focus was directed towards the correct handling of spatially
distributed ground-based radar data in monitoring open pit mine
slopes. It should also be noted that different filters may generate
different results depending on the shape of the rate acceleration
curve and on the level of noise intensity. Therefore, testing should
be performed on various types of case studies.

| Landslides

In the following section, we consider and execute data smooth-
ing on velocity data from three landslide case histories and extend
the analysis also to the collapse of a man-made structure of
significant cultural heritage. Each of these events (all in Italy)
displayed a noticeable accelerating trend towards failure. In par-
ticular, the episodes considered are:

1. The Mount Beni rockslide (December 2002), characterized in
general by low-medium values of slope velocities approaching
the event (A = 0.1; see later sections)

2. The catastrophic Vajont landslide (October 1963), which was
anticipated by extremely high movement rates (A ~o0.04;
Voight 1988)

3. A roto-translational slide on a volcanic debris talus (Stromboli
Volcano, August 2014)

4. The collapse of a section of medieval walls in the historical
town of Volterra (March 2015)

Afterwards, we create two ideal velocity time series in agreement
with Voight’s model and we introduce on them a set of randomly
generated low- and high-intensity noise; consequently, we evaluate the
resulting effects on the performances of INV and apply data smooth-
ing. Finally, based on the experience acquired from both the real and
simulated case studies, we propose some procedures for a practical
analysis of the inverse velocity plots. These proposed guidelines ad-
dress both the aspect of data handling and the issue of objectively
establishing the alarm setup process for the emergency plan.

Methodology

As previously mentioned, the most powerful feature of INV is prob-
ably its simplicity. Under many aspects, it is of great advantage, in
scenarios of risk assessment and management, if users can rely on
quick and practical methods to evaluate the state of the monitored
phenomenon and determine the possibility of an imminent calam-
itous event, a task which is not always possible to accomplish
because of physical reasons and/or technological constraints. Ac-
cordingly, we tested two among the most common and easy-to-use
smoothing algorithms, i.e. the moving average and the exponential
smoothing. Specifically, we considered three forms of filter:

1. A short-term simple moving average (SMA), where the
smoothed velocity at time ¢ is:

Wt F Ve 7 F V()

(2)
and n=3 n

»

A long-term simple moving average (LMA), where n=7 in (2)
3. An exponential smoothing function (ESF), where

<l

t = fve + (1-0) Vin (3)
and the smoothing factor is 5= 0.5
If the time interval between adjacent measurements is constant,
the type of moving average as in (2) is equivalent to the simple
equation utilized by Dick et al. (2014)

di—d;—y
Vi =
ti—tin

(4)



where ¢; is the most recent time and d; is the most recent cumu-

lative value of displacement.
Obviously, there is no formally correct rule or procedure in order to

establish the order of the moving averages. In fact, this is highly
dependent on data quality and temporal frequency. High acquisition
rates, which in the field of slope monitoring are typical of advanced
remote sensing techniques (e.g. ground-based radar, GPS and total
stations), usually require to perform smoothing over a greater number
of measurements. Conversely, low acquisition rates will hide much of
the background noise, causing on the other hand the inability to trace
short-term movements and delaying the identification of eventual
trend changes; in such instance, smoothing should thus be performed
over relatively less measurements, compared to data obtained at high
acquisition rates. It follows that the number of data points within the
time series does not necessarily influence in a significant way the
accuracy of failure predictions. It is difficult to determine a priori the
minimum number of acquisitions, in addition to those necessary to
apply the aforementioned filters (i.e. ), that is required to confidently
extrapolate linear trends in the inverse velocity plot. Undoubtedly, a
populated data set will help determine more clearly how well the time
series is fitted by the linear regression line, thus giving an important
indication about the reliability of the prediction. In any case, modern
monitoring technologies, which can measure displacements several
times per day, ensure that the former is no longer a common issue and
typically provide users with a more than acceptable amount of data
points in the time series, unless the monitoring activities are initiated
extremely close to the failure event.

With reference to the failure events presented in this paper, which
were mostly characterized by low acquisition rates of the displace-
ments (about 1 measurement/day or less), using values of n>7 in (2)
seemed to level out excessively the trend changes which were actually
due to OOAs. Moreover, the wider the temporal window over which
smoothing is performed, the higher the lag that is introduced to the
time series; consequently, in scenarios of near-real time monitoring, it
is probably not practical or convenient to use windows of smoothing
which span over too long time periods. Considering the aforemen-
tioned acquisition rates of the reviewed data, a LMA with n =7 seems a
reasonable compromise. Regarding the SMA, Eq. (2) with n=3 is
typically considered the most basic filter for smoothing a hypothetical
outlier in a linear time series; this moving average responds quickly to
trend changes and is sensitive to slight fluctuations in the data. For this
reason, it is selected for comparison to the “slower” and less sensitive
LMA. This work is not focused on determining if a certain value of n is
the most ideal for treating displacement measurements, since this will
certainly vary from case to case depending on several factors such as
acquisition rate, landslide velocity and background noise. As described
more thoroughly in the following sections, both short- and long-term
moving averages provide in fact benefits and downsides in time series
analysis; the intent is therefore to evaluate how these properties
influence the reliability of failure predictions and if short-term or
long-term moving averages should be preferred for the application
of the inverse velocity method.

Finally, in (3), a smoothing factor of 0.5 maintains a good balance
between smoothing effect and sensitivity to trend changes in the
data. An ESF has the form of a geometric progression and therefore,
differently from a moving average, takes into account all past data,
with recent observations having greater weight than older ones.

Results
Failure case histories

Mt. Beni rockslide

On 28 December 2002, a landslide occurred on the Eastern flank of
Mt. Beni (Central Italy), on a slope which had been previously
exploited by quarrying activity until the 1980s (Fig. 1a). The failure
mechanism, involving jointed massive basalts overlying ophiolitic
breccias, was characterized by a volume of about 500,000 m® and
has been classified as a rockslide/rock topple (Gigli et al. 2011).
Several distometric bases were put in place along the perimetral
crack (Fig. 1b) and recorded cumulative displacements since April
2002. Increasing rates, ranging from few millimetres up to few
centimetres per day, were detected by most of the devices starting
from September 2002 until the collapse of 28 December. According
to eyewitnesses, the event began at about 4:30 a.m. local time. Gigli
et al. (2011) made particular reference to distometric base 1-2, since
this recorded the longest and most consistent progressive acceler-
ation in the time series of displacements; they ultimately calculat-
ed a failure forecast according to the linear extrapolation of the
trend in the inverse velocity plot, which could be distinguished
since 2 August already (Fig. 2a). Although it provides a good
estimate that failure is going to occur, fitting of these data gives
a Ty which anticipates the actual failure (T, by 4 days and a half
(ATy= Top-Ty= 4.5), as is also shown by the related life expectancy
plot in Fig. 3a. Life expectancy plots are very useful tools to
examine the course with time of the Ty predictions, updated on
an on-going basis each time a new measurement is available
(Mufundirwa et al. 2010; Dick et al. 2014).

Inverse velocity plots for data filtered by means of SMA, LMA
and ESF are given in Fig. 2. In this case, short-term moving average
smoothing eliminates the small steps in the raw data curve, yield-
ing a significantly improved Ty (4T;=1.1); on the other hand, long-
term moving average, despite determining a slightly better fitting,
generates a considerably negative AT;(—4.3) and most importantly
delays the identification of the OOA point by 1 month. The latter
aspect is verified even more for the exponentially smoothed ve-
locities. Their poor linearity would have also made their use in the
emergency scenario quite troublesome, even if, in retrospect, it is
found that the last T value is highly accurate. Respective life
expectancy plots (Fig. 3) display additional, valuable information:
All datasets, beside velocities filtered by means of ESF, converge
parallel to the actual time to failure line. However, raw data
consistently give anticipated forecasts of the time of failure, where-
as SMA allows forecasts to get decisively closer to the actual failure
line since November 21. In Fig. 3¢, predictions approach the actual
values already on late October but finally diverge towards signif-
icantly negative ATy which is something to avoid in risk manage-
ment of geological hazards (concept of “safe” and “unsafe”
predictions, Mufundirwa et al. 2010). Exponential smoothing pro-
duces a reliable T¢in correspondence of the last measurement, but
the predicted time to failure line does not have a regular pattern, if
compared to the others.

A slightly different, but really interesting example from the Mt.
Beni rockslide, which is not reported in Gigli et al. (2011), is given
by displacement rates measured at the distometric base 15-13.
Especially in its last phase, the final acceleration (Fig. 4a) is quite
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Fig. 1 Photo of the Mt. Beni rockslide (a) and topographic map displaying the location of distometric bases (b, from Gigli et al. 2011)

irregular (i.e. progressive-regressive wall movement; Newcomen
and Dick 2015). Moreover, it seems to have a slightly concave
shape with respect to base 1-2, possibly suggesting o lower than
2. We may thus refer these features to one or more of the natural
noise factors. The reliability of the linear fitting of the inverse
velocity graph results to be strongly affected and produces a time
of failure forecast which precedes the last actual measurement
acquired on December 20, hence well ahead of T,y
(approximately 8 days, Figs. 4a and 5a). Here, SMA does not
exhibit a noticeable improvement in terms of smoothing, and the
consequent Ty is equivalent to Ty from raw data. Again, exponen-
tial smoothing introduces irregularity on the plot and delays the

OOA point. In this case, filtering by means of the long-term
moving average produces better results under every aspect: OOA
is found at the same time than in the raw data, steps in the inverse
velocity line are eliminated (thus improving also the degree of
fitting) and accuracy of Tris much higher (AT;= 2); the related life
expectancies converge close to the actual time to failure line
already from late November, 1 month before the event. On the
contrary, predicted lines from Fig. 5a, b are horizontal in their first
section and ultimately do not get near the actual expectancy line.

Summarizing, the Mt. Beni case study, as analysed here, showed
that linear fitting of unfiltered inverse velocity data, although
surely constituting an indicator of the on-going acceleration of

INVERSE VELOCITY ANALYSIS - DISTOMETRIC BASE 1-2 (MT. BENI)
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Fig. 2 Inverse velocity analysis for the distometric base 1-2 installed on the Eastern flank of Mt. Beni
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Fig. 3 Life expectancy analysis for the distometric base 1-2 installed on the Eastern flank of Mt. Beni

the slope movements, produced Ty which anticipate by several
days the actual time of collapse. Smoothing data with simple
moving average algorithms allowed to benefit from improved
qualities of fitting and of Ty predictions. In particular, long-term
moving average gave optimal results for the noisier, less linear («
<2) time series from distometric base 15-13, while short-term
moving average performed better when applied to the more regu-
lar measurements registered by distometric base 1-2. Exponential
smoothing did not produce satisfying improvements to these data.

Vajont landslide

The 1963 Vajont disaster in Northeast Italy has been one of the
most catastrophic landslides in history, and many authors have
studied the event under different perspectives. Without entering
into the complex details of the failure mechanism, as these have
already been largely described and discussed (and still are), the
collapse occurred at about 10:39 p.m. local time on 9 October 1963,
when a 270 million m? mostly calcareous rock mass detached
from the slope of Mt. Toc and slid at 30 m/s into the newly created
Vajont reservoir (Fig. 6). The consequent tsunami wave
overtopped the dam and killed 2500 people in the villages down-
stream. The pre-failure movements of the unstable material were
strongly controlled by the water level in the valley floor and
creeping motions began to be observed immediately since the
creation of the reservoir (Havaej et al. 2015). The final chain of
events started with the April 1963 reservoir filling cycle; the final
rupture followed 7o days of downslope accelerating movements
(Helmstetter et al. 2004). According to measurements from four
benchmarks installed at different positions on the mountain slope,
pre-failure velocities were extremely high: Among these,

benchmarks 5 and 63 in particular were the ones which showed a
clear state of accelerating creep, with displacement rates ranging
from ~5 mm/day up to over 20 cm/day (Fig. 7a , b) and a total
cumulative deformation of a few meters (Muller 1964). In Fig. 7,
measurements from Mt. Beni are also plotted in order to show the
different orders of magnitude in the displacement between the two
landslides (Fig. 7a) and the different shape of the curves (Fig. 7b).
Distometric base 1-2 of Mt. Beni indeed shows significantly lower
rates relatively to both Vajont benchmarks. Data from base 15-13
are instead in the same order of magnitude, but the acceleration is
“stepped” rather than exponential. This further indicates the need
to perform high-degree smoothing on this time series (Fig. 4).

In Fig. 7¢, the inverse velocity plot for the unfiltered measure-
ments of benchmark 63 is shown. Even though a slight step-like
pattern can be noticed, the graph is remarkably linear as a whole
and, most importantly, the linear trend line fits particularly well
the last points leading up to failure. Therefore, if recorded ve-
locities are regularly high since the initial stages of acceleration,
i.e. A=0.04 (as in Vajont data; Voight 1988) or lower, and if the
assumption of o = 2 is consistently satisfied, it is suggested not to
apply any strong data filtering, in order to avoid loss of sensitiv-
ity with regard to actual downward trends. At most, linear fitting
of short-term averaged velocities may also be conducted in par-
allel to the fitting procedure of the original data. For benchmark
63, SMA vyields a slightly better fitting and a slightly more accu-
rate Ty (AT;= 0.3) with respect to results from the original data
(A4Tf=1.1, Fig. 7d). Conversely, inverse velocity plot from bench-
mark 5 (Fig. 8a) seems to have a pattern quite similar to that of
distometric base 15-13 at Mt. Beni (Fig. 4a): After the fourth point
of the dataset, the trend appears to assume a certain concavity
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Fig. 4 Inverse velocity analysis for the distometric base 15-13 installed on the Eastern flank of Mt. Beni

(a < 2) and consequently, as opposed to benchmark 63, the last
velocity points before failure are not well fitted by the linear
regression line. This causes again a premature T prediction,

which anticipates also the time of the last measurement on 8
October (A4T;= 2.7, Fig. 8a). Excellent linearization is produced
by LMA and ESF (Fig. 8), with the first one also determining an
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Fig. 5 Life expectancy analysis for the distometric base 15-13 installed on the Eastern flank of Mt. Beni
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Fig. 6 The catastrophic Vajont landslide

extremely accurate Ty (ATy= o.1). From the relative life expectan-
cy plot, it can be seen that a correct prediction about the time of
failure could have been given about 10 days earlier than the
actual event; in further support of their reliability, the forecasts
of the time of failure remained consistent after each of the last six
displacement measurements. On the other hand, life expectan-
cies from the raw data are always some days off the actual time-
to-failure line.

Again, as in the Mt. Beni case study, it is not argued that
velocities from benchmarks at Mt. Toc were not indicating a clear
accelerating trend towards slope collapse. Nevertheless, it is found
out that the accuracy of Ty predictions could be improved by
appropriately smoothing out data and thus linearize the respective
inverse velocity plots. Equivalently to distometric base 15-13 at Mt.
Beni, results showed that, for fast-moving slopes, if <2, it is
suggested to filter data with a long-term moving average; instead,

DISPLACEMENT RATES AND INVERSE VELOCITY ANALYSIS - BENCH MARK 63 (VAJONT)

——Inv. vel. <—Actual failure <—Predicted failure == -Onset Of Acceleration
250 4 ¢Vajont (5) ——Mt. Beni (1-2) a 250 4 Vajont (63) —+Mt. Beni (15-13) b
200 200 -
= =
© ©
T 150 T 150 -
£ £
Fod Z
3 100 5 100 |
ko] k-]
g g
50 50 -
" . i
0 = T 0 = T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (days) Time (days)
Raw data C SMA d
03
€
éo,zs
3 02
z
3 0,15
e}
$ 01
3
© 0,05
>
£
0
&
&

Fig. 7 Velocity measurements for benchmarks 5 (a) and 63 (b) of the Vajont landslide (from Muller 1964) and for distometric bases 1-2 (a) and 15-13 (b) at Mt. Beni, for
reference. Both benchmarks display significantly higher rates than 1-2 distometer. 15-13 distometer is characterized by rates of the same order of magnitude as those at
Vajont, but the increase of velocity occurs through “steps™ rather than exponentially suggesting the need to perform a high-degree data smoothing (Fig. 3). c, d Inverse

velocity analysis for benchmark 63 installed on Mt. Toc
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INVERSE VELOCITY/LIFE EXPECTANCY ANALYSES — BENCH MARK 5 (VAJONT)
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Fig. 8 Inverse velocity and life expectancy analyses for benchmark 5 installed on Mt. Toc

if a=2, it seems more convenient to proceed with the regular
inverse velocity analysis performed on an on-going basis or, at
most, to filter data with a short-term moving average.

Stromboli debris talus roto-translational slide

On 7 August 2014, a debris talus located below the Northeastern
crater (NEC) of Stromboli Volcano was affected by a roto-
translation slide, evolving into a rock avalanche on a 30°-45°
steep slope called “Sciara del Fuoco”, and followed by the
opening of an eruptive vent localized at ~650 m a.s.l. (<100 m
below the NEC, Di Traglia et al. 2015; Rizzo et al. 2015; Zak$ek
et al. 2015). Debris cone material likely reached the sea, but
tsunami waves were not recorded. Growth stages of this debris
talus at Stromboli are a common phenomenon related to the
explosive activity, which produces accumulation of
volcaniclastic debris around the active craters (Calvari et al.
2014). Contrariwise, the roto-translational slides occurred at
the onset of the 2002-2003, 2007 and 2014 flank eruptions,
characterized by magma propagation from the central conduit
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towards the NEC (Di Traglia et al. 2014, 2015). The debris talus
is composed by loose volcaniclastic material, prevalently brec-
cias alternating with tuff, lapillistones and thin (<2-3 m) lava
flows (Apuani et al. 2005). The NEC area has been continuously
monitored by a Ground-Based Interferometric Synthetic Aper-
ture Radar (GBInSAR) system (Di Traglia et al. 2014, Fig. 9). The
latter recorded an increase in the line-of-sight displacement rate
of the debris talus starting from 30 May 2014. The curve of
deformation rate for this period presents a high degree of noise
(Fig. 10a). This is mostly due to the dynamics of the magma
within the volcanic edifice: At Stromboli, successive cycles of
filling and emptying of the plumbing system can cause phases
of inflation and deflation of the entire crater area, thus adding
natural noise to the displacements of the debris talus. For this
reason, strong negative velocities are displayed at times in
Fig. 10a and a definite raise in rates can be observed only from
late July. This final acceleration was made up of relatively low-
medium rates, from few millimetres per day up to a peak
velocity of 40.4 mm/day on 6 August 2014. Since 04:01 GMT



on 7 August 2014, the GBInSAR recorded complete loss in
coherence in the debris cone sector, consistently with a fast
movement of the summit area (i.e. Tpp).

In Fig. 10a, the OOA is found about only 1 week before the slope
collapse. Hence, it was not possible to produce with confidence a
failure prediction, as only few measurements could be collected
between OOA and T, (Fig. 10b). Data filtering, eliminating short-
term fluctuations and highlighting longer-term cycles, is here of
invaluable help, as it may allow an earlier detection of the OOA
point. With LMA (Fig. 11), the latter is found on 27 July, but the
inverse velocity line appears to be excessively smoothed out,
causing a late Ty prediction (4T;= —1.7); ESF generates the OOA
on 24 July and provides a slightly better failure forecast (ATy=
—1.3), despite a worse fitting (R*>=0.77). SMA undoubtedly pro-
duces, in this case, the best results overall (Fig. 11a, b): A trend
towards the x-axis begins already on 23 July, the level of fitting is
high (R*=0.88) and Ty is extremely reliable (4T;=—o0.4). In fact,
from the life expectancy plot in Fig. 11b, it can be seen that a
roughly correct time of failure forecast could have been made
consistently since 3 August, approximately 4 days before the actual
collapse of the debris talus. Similarly to the time series of
distometric base 1-2 at Mt. Beni, it is found that, when accelera-
tions towards failure are characterized by moderate velocity
values, it is more reliable to filter data by means of SMA. This is
even more important for the Stromboli case study, where failure is
usually anticipated by a very brief final acceleration phase and
therefore an early identification of the OOA is highly needed. A
short-term moving average has higher sensitivity towards trend
changes in the data and thus appears to be the most helpful mean
of analysis, with regard to this specific issue.

Collapse of the medieval city walls in Volterra

Volterra is one of the most well-known cultural heritage sites in
Central Italy. The town, originated as an Etruscan settlement, later
became an important medieval centre. During this period, the perim-
eter walls, which still surround the town, were built. Some of these
have their foundation over cemented sand deposits, which sit on top of
the stratigraphic column and overlap a formation made up of marine
clays. On 31 January 2014, a 35-m long and 9.5-m high portion of the
historic walls suddenly collapsed. After this event, a GBInSAR system
was installed to monitor the deformation of the entire SW side of the
city walls (Pratesi et al. 2015; Fig. 12). Since late February, generally high
displacement rates of another portion of the walls were captured; after
an initial phase of roughly linear movements (~2 mm/day), finally
velocities increased decisively on 1 March (Fig. 13a) and, shortly
thereafter, the area completely collapsed in the early afternoon of 3
March 2014. Pratesi et al. (2015) attributed the source of the instabilities
to the accumulation of water above the impermeable clays and to the
resulting overpressure exerted on the upper incoherent sands. This
was confirmed by the fact that high movement rates were registered
only at the bottom of the wall, in agreement with a slightly roto-
translational motion caused by loss in base support.

The Volterra case study is of particular interest, as it does not
strictly imply a failure on a natural slope, but rather on a man-
made structure built on unstable terrain. This does not necessarily
constitute a limit for INV, as Voight (1989) affirms that the model
is thought to be applicable to a variety of fields where mechanical
failure is involved, including earth sciences, materials science and

engineering. However, the apparent lack of a linear trend toward
zero in the inverse velocity plot of the unstable part of the walls
discouraged its use during the terminal phase of the emergency
(Fig. 13b). Following the recurrence of above-average rate values
(from ~2-3 to 19.4 mm/day), authorities were informed about the
high probability of an imminent collapse, but a Ty estimation
process was not carried out.

It can be argued that accelerations affected by strong deviation
from the ideal inverse velocity linearity are those in more need of
high-degree smoothing. In fact, SMA and ESF (Fig. 13¢, d) do not
generate useful improvements from raw data in terms of readabil-
ity of the inverse velocity plot and again a T prediction would not
be advised. Contrariwise, LMA filter provides a clear OOA and an
obvious linear trend line to the x-axis (R* = 0.98, Fig. 13¢). Results
show that final Tyis just few hours earlier than T,/ (ATy= 0.5 days).
The relative life expectancy plot indicate that roughly accurate
forecasts of the time of wall collapse could have been made as
soon as 27 February, as all the subsequent points forming the
predicted time-to-failure line lie in close proximity to the actual
time-to-failure line.

Therefore, if rate values seem to diverge from the expected
behaviour of the INV model, it is suggested to try performing
time of failure analyses only following the application of
strong filters to the data. The usefulness of this process is
even greater if relatively low movement rates are involved in
the acceleration phase and, consequently, little variations in
velocity values can give rise to confusing spikes in the inverse
velocity plot.

Effect of noise on the reliability of T predictions

From the analysis of failure case histories, it resulted that data
smoothing can provide several types of advantages, depending
on the properties of the velocity curves: When a general trend
toward failure is already evident in the raw data (e.g. Mt. Beni,
Vajont), it is still possible to obtain more reliable T predic-
tions; when measurements have a high level of noise and the
final phase of acceleration is short-lived (e.g. Stromboli debris
talus), an earlier OOA can be identified; when data seem to
imply that linear INV is not applicable (e.g. Volterra), it might
be possible to deduce the obscured trend toward failure, if
present. Particularly in the last two instances, applying filters
could be decisive in allowing, in practice, the use of INV.
Among the considered examples, it was noticed that measure-
ments at Stromboli and Volterra were affected by high noise
intensity and strongly needed to be filtered in order to apply
the method, while at Mt. Beni and Vajont, the level of distur-
bance was smaller and affected just the reliability of Ty
predictions.

With the aim of performing additional analyses, we now
simulate the introduction of random sets of noise on two
ideal time series which, initially, are created in accordance
to Voight’s model for rates approaching failure. These series
are calculated based on the equations that better approximate
the actual trends of displacements registered at Mt. Beni
(distometric base 1-2) and Vajont, meaning that the parame-
ters A and o must be estimated accordingly. As reckoned by
Voight (1988), this can be accomplished by plotting log-veloc-
ity against log-(tst). Such plot for data from distometric base
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Fig. 9 Cumulative map of displacements of Stromboli crater area, as measured along the radar line-of-sight between 1 January 2010 and 6 August 2014. Range and cross-
range resolution are on average 2 m x 2 m. Map and time series of displacements (Fig. 10a) are obtained by “stacking” the interferograms phase using 8-h averaged SAR
images, with a measurement accuracy of +0.5 mm (Antonello et al. 2004; Intrieri et al. 2013; Di Traglia et al. 2014; Di Traglia et al. 2015). Interferometric phase can be
corrupted by noise (decorrelation), caused by the contribution of scatterers summing up differently among SAR acquisitions and estimated by a calculation of the
“coherence” between two images (values in the range 0-1). The displacement time series was measured in the area of the debris talus which showed high coherence
(>0.9) during the analysed period. In the insert, the location of Stromboli Island is also shown

1-2 at Mt. Beni is shown in Fig. 14a. Solving for the equation
of the best-fit line, one obtains A =0.102 and a=1.994, re-
markably close to the condition of perfect linearity; approxi-
mating for a =2 yields A=0.099. Since the general Voight’s
equation for rate at any given time prior to failure is equiv-
alent to the general Saito expression for creep rate ¢ (Voight

1988; Saito 1969)
e=E(t;—1)" (5)
where E=[A(a-1)]"""" and n=1/(a —1), data are well de-

scribed by v =10(t;—t)” " as proved in Fig. 14b. For displacements
at Mt. Toc (Vajont), Voight (1988) found that rates can be suitably

60 - «——NEC debris talus = =00A ' a 01 1 =¢=Inv.vel. X Debris talus collapse b
|
— 40 4 | 0,08 -
3 =
s ©
3 ! g
£ 20 4 | £ 0,06 -
£ £
= =
£ 0 2z j
E | g 0,04
° kel
> | 2
20 4 : 0,02 |
-40 : . ; ; ; ; - : — 0 . . . . RV .
g g g g g ™ \ g \g ] g
N N N N 4 N N Y N N » ™ > g g » J > >
q 3 N ¥ X ¢ ¥ 5 N : > > i N .
KO S I G R e T AT T S e N I
1 S8 voo9 Y ~ v o W o o A &

Fig. 10 Deformation rate (a) and inverse velocity plot after 00A point (b) for the GBINSAR time series of the debris talus below the NEC of Stromboli Volcano
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INVERSE VELOCITY /LIFE EXPECTANCY ANALYSES — STROMBOLI DEBRIS TALUS
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Fig. 11 Inverse velocity and life expectancy analyses for the smoothed GBInSAR time series of the debris talus below the NEC of Stromboli Volcano

expressed by v = 27(t;— )" " with A = 0.037 and o = 2. By substitut-
ing in the two equations values of time-to-failure from 60 to 1, we
simulate rates of two slopes with similar behaviour to Mt. Beni and
Mt. Toc and in agreement with a condition of perfect linearity in
the inverse velocity plot.

As previously mentioned, we then add to these series of
velocities several sets of random noise, meaning both IN and
NN. We consider IN as additive noise, while NN as multipli-
cative noise. The first is in fact related to the precision of the
monitoring device, which is typically not dependent on the
amount of movement occurred (we hypothesize an instrumen-
tal accuracy of £1 mm). Conversely, natural noise, which is
determined by the factors disrupting the ideal linearity of slope
accelerations (i.e. variations of A and «), is proportional to the
stage of failure. This can be easily seen in (5): Equivalent
changes of A and « will cause bigger differences between
actual and theoretical velocities as the time-to-failure de-
creases. Also, in INV, velocity at failure is considered infinite,
an assumption which obviously is not verified in nature.

Values of “disturbed” velocities are thus computed as

v=v+R + (v:\R)‘R, (6)
where R, is a randomly generated number between [—1, +1] and Ry
is a fixed constant which indicate the applied intensity of natural
noise. Certainly, (6) is a simplification of an otherwise very com-
plex and unpredictable phenomenon; nonetheless, it can stand as
a quick and generally effective approximation for the purposes of
this analysis.

According to this approach, examples of a strong NN compo-
nent (Ry=o0.2) added to the series of ideal rates for Mt. Beni and
Mt. Toc (Vajont) are described, and the effects of data smoothing
in improving the reliability and usability of the inverse velocity
method are thus further evaluated. Mt. Beni (1-2) and Vajont both
represent excellent cases of slope acceleration prior to failure. Mt.
Beni was characterized by noticeably lower velocities (i.e. higher
value of A) with respect to Mt. Toc. It follows that, when an equal
noise intensity is introduced to the respective rate curves, the
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Fig. 12 a Overview of the Volterra case study: the location of the GB-InSAR system is indicated by the yellow star, whereas the red stars highlight the two collapse
events occurred on the medieval walls. b, ¢ Photos of the first and second Volterra city wall collapses of 31 January 2014 and 3 March 2014, respectively

effects on the analysis of inverse velocity plots will be different.
This can be easily observed in Figs. 15 and 16. Graphs have been
divided in two sections, before and after an identified OOA/TU
point. As previously said, this marks either the point after which a
trend toward the x-axis can be clearly defined or a change in the
trend slope and usually occurs together with a reduction in data
noise (Dick et al. 2014).

Simulation for Mt. Beni (Fig. 15a) shows that, over 60 obser-
vations, an OOA can be probably identified at =29 and that a
reliable T prediction could be performed by using measure-
ments thereafter. Scatter in the first half of the plot would not
allow, in a real-time monitoring scenario, to safely determine a
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trend. This is also confirmed by the low value of R>. SMA and
ESF both yield no great improvement in terms of scatter in the
first part of the dataset and the OOA is found basically at the
same time than in the original series. Conversely, LMA gener-
ates better smoothing across the entire series and a clear OOA is
found already at t=14, with a final ATy=o0.5. LMA thus pro-
duces, in this case, notable benefit to the INV analysis.

The Vajont simulation gives different points of interest: The
presence of an overall trend toward zero remains generally clear
and Ty predictions could be initiated quite early in the series
(Fig. 16a). Probably, a TU or OOA would be safely found at t=17
or thereabout. Similarly to what suggested in the real case history



DISPLACEMENT RATES AND INVERSE VELOCITY/LIFE EXPECTANCY ANALYSES — VOLTERRA CITY WALLS

—+Inv. vel. <—Actual failure <—Predicted failure =m=Actual time to failure = -#=Predicted time to failure Onset Of Acceleration
25 1 Volterra city walls = =Failure ra Raw data b
|
s ] ! ’gls
el 7 il
£1s | ! 3
E I ke
Z | Z 14
§10 4 | 38
Q [
> >
5 } @ 0,5 -
| g
=
0 . . : : . L 0 ,
s s N N Ny B B s o B
& @ & <& @ g Ng & «@ x@ <<° <@ ,@“’ N
S Ay AW 'S b v b S 7 s g 3 v b
SMA c ESF d
1 o
3 3
£os | £o8
© ©
T T
<06 - <06 -
- =4 =
8 8
3 04 4 T 04 A
> >
802 302
g g
£ £
0 . . : ; : ; ; ; . » —Y 0
NN S V) . A s Va,» R 0,» o S o>
@& & & & & @@ R \4\° = @& & & & & & & (@ @” @\” @“ =
D A R A AR @m’»"”»ﬁ?’»"’ﬁ”i\w
LMA e LMA f
1 S
@
Y
0,8 ] 4
=
0,6 3 3
8
g
0,4 .
o x
©o 4 Tem..
0,2 S 0T e
.. 0 : : : : : : . . —5
0+ T T T ! T - 1 O O QO O O O QO O O
™ ™ > ™ x x ™ @ © © $ R O © $ S 9
< e o o & S > R SR o ¢ K \» >
@ @ @ & @ Ny N AN AN\ AN NN LN o
S o K R & ) W S IR AP I R NP A SN

Fig. 13 Displacement rate (a), inverse velocity analysis (b—e) and life expectancy analysis (f) relatively to the second collapse event of the Volterra city walls. The time
series in (a) was extracted from the radar pixel which showed the highest coherence as well as the highest displacements during the analysed period (Pratesi et al. 2015).
In b-d, plots do not provide clear linear trends; therefore, failure predictions cannot be made with acceptable confidence

of benchmark 63, LMA smooths out excessively the inverse veloc-
ity line and, consequently, a sensibly negative AT;is found (-2.5).
Both LMA and ESF have TU/OOA at t = 14. Instead, SMA produces
a reliable Ty (4Ty= 0.6) and the earliest OOA at t=11.

Several other simulations, with different sets of randomly generated
values of noise, were performed. Although the random nature of the
process can sometimes yield slightly different results with respect to
the ones presented here, the same general behaviour was observed.
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Fig. 14 a Log velocity vs log-(t+t) for distometric base 1-2 at Mt. Beni and (b) comparison between actual and fitted data
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INVERSE VELOCITIY ANALYSIS — EFFECTS OF NOISE (MT. BENI)
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Fig. 15 Example of random noise added to the inverse velocity plot of the fitted data for distometric base 1-2 (Mt. Beni)

Discussion: proposing standard procedures for inverse velocity analyses  clear that the reliability and the applicability of the method can be
INV can be a powerful tool for estimating the time of geomechanical ~ decisively improved by appropriately treating data. General guidelines
failure. Based on the results displayed in the previous sections, itis also  for ideal data filtering of velocity data could be suggested, specifically:

INVERSE VELOCITIY ANALYSIS — EFFECTS OF NOISE (VAJONT)
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Fig. 16 Example of random noise added to the inverse velocity plot of the fitted data for Mt. Toc (Vajont)

| Landslides



® If movement rates are consistently high (i.e. A~ 0.4 or lower),
it is not advised to perform data smoothing, as it would
generally yield no real improvements to the INV analysis and
cause less sensitivity to actual trend changes. Only SMA could
provide some benefits in terms of both OOA/TU identification
and reliability of Ty In general, focus should be put mostly on
updating Ty predictions on an on-going basis and on searching
for new TU points in the data.

® If movement rates are low (i.e. A=o.1 or higher) and/or
noise has significant intensity, data smoothing is of great
importance in order to perform INV analyses and, some-
times, could make the difference between being able to make
effective Ty forecasts or not (e.g. distometric base 15-13 at Mt.
Beni, Stromboli debris talus and Volterra). IN mainly influ-
ences the initial stage of the acceleration, significantly
delaying the identification of OOA/TU points. At the same
time, NN may also disturb the linearity of the last stages of
acceleration and thus hamper the accuracy of Ty predictions.
Depending on the properties of the rate curve and on the
particular behaviour of the slope, it was observed that dif-
ferent filters could give better results in different case stud-
ies. Therefore, Ty predictions should be made while applying
both short- and long-term filters and simultaneously study-
ing the related trend lines. Exponential smoothing could
also be run in parallel for comparison.

It should be noticed that studying trends of displacement
rate remains in great part exposed to a high degree of subjec-
tivity. In INV, much of the analysis is not executed following
pre-defined procedures but is rather based on the personal
interpretation and experience of the user. Dick et al. (2013,
2014) indeed explained that there is no fixed rule for identifying
the OOA and TU points, while Rose and Hungr (2007) recom-
mended that best-fits should be constantly re-evaluated in light
of possible trend changes and of qualitative observations in the
field. As shown in the case histories presented here and as
hinted also by Dick et al. (2014), different techniques for data
smoothing may be alternatively more suitable, depending on the
specific characteristics of the velocity curves, on the properties
of the monitoring device and on the requirements of the emer-
gency plan. On top of that, it is obvious that the linear extrap-
olation of inverse velocity data trending toward the x-axis
should not be considered as a precise forecast of the time of
failure, but rather as a general estimation only.

We thus propose the introduction of some standard proce-
dures for the analysis of inverse velocity plots; once established,
these may be performed automatically and with little input from
the user. We think that this would provide benefits especially
when dealing simultaneously with multiple series of measure-
ments, as in the case of point cloud data (e.g. ground-based
radar), total station prisms, etc. These procedures concern the
identification of OOA and TU points and the setup of two
different alarm levels, which would support the definition of
the emergency plans. Like in mining operations, exceeding the
thresholds between adjacent alarm levels could instantly prompt
pre-determined actions of evacuation and/or slope remediation
(Read and Stacey 2009).

First alarm threshold: onset of acceleration

We consider the occurrence of an OOA as the first alarm thresh-
old. Such event, which indicates the beginning of a progressive
stage of failure (Zavodni and Broadbent 1980), would trigger the
initiation of inverse velocity analyses, meaning that linear fitting
may be applied only to velocity data from OOA onwards. Best-fits
should be constantly revised to make sure that they successfully
describe the most recent acquisitions. Predictions should also be
updated on an on-going basis each time a new measurement is
available and until failure occurs or, otherwise, an End Of Accel-
eration (EOA) point is detected (i.e. regressive stage of failure); an
EOA signals the return to the condition of safety. As previously
demonstrated, identifying the OOA does not depend only on the
user’s interpretation but also on the degree of smoothing with
which data are treated. In the case of moving averages, using a
long time period in the calculations highlights longer-term trends
but can introduce more lag to data; on the other hand, shorter
time periods generate higher responsiveness to slight trend chang-
es, which in turn may just represent minor fluctuations.

In time series analysis, a crossover between a shorter-term and
a longer-term average is typically one of the most basic signals
suggesting the occurrence of a trend change in the raw data (Olson
2004; Shambora and Rossiter 2007). A crossover is defined as the
point where a short-term moving average (c-SMA) line crosses
through a long-term one (c-LMA). Here, we consider that, if the c-
SMA crosses above the c-LMA (“positive crossover”), the begin-
ning of an uptrend and hence the occurrence of an OOA is
signalled, while the opposite indicates the beginning of a down-
trend (“negative crossover”) and the occurrence of an EOA. The
orders of the short-term and long-term moving averages should be
previously selected and can vary depending on the intensity of
data noise; typically, in the context of moving average crossover
analyses, the c-SMA is set so that it already smooths out signifi-
cantly most of the slighter fluctuations, while the c-LMA is calcu-
lated over three or four times the c-SMA time period. The concept
of c-SMA/c-LMA for the crossover analysis is therefore not neces-
sarily related to the aforementioned use of SMA/LMA for improv-
ing time of failure predictions, since a higher degree of smoothing
must usually be used in order to avoid false crossover points
between the moving averages. This may cause to establish different
types of c-SMA and of c-LMA for different case studies, depending
on the properties and the noise of the rate curves.

The technique has been applied to the Stromboli debris talus
and Mt. Beni movement series; those two only, among the exam-
ined case histories, have in fact enough points in the dataset in
order to find a c-LMA. As already discussed several times, the
GBInSAR series from Stromboli has a high degree of noise; there-
fore, a moving average calculated over seven measurements
(which is equivalent to the LMA in Sections Methodology and
Results) was arbitrarily selected as the c-SMA. A moving average
calculated over 21 measurements was consequently picked up as
the c-LMA. The first positive crossover is found on 8 July (Fig. 16a)
but is then followed by a negative crossover, which determines an
EOA and the termination of the failure forecasts. A new positive
crossover is detected on 18 July and leads up to the debris talus
collapse on 7 August. Remarkably, the OOA is established even
earlier than what had been done through visual examination of the
data (Figs. 10 and 11). The other example is relative to the
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distometric base 1-2 at Mt. Beni (Fig. 17). The rate curve is in
extreme accordance with the linear inverse velocity model (Fig. 14);
hence, no substantial smoothing is required for the crossover
analysis. A MA(3) and a MA(9) were selected as the c-SMA and
c-LMA, respectively. The only positive crossover is found on 12
August and is not revoked until the slope collapse on 28 Decem-
ber, more than 4 months later. The OOA is detected roughly at the
same time than through manual identification (Fig. 2).

Some key benefits may thus derive from the application of this type
of approach. During the monitoring activity, an indication that a
certain target has experienced a positive crossover (i.e. exceeded the
first alarm threshold) could be issued automatically. In this way, the
necessity to perform a subjective OOA analysis of the different rate
curves would be avoided. This would be of great importance especially
in radar applications, which can theoretically provide the user with
thousands of time series of movement to evaluate at the same time. In
terms of risk assessment on a slope, observing the spatial distribution
of these alarms could allow to readily estimate the size of the instability
and thus determine if the detected onset of an acceleration phase is the
expression of a local movement or instead the signal of an incoming
partial/total failure event.

Second alarm threshold: failure time window
Extrapolation of the linear best-fit line to infinite velocity surely
cannot be considered as an exact prediction of the time of failure.
T¢is influenced by the assumptions and simplifications implied in
the INV model and also by the degree of data smoothing applied.
In previous sections, it was shown how the performances of
different filters can vary, depending on the properties of the rate
curve; however, selecting the most appropriate smoothed time
series can usually be done safely only in retrospect, during the
post-event evaluation of the displacements which led up to failure.
Therefore, the presence of a trend in the inverse velocity plot must
be considered just as an indication that failure is presumably going
to occur in proximity of its point of intersection with the x-axis.
We propose a quick and reproducible procedure to define the
time interval during which the occurrence of a failure event is
considered highly probable (“failure window”, Tf,). The failure
window is obtained by projecting simultaneously the best-fits of
both a SMA and LMA. This will yield two diverse Ts with the
difference between Tgraa) and Tysua) being indicated as 4; here,
assuming Tgsaya) < Tqrma) The was determined between:

A A
Trsmay= 3 Tpama) + -

The former corresponds to the period of activation of the
second alarm level, i.e. the second alarm threshold is exceeded at
time T = Tf(SMA)—A / ,- Understandably, there is no exact rule as to
how use 4 for establishing the Ty, limits. These should be appro-
priately set based on the preferences of the user, on how well data
seem to accommodate the INV in terms of noise and linearity and,
most importantly, on the level of acceptable risk for the monitored
case study. T5, must be wide enough to account for the uncertainty
implied with the failure predictions, while on the other hand,
excessive precaution might trigger too early activations of the
second alarm threshold; the nature of the elements at risk and
the characteristics of the emergency scenario should be carefully
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evaluated in order to assess the appropriate width of the failure
window. Relatively to the case studies presented in this paper, the
aforementioned T}, limits were evaluated as the most suitable for
successfully including T, and not providing a too conservative
alarm threshold (Fig. 18). The Stromboli debris talus and Mt. Beni
(distometric base 1-2) slope failures are again used for reference to
provide an overview of the methodology: Failure windows have
been calculated on the third last measurement of the rate curves
(respectively 3 and 26 days before failure), in order to test the
procedure to data of both high- and low-temporal resolution. For
Stromboli (Fig. 18a), on 4 August, the second alarm threshold is
placed in the early morning of 6 August and T, lasts until 9
August, successfully including T,with a convenient safety margin.
The width of the failure window is about 3%z days. For Mt. Beni
(Fig. 18b), the prediction performed on 2 December determines a
wider failure window, spanning from late 23 December 2002 to
early 2 January 2003 (<10 days). T, lies in the middle between
Tysma) and Typpay and thus also in the centre of the Ty, interval.
Similar results, based on the application of the same procedure on
both Vajont (benchmark 5) and Volterra monitoring data, are also
shown in Fig. 18c, d.

The failure window must be continuously updated each time a
new measurement is available, and consequently, new Tyspa) and
Tyrma) predictions are performed. With this approach, it would be
possible to recognize with a certain advance when the second
alarm level will approximately be triggered and thus when the
related emergency response actions will have to be taken. The
eventual consistency over time of the T, boundaries can be
considered as a strong element of support that failure will actually
occur within the identified time frame. Lower A values suggest that
measurements (and thus the forecasts) can be considered reliable,
while higher A values indicate that the downward trend in the
inverse velocity plot is less clear, determining an increased width
of the failure window and more uncertainty surrounding T, The
value of A and the accuracy of the method in general is also
influenced by the number and frequency of measurements
available.

It is again intended that this simple and practical approach,
once established within the monitoring program, could be extend-
ed to all the rate curves available and serve as a standard and
automatic procedure to setup in real time the alarm level of each
measuring point. Like for the moving average crossover approach,
this may result of great advantage especially when simultaneously
dealing with multiple targets (e.g. point cloud data). By estimating
in advance when and on which points the second alarm threshold
will be exceeded, more time would be provided to evaluate the risk
in terms of size and probability of failure and promptly implement
the pre-determined evacuation and/or remediation strategies.

Conclusions

The inverse velocity method is a powerful tool for predicting the
time of geomechanical failure of slopes and materials displaying
accelerating trends of movement. Because of the simplicity of use,
its linear form (a=2) is arguably the most common mean of
analysis of displacement data for this type of emergency scenarios.
The assumed linear trend of inverse velocity toward infinite must
be considered as an approximate estimation of the time of failure,
and its reliability is heavily dependent on the degree of
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Fig. 17 Crossover analysis for Stromboli debris talus (a) and Mt. Beni (b) displacement rates

instrumental and natural data noise. Noise can also decisively
delay the identification of the onset of acceleration and trend
update points. Smoothing measurements of deformation rate is
thus a crucial process of INV analyses and possibly must rely on
quick and easily applicable algorithms. In this study, two moving
averages and an exponential smoothing function have been tested
in order to filter velocities acquired at three large slope failures
and one city wall collapse case histories. In general, moving aver-
ages seemed to provide better fitting than exponential smoothing.
It also resulted that filters have different performances depending
on the shape of the inverse velocity curve and on the intensity of

deformation rates. Following these findings, some general guide-
lines to suitably perform data smoothing were thus deduced.
Because it may not be possible to safely carry out this interpreta-
tion process until the late stages of acceleration or even thereafter,
some standard procedures for the setup of failure alarm levels
were defined by employing both short- and long-term moving
averages. The first alarm threshold identifies the OOA and is
established following the implementation of the moving average
crossover rule. The second alarm threshold corresponds to the
time of activation of the failure window, which is calculated based
on the forecasts of both SMA and LMA. The failure window
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defines the time frame during which the occurrence of the collapse
event is considered most probable. The user would be able to
anticipate when the thresholds will presumably be exceeded and,
therefore, when the pre-determined response actions may have to
be taken. Equally importantly, if several measuring targets are
included within the dataset (e.g. point cloud data), major benefit
would derive from the ability to simultaneously and automatically
assess the alarm level of each point. The analysis of the spatial
distribution of the alarms would determine a prompt estimation of
the size of the instability and of the probability of an imminent
failure.
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