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Abstract: Over the last decades, technological development has strongly increased the number
of instruments suitable for landslide monitoring. For large landslides, monitoring systems are
organized in complex and multi-instrumental networks aimed at controlling several representative
physical variables. The management of these networks is often a complicated task that must consider
technological aspects, data-sets processing, and results publication. We developed a new hybrid
system focused on capturing and elaborating data-sets from monitored sites and on disseminating
monitoring results to support decision makers. With respect to other available monitoring solutions,
we emphasized the importance of technological aspects and a correct communication strategy,
which represents the last fundamental step for a correct use of collected data. Monitoring results are
often published in a difficult and not user-friendly way because they are intended for technicians
with adequate background. Such an approach may be inefficient, especially during emergencies,
when also non-expert people are involved. Additionally, this system consists of early warning
application, which integrates a threshold-based approach and a failure forecasting modeling.
The presented approach represents a possible improvement for a more sustainable management of
active landslides that could have a strong impact on population and infrastructures in particular in
highly urbanized areas.

Keywords: landslide monitoring; early warning; emergency management; dissemination;
urbanized areas

1. Introduction

Today, the use of monitoring systems to control the evolution of active landslide and their hazard
assessment is very diffused [1,2]. In the last decades, the number of available technical solutions and
complexity of landslide monitoring networks have been progressively increasing to fulfill the growing
necessity of managing large slope instabilities in urbanized areas.

Urban pressure, amplified by climatic changes, has progressively increased the cases in which the
evolution of a landslides can have a direct impact on inhabited areas [3]. Several approaches can be
adopted to reduce this impact. They may vary according to different factors like the dimension and
the typology of landslide and the distribution of infrastructures. The most critical combination is the
presence of large landslides in highly populated areas. In these cases, the delocalization can be hard to
implement, and the landslide stabilization can be very difficult and not immediate. Often, the only
solution is the use of monitoring systems to improve the knowledge of the landslide behavior and to
support decision makers during emergencies related to a partial or total collapse of the instable area.
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These systems, if correctly managed, may also create favorable conditions for the population at risk in
terms of life comfort.

The adopted monitoring networks are based on the high frequency measurement of the
most representative physical variables: (1) superficial displacement, (2) deep displacement,
(3) hydro-geological (water table, pore pressure), and (4) meteorological. In the last years, several
case studies were analyzed and published, and they represent good examples of this approach.
For example in Italy, complex monitoring networks have been developed to control the evolution
of landslides such as Ancona [4], Montaguto [5,6], Mt.de La Saxe [7], Rotolon [8], and Ruinon [9].
In other countries, similar approaches have been applied to monitor complex landslides such as
Randa (Switzerland—[10]), La Vallette (France—[11]), Super Sauze (France—[12,13]), Sado Island
(Japan—[14]), and Slumgullion (USA—[15]).

If we analyze these monitoring systems, we can notice that in all cases the monitoring network
workflow consists of (1) on-site data acquisition, (2) data processing, and (3) monitoring result
publication and dissemination.

It is evident that technological aspects are predominant in existing monitoring applications,
especially in on-site acquisition of representative variables. Starting from Angeli et al. [16], the number
of publications dedicated to the technological development of monitoring systems was progressively
covering all available technologies, e.g., GPS (Global Positioning System), RTS (Robotized Total Station),
GB-InSAR (Ground-Based Synthetic Aperture Radar), and in-place and robotized inclinometers. In the
literature one can find the examples of the use of GPS [17,18], RTS [19,20], GB-InSAR [21], and in-place
and robotized inclinometers (respectively, [22,23]), among many others.

After on-site acquisition, monitoring systems manage captured data-set and provide
representation of the landslide evolution. Allasia et al. [24] and Frigerio et al. [8] present a possible
approach for the management of such data-sets. In both cases, informatics tools that are able to
acquire, process, validate and store acquired data-sets compose the presented systems. The sequence
of these tools makes the on-site acquisition procedures available in a centralized and remote-controlled
system. This also allows simultaneous management of several monitoring systems and control of
different landslides.

As mentioned before, complex landslides are usually monitored by multi-instrumental networks.
These networks provide many types of time series, which are later integrated in a combined database.
The integration of different instruments in a unique centralized system, which bypasses applications
developed by the producers of monitoring instruments, is a key point for an efficient management of
complex monitoring networks [24].

Additionally, the data processing is usually linked to the management of early warning
thresholds [25,26]. The adaptation of monitoring systems to early warning purposes is an optimal
solution that may facilitate a correct management of landslide acceleration phases [27–30].

Often, early warning systems (EWSs) are associated with superficial displacement, which is
probably one of the most frequently used parameter to describe movement tendency and overall
knowledge of landslides [31,32]. However, EWSs design and in particular a priori definition of related
thresholds is one of the most important and critical aspect of landslides monitoring systems [33].
This is mainly due to the complex and unpredictable behavior of natural hazards, which often results
in large number of variables involved [34].

Thresholds are often established by performing back analysis of the available monitoring data.
They can be also determined by considering similarities to other events or by following numerical
approaches as proposed by Crosta and Agliardi [34]. However, this action may be hampered by
insufficient knowledge of the monitored landslide and by the numerous factors (e.g., geotechnical
parameters of the shear surface or real effect of pore pressure) [35].

Carlà et al. [36] proposes to use inverse velocity method for setting alarm thresholds and
forecasting landslides and structure collapses. In fact, the time of failure forecasting became a major
subject of many researchers. The successful work of Saito [37] and Fukuzono [38] inspired many other
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authors to develop different approaches in order to estimate time of failure (ToF). A summary of the
different methods proposed in literature can be found in Federico et al. [39]. These studies introduce
simplified empirical and/or graphical methods based on the assumption that material, under constant
stress condition, follows a creep mechanism before rupture.

In the past, the monitoring data-sets were exclusively dedicated to technicians with a specific
background. This was because the common representations of measured quantities were not user
friendly. According to our experience, the use of complex representation limits the number of people
that can handle this information [40].

As described in Giordan et al. [41], the large landslides emergencies are often managed by
multidisciplinary teams. These teams are usually composed not only of technicians, but also of
local authorities who often do not have an adequate background on landslide monitoring. The
presence of people with various backgrounds obliges the developer of monitoring systems to consider
how to share available information. Often, the importance of a monitoring results communication
strategy is underestimated. During emergencies, when time is limited, an easy access to available
information could help taking adequate decisions about the safety of people and goods. In this context,
the dissemination of monitoring results has become a crucial element of the emergency management.

The experience acquired during the development of the software for management of landslide
monitoring data called ADVICE (ADVanced dIsplaCement monitoring system for Early warning) [24]
lets us realize that a correct use of monitoring results cannot be limited to a simple near–real time
application that publishes the monitoring results on a dedicated webpage. To obtain an effective
system that can be used for a more sustainable management of large slope instabilities in urbanized
areas, it is mandatory to develop a more complex approach that merges the management of data
with the use of thresholds for EW purposes and dissemination procedures that assure a correct
communication to stakeholders. In order to fulfill these requirements, we developed a multidisciplinary
solution for an effective management of landslide monitoring systems called LANDMON (LANDslides
MOnitorng Network). Over the years, we have developed a set of automatic modules that governs in
near–real time the management process from data acquisition to results dissemination. Additionally,
this system consists of early warning application, which integrates threshold-based approach and
failure forecasting modeling. LANDMON emphasizes a proper monitoring data representation
and dissemination, due to the heterogeneity of actors involved in the hazard management process.
Therefore, LANDMON is an example of innovative solution that integrates technical and modeling
features with communication strategy aimed at supporting decision-makers and population at risk,
in particular during emergencies. This approach represents a possible improvement for a more
sustainable management of monitored active landslides that could have a strong impact on population
and infrastructures.

2. Methods

Figure 1 summarizes the workflow of LANDMON, which is divided in three main phases.
The first phase is composed of data acquisition procedures, the second one is composed of early
warning applications and the third one regards monitoring results representation and dissemination.



Sustainability 2019, 11, 946 4 of 20

Sustainability 2019, 11, x FOR PEER REVIEW 4 of 20 

 
Figure 1. LANDMON (LANDslides MOnitorng Network) structure. The workflow is divided in 
three main phases: (1) data acquisition procedures, (2) early warning applications, and (3) 
monitoring results representation and dissemination. Photograph: Mont de La Saxe landslide 
(Aosta Valley, northern Italy). 

Every phase has a sequence of procedures that corresponds to LANDMON modules. Each 
module has a specific purpose and application. The organization in modules, not in a single unique 
procedure, is important because the system can be freely adapted and activated according to the 
landslide features and the aims of the monitoring system. One of the most important element of the 
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represent the monitoring data-set from complex networks in a single, complete, and self-contained 
software with an appropriate dissemination procedure of monitoring results. 

The developed system exploits the experience of ADVICE [24] adding new modules and a 
dedicated communication strategy. ADVICE was a near–real time software for landslide monitoring 
and early warning threshold management.  

In this new version, we improve the classical concept of early warning by integrating a failure 
forecast module. This module employs inverse velocity approach to forecast time to failure in near–
real time [42], and it is automatically activated when a predefined displacement threshold is 
exceeded. 

Beside technological and computational aspects, LANDMON satisfies a predefined 
communication strategy, which considers a specific approach for monitoring results dissemination 
[41,43]. The experience in the use of monitoring systems to manage emergencies emphasizes the need 
for a more effective communication approach to inform stakeholders and involved population 
correctly. We consider monitoring results dissemination as an essential aspect in the development of 
monitoring systems. Such an approach improves the effectiveness of these systems during 
emergencies. At present, most of the commercial applications provide exclusively data acquisition, 
elaboration and classical results publication (i.e., tables or time series plots). Additionally, only some 

Figure 1. LANDMON (LANDslides MOnitorng Network) structure. The workflow is divided in
three main phases: (1) data acquisition procedures, (2) early warning applications, and (3) monitoring
results representation and dissemination. Photograph: Mont de La Saxe landslide (Aosta Valley,
northern Italy).

Every phase has a sequence of procedures that corresponds to LANDMON modules. Each module
has a specific purpose and application. The organization in modules, not in a single unique procedure,
is important because the system can be freely adapted and activated according to the landslide features
and the aims of the monitoring system. One of the most important element of the developed system is
that we combined a sequence of tools able to efficiently acquire, analyze, and represent the monitoring
data-set from complex networks in a single, complete, and self-contained software with an appropriate
dissemination procedure of monitoring results.

The developed system exploits the experience of ADVICE [24] adding new modules and
a dedicated communication strategy. ADVICE was a near–real time software for landslide monitoring
and early warning threshold management.

In this new version, we improve the classical concept of early warning by integrating a failure
forecast module. This module employs inverse velocity approach to forecast time to failure in near–real
time [42], and it is automatically activated when a predefined displacement threshold is exceeded.

Beside technological and computational aspects, LANDMON satisfies a predefined communication
strategy, which considers a specific approach for monitoring results dissemination [41,43]. The experience
in the use of monitoring systems to manage emergencies emphasizes the need for a more effective
communication approach to inform stakeholders and involved population correctly. We consider
monitoring results dissemination as an essential aspect in the development of monitoring systems.
Such an approach improves the effectiveness of these systems during emergencies. At present, most of
the commercial applications provide exclusively data acquisition, elaboration and classical results
publication (i.e., tables or time series plots). Additionally, only some of them merge data-set from
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different monitoring systems and produce bulletins or other solutions aimed to inform population
about landslide evolution and related risk level.

Our approach, unlike existing possibilities, is a multidisciplinary solution for efficient hazard
management based on series of informatics tools and on particular strategy for the results
communication. The proposed system is also human-centered, because it unifies science, monitoring
technology, levels of government and pubic [44–46].

We were progressively developing LANDMON and we applied it to several emergency
scenarios [47]. In particular, the most important applications are the Montaguto landslide [5], the Costa
Concordia wreck [48] and the Mont de La Saxe landslide [49]. In the following, we present the main
features of the three phases.

2.1. Phase 1: Data Acquisition Procedures

As introduced in Figure 1, the first phase concerns data acquisition procedures i.e.,
measuring instruments installation, on-site data acquisition, data transfer, storage and organization,
data pre-processing. This structure should be operative for every monitored site and be ready to
acquire data from different instruments.

It is fundamental to point out that an innovative system should be able to work with data-sets
obtained from different types of instruments installed in the monitored area: RTS, GPS, GB-InSAR,
piezometers, meteorological stations, webcam, borehole inclinometers and other geotechnical
instrumentation as clinometers and extensimeter. The network composition depends on monitoring
scenarios, needs and economic issues. Usually, an accurate planning of the monitoring network is
needed, especially in the case of phenomena with heterogeneous directions and velocities of the
moving mass. As a consequence, appropriate network design leads to well-organized and efficient
monitoring system precisely representing the kinematic of the monitoring area, and to success in
hazard management process.

Once the network is ready, the measurements are performed cyclically. For every cycle,
the measurements are acquired at certain date and time. The management of instruments acquisition is
usually managed via ad-hoc proprietary software arranged in a base station positioned directly at the
monitored site. These on-site applications control: (1) frequency of cycles acquisition, (2) acquisition
parameters of the instrument, (3) on-site database, (4) export process to obtain a correct data output.
The measurement output (its structure and content) depends on used instrument. This output usually
is text file containing principal data that describes motion, e.g., displacement in three-dimensional
space (x, y and z) in the case of GPS, or vertical and horizontal angles and distance in the case of RTS.
The local export of new measurement cycle terminates the on-site acquisition.

Every time a new data-set is available, the system transfers it from local monitoring system to the
central server. An internet connection is required in order to transfer and guarantee a continuous flux
of these data. This connection may be provided through GPRS (General Packet Radio Service), UMTS
(Universal Mobile Telecommunication System), LTE (Long Term Evolution), dial-up or dedicated
backbones. The transfer can be done using a dedicated software that uploads the newest file from the
local station to the remote server or the local control station may be queried directly from the remote
server, and transmitted automatically by secure transfer protocol.

Transferred data are uploaded and stored on a dedicated database server for further elaboration.
This step is composed of several actions. First, the raw data is converted into correct metric-scale and
coordinates system depending on the technical specification of the instrumentation used. For every
instrument a dedicated import tool was developed to transform the original data output from
monitoring system in a correct data input for LANDMON. This transformation is fundamental for
multi-instrument interoperability. The use of the same time format and coordinate system facilitates
the comparison of data-sets registered by different instruments. Then, the data-set is filtered and
validated by removing inconsistent data, noisy measurements, spikes, and by handling missing values.
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The elaborated data-set (in the form of input file) is then stored in an unique database that
contains all the data acquired at the same monitored area by different instruments. The most
recent measurements are integrated with the previous ones in the database. When the sequence of
measurements is ready, the data can be analyzed by the modules dedicated to displacement threshold
management, failure forecast and visualization.

2.2. Phase 2: Early Warning Applications

The early warning application developed in LANDMON is composed of two modules. The first
one uses velocity thresholds and defines explicitly the warning level based on the historical monitoring
data. While the second one uses inverse velocity approach to forecast the probable temporal distance
before the collapse. The first module analyses the velocity in a predefined lapse of time with respect
to predefined thresholds [50]. The second module evaluates the propensity to the failure using the
inverse velocity approach proposed by Fukuzono [38]. These modules, in near–real time, acquire the
last measurement session, process the available data-set and produce adequate warnings.

2.2.1. Velocity Threshold Management Module

Design of early warning systems usually starts from defining three levels of attention [26]:
(i) ordinary level, when there is no emergency due to the displacement level below predefined
threshold, (ii) warning level, when the mass movements oscillate above seasonal perturbations,
(iii) alarm level, for critical activation of the unstable area. In our approach, these stages are associated
to predefined velocity thresholds. When the velocity limit of warning/alarm level is exceeded,
the integrated algorithm of EWS automatically sends alert/alarm messages, e.g., via SMS and/or
email to the responsible authorities. After warning, the authorities have often to decide about the
activation of specific civil protection procedures. According to the location and possible evolution of
the monitored phenomenon, these procedures may include interruption of roads and railway traffic,
evacuation of facilities located in the risk zone, and every kind of actions aimed at providing overall
safety. The check of thresholds exceeding is executed in near-real time every time new measurements
are available. The algorithm checks the warning status based on the last monitoring result, and if the
threshold level is exceeded, it activates the predefined procedures to alert decision makers about the
current landslide status. This module has been tested under various critical conditions. For example,
we applied it during the critical phase of the Mont de La Saxe rockslide occurred in 2014 to support
the landslide management team [49]. For further details about Mont de La Saxe landslide see Crosta et
al. [7,51] and Alberti et al. [33]. This module was regularly updating decision makers on the evolution
of the slide during the most active phases via SMS and with displacement graphs via email. Thresholds
were verified for each new measurement session (every hour). SMS and emails were sent every time
landslide activity changed. Bulletins were issued weekly, but in the most critical period, they were
issued daily.

2.2.2. Near-Real Time Failure Forecasting Model

As described before, EWSs are usually composed of three levels of attention. These levels are
determined according to directly measured values of the moving mass. Consequently, this imposes
underestimated values for the alarm level, in order to maintain a proper margin of safety. Unfortunately,
this approach does not provide any kind of prediction about possible evolution of the landslide, making
a classical EWS incomplete and sometimes inefficient. In such a case, the time between the alarm level
and the eventual failure (partial or total) is unknown. This fact may be inconvenient for authorities and
decision-makers who are in charge of management of emergency scenarios, and who are responsible
for the safety of humans and/or public wealth. In this context, the use of modeling techniques seems
to be a reasonable solution to estimate eventual ToF of landslide phenomena.

Starting from Fukuzono method, we proposed a new approach to forecast ToF by considering
near-real time monitoring [42]. Fukuzono approach, also known as the inverse-velocity method,
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uses the evolution of inverse value of surface velocity (v) as an indicator of the ToF by correlating the
failure with v−1 tending to zero [38].

Large landslides during their final stage of failure often follow abrupt evolution that correspond
to the tertiary creep behavior. Under such conditions, especially when human lives come into play,
it is very important to choose a method with quick implementation, calculation and use. Fukuzono
method has an easy and efficient approach, and therefore, due to its simplicity, it is suitable for EWSs
and it was integrated in LANDMON to model ToF.

Our model takes the advantage of near-real time data acquired from the monitoring network
system. We combine inverse-velocity method, interpolation techniques and statistical methods.
In particular, we apply linear regression analysis to describe the function of inverse velocity Iv by fitting
its discrete points using the least square approach. According to the mentioned Fukuzono method,
the root of the resulting equation of the linear regression provides an estimated ToF. This procedure
is then repeated for N-times by means of bootstrap re-sampling procedure [52]. Therefore, we can
define the confidence intervals, considering 5% and 95% tiles among N-times estimations of ToF.
In addition, the accuracy of linear relation between the model best fit and the data is verified by
calculating the Pearson correlation coefficient CC. For more details, the reader may refer to Manconi
and Giordan [42,49].

Presented failure time estimation approach uses confidence intervals (5% and 95% tiles) to describe
time range for the highest probability of failure, and normalized CC values to describe reliability R of
the computed forecast model. We have used this reliability value (in percentage) to define additional
threshold for LANDMON EWS as an auxiliary support for early warning purposes. For example,
when R is sufficiently high, automatic message for expert operators can be generated.

Figure 2 introduces the adopted concepts for EW, which couples threshold-based EW and failure
forecasting. A hypothetical velocity evolution of the landslide point (see the curve on Figure 2) presents
a commonly observed landslide behavior toward failure, and it is plotted together with the elements
of developed EW (alarm and warning limits, model reliability thresholds).
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of the landslide point, which represents usually observed behavior toward failure. The figure adopted
from [49].

To exploit ToF results and to make possible the use of thresholds, we adopted the value of
reliability R in the EW system. R is a good indicator of the forecast estimation and for this reason
it can be used to check if the forecast gives a high probability of failure. For example, during Mont
de La Saxe emergency scenario in April 2014 [49], we considered a number of R ranges, as follows:
(i) for 50% < R < 60% the model reliability is low, failure is unlikely but the situation must be surveyed;
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(ii) for 60% ≤ R < 75% model reliability is medium, a failure within the estimated ToF range starts to
be likely; (iii) for 75% ≤ R < 90% model reliability is high, a failure within the estimated ToF range
is likely; (iv) for R ≥ 90% model reliability is very high, a failure within the estimated ToF range is
highly probable.

The method application is presented in Figure 3. It is an example of real computation that was
performed on 16 April 2014 during the Mont de La Saxe emergency. On Figure 3A we present a one
month velocity evolution of five prisms, and on the following plots (B, C and D) the forecasting
results for the prism B4. The model reliability R can be obtained for several calculation time windows
(CTWs, data acquired over last 12 h, 24 h, 48 h, 1 week, etc.). Plots B, C and D show the results of our
methodology for three CTWs, respectively 7-days, 2-days and 1-day.
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Figure 3. Mont de La Saxe landslide inverse velocity computations. One-month velocity evolution of
five prisms (image A), failure time range forecasting and corresponding model confidence R obtained
for seven-days CTW (image B), for 2-days CTW (image C) and 1-day CTW (image D).

As output, the algorithm provides predicted failure time range, best fit and confidence of the
model. Additionally, we marked the moment of the real collapse of the landslide, in order to present the
efficiency of this approach. In conclusion, the results of the presented procedure can be summarized as
follows: if the landslide velocity keeps increasing as in the last calculation time window, the probability
of a failure within the estimated time of failure is equal to the model reliability.

If the landslide evolution follows the law of creep, the use of ToF can be a great support for
decision makers because it gives not only a description of the actual status as velocity thresholds
provide but also a forecast. The indication of possible evolution can be an important information
for managing the civil protection procedure. The resulting time of failure is shared exclusively with
experts, who are qualified to interpret this result, to evaluate the level of reliability and to exploit it
during the most critical phases of emergency.
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2.3. Phase 3: Monitoring Results Representation and Dissemination

Usually, monitoring data are presented in the form of tables or time series plots. These typologies
of representation may be clear for experienced people who are familiar with monitoring data.
However, natural hazard management process involves directly also non-expert people and such
data representations may be difficult to interpret, especially for population who is the terminal of
this process. For this reason, in addition to time series plots of measured quantities (displacement,
precipitation, temperature), we have developed an illustrative approach (©3DA) to represent the
monitoring results, i.e., surface displacement representations in 2-and 3-dimensional space and
three-dimensional arrows showing real direction of motion [40].

©3DA represents surface displacement as magnitude maps by interpolating the punctual
monitoring data-set over the given Region Of Interest (ROI). Moreover, ©3DA visualizes the measured
displacement by means of 3-dimensional arrows at initial measurement points. Such a representation
shows magnitude, intensity and direction of displacement measured at this particular point.
The referenced results of ©3DA algorithm can be projected on various representations of the monitored
area, e.g., digital terrain model (DTM), ortho-photograph, perspective photograph, image obtained
from Google Earth/Google Maps or from any other service. The advantage of having many possible
backgrounds is the possibility to identify the best representation.

©3DA, integrated within LANDMON, can automatically produce the magnitude maps few
minutes after each measurement session, which is an important characteristic especially during
emergency conditions. Thanks to the configurability of ©3DA subroutine, this approach can be
easily adapted to the hazard conditions under study. ©3DA can be considered as an incipient of
the developed and later adopted in LANDMON communication strategy. The aim of this strategy,
described in the following section, is a correct and effective dissemination of monitoring results.

The main element that we consider for the definition of our dissemination strategy is the different
background of stakeholders, which requires a different approach for the communication of available
monitoring results. The dissemination of monitoring results, which is often underestimated by
engineering geologists, is extremely important in particular during emergencies, when the time for
making a decision (like evacuation or other important actions oriented to damage limitation) is limited.

All monitoring network management solutions consider, after the measurement session,
in near–real time a data post-processing and the on-line publication on dedicated website. Accredited
users may consult the monitoring results few minutes after the measurement session was completed.

In our system, the latest update of monitoring results is highlighted on the website in a synthetic
form, providing a rapid and effective overview of the status of the monitored phenomenon. Content of
presented results depends on the characteristics of installed monitoring network. However, the most
common data are webcam view, meteorological data (e.g., precipitation and temperature plots),
©3DA elaborations, and time series plot of quantities measured by installed instrument (e.g., RTS,
GB-InSAR, GPS). The users may also explore results history by selecting a predefined period (day, week,
month, or total) or to use an interactive application to plot desired period.

Our dissemination strategy considers the on-line publication of monitoring results and the use of
bulletins. According to United Nations studies, each EWS must be human-centered [44,45], considering
either emergency condition or educating population at risk, so that response to warning is efficient.
For this purpose, we developed a single-page informative bulletin dedicated to non-experts. The aim
of this bulletin is supporting decision-makers and informing the population. Inside LANDMON,
the bulletin is generated automatically through the bulletin generator tool, which is compatible with
every point measurement data set e.g., target displacement provided by RTS, GPS, or GB-InSAR.
An example of such a bulletin is shown in Figure 4. For more details about synthetic bulletin and
automatic generation procedure, the reader may refer to Wrzesniak and Giordan [43].
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The possibility to configure input data and parameters of the algorithm makes this tool flexible
and quickly applicable for various scenarios. This tool can operate in near–real time generating the
bulletin either continuously with desired frequency (every month, week, day or every 12 h) or within
EWS (when the threshold is exceeded the bulletin is generated and attached to the warning message).

In general, the main difference between bulletins and time series of other graphics published
on-line is that bulletins are not a simple representation of last monitored data, but an analyzed and
commented representation of the landslide activity.

2.4. Communication Strategy of Landslide Monitoring Results

As mentioned before, one of the most important element that we considered for the definition
of a correct communication strategy are needs and background of stakeholder. In order to adopt
a “usable science” approach [53], owners of monitoring data are responsible not only for a correct
acquisition and analysis, but also for a correct dissemination of obtained results. The correct
dissemination makes the difference between a simple monitoring data management and an effective
support to decision-makers and population in particular during emergencies. In Giordan et al. [41] and
in Wrzesniak and Giordan [43], we proposed the identification of different groups of people, according
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to their role in the emergency management and their background. In particular, we determined four
group-types: GROUP-1, GROUP-2, GROUP-3, and POPULATION. The identification of characteristics
of stakeholders in terms of background and needs is fundamental for a correct definition of the best
communication procedure. In the following a brief description of different defined groups.

GROUP-1 is dedicated to government members (mayor, council members, politicians, etc.).
They are usually responsible of the final decision regarding the overall safety. However, their technical
background on natural hazards can be limited, so they need a clear overview of monitoring results
and current risk level. They also speak to the population, they alert the public about the immediate
risk, and they run educational programs to increase risk awareness among the population. The need
of this group is a simplified description of the recent landslide evolution and the actual risk level.

Engineers, geologists, and technicians (for example Civil Protection Agency members) are
assigned to the GROUP-2. They have a necessary background and experience in order to perform
technical analysis and to support GROUP-1. The need of GROUP-2 is a detailed description of landslide
evolution, actual warning level, and last results of failure forecast model.

GROUP-3 is composed of experts, mainly engineers and geologists, who are highly specialized
in hazard monitoring and EWSs. They are responsible of development and efficiency of monitoring
networks and of data analysis, validation, and elaboration. For this reason, they need direct access to
raw data to check that the system is working correctly.

As POPULATION, we consider all people indirectly involved in the emergency management.
The correct involvement of population is mandatory for they correct perception of the risk level due
to the landslide evolution. Only a well-informed population will response correctly during the most
critical phases of the emergency.

After defining the main groups’ characteristics, we identified one of the most important goal of
our communication strategy, which is how we can communicate monitoring results to stakeholders.

Figure 5 shows a schematic representation of the relationship between dissemination, complexity,
and comprehension of monitoring results representations with respect to the identified groups.
For example, it is shown that there is a direct relationship between the ability of each group to
understand monitoring data and the number of members of this group. In this image, GROUP-3 is
an end-member because it is often composed by a few people with a dedicated background and the
ability to understand even the most complex representations. On the opposite side of the scheme,
the other end-member is the POPULATION, which is the largest group of people. Even if the
background may vary in this group, we have to consider them to have a limited ability to comprehend
landslide monitoring results. For this reason, this group needs to be informed with simplified
representations. If such simplification of results communication is not provided, the complexity
of adopted representations could hamper the comprehension of the real level of risk and reduce the
propensity of the population to cooperate.

To fulfill these necessities, we adopted in our strategy the ©3DA approach [40] that has been
developed to represent of the same data-set in many ways with different levels of complexity.
In Figure 6, three possible representations of the same RTS data-set are compared. In particular,
in images A and B, the data are presented as surface deformation maps with three-dimensional arrows,
and as time-series plot of line-of-sight displacement in image C. In image A, a perspective photograph
of the landslide is used as a background. This representation is particular effective for population
because it represents a simplified representation of the slope and of the actual instable area. Image A
also provides a geographic location of the active parts of landslide, which may facilitate overall
understanding of the situation. For this reason, the representation in image A is destined to GROUP-1
and POPULATION.
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Figure 5. Schematic representation of the relationship between the amount of people to be informed
(dissemination process), the complexity of monitoring results representation, the number of people able
to understand it and Groups. GROUP-1, -2 and -3 are directly involved in the landslide management
and they compose landslide monitoring team. Population is indirectly involved in this process.

Representation presented in image B is more suited for GROUP-1 and GROUP-2. It provides
the distribution of landslide activity and the elements at risk (e.g., civil houses, public buildings,
transportation structures) thanks to a broader ortho-photograph used as a background. Image C is
mainly dedicated to GROUP-2 and GROUP-3 because it requires specific knowledge and experience
in landslide monitoring to understand the real meaning of this representation. However, if correctly
interpreted, this image is the most representative for the comprehension of the evolution of each single
measured target and for the relation between the recent movement rate and the threshold.
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Figure 6. Examples of different representations of the same data-set. The used data are relative to
RTS measurements for the period 6–7 April 2017 for Mont de La Saxe landslide. Surface deformation
maps (based on line-of-sight displacement) and three-dimensional arrows (based on displacement
measured in three directions) are overprinted over frontal view of the landslide (image A) and over
ortho-photograph of the landslide with neighborhood area (image B). Image C presents time-series
of line-of-sight displacement of the measured targets with warning and alarm zones. These plots are
generated by ©3DA.
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Another important element that we adopted in our communication strategy is the simultaneous
use of near–real time results representation on the website and periodical bulletins, as presented in
Figure 7. Our system is able to manage automatically a large flux of monitoring data, from their
acquisition to the on-line publication. From the communication point of view, this possibility plays
an important role in hazard management, because it can provide a fast and effective update of the
latest monitoring results. LANDMON is able to provide an update of monitoring results few minutes
after the measurement and processing session is completed. The main limitation of infographics and
plots published on the website is the lack of comments and interpretations, which are a key element of
adopted bulletins.
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Decision-makers usually need also a detailed analysis and interpretation of available dataset and
that is why we adopted in our communication strategy also different periodical bulletins. We defined
three different types of bulletins that contains a different quantity of information and have different
communication targets: (i) single page bulletin, (ii) extended bulletin, and (iii) operative monography.

The single page bulletin was described in the previous chapter and it is mainly dedicated to
people with limited experience in landslide monitoring (GROUP-1 and POPULATION). This simplified
version is the most effective way to communicate the recent level of monitored landslide evolution.

The graphic layout of single page bulletin was designed with special focus on communication
aspects so the monitoring results are presented in clear, illustrative and quickly interpretative manner.
To achieve this goal, we used infographic techniques to integrate variety of information relative to
landslide evolution. Infographics visualize complex data or information in illustrative form, which can
be easily understood by the audience [54]. This bulletin presents current displacement status in the
form of magnitude map of analyzed physical quantity with three-dimensional arrows associated at
the targets location showing the real direction of the motion; all these components are overprinted on
the photograph representing monitored area (see Figure 4 for an example). Additionally, we provide
information about movement tendency and general activity of monitored phenomenon, and we present
them by means of infographics. The bulletin algorithm analyzes the numerical data-set and translates
the results into appropriate graphical representation, which is an optimal solution for straight forward
communication, especially to non-expert people, e.g., three-dimensional displacement into an arrow,
displacement trend into a simple tachometer icon, activity level into an eye-catching logo colored with
traffic light graduation (see Figure 4 for these elements).

The extended bulletin is a more detailed and complex version of the single page bulletin.
This highly detailed bulletin contains all the available data collected in a defined time interval.
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The complexity level is elevated because it is aimed at people with a specific background. This bulletin
is prepared in the style of a technical report that describes and comments on the latest update of the
monitoring results.

The main purposes of such bulletin are to (i) supply a complete description of the results obtained
by the monitoring network in the considered period, (ii) identify and validate eventual trend changes
with respect to the previous period and to the same period in previous years, and (iii) to audit the
results in terms of eventual updates of the current monitoring network.

The third proposed bulletin is the Operative Monography. This document was designed to
host with a standard format all the available information about the monitored landslide. The ICAO
(International Civil Aviation Organization) operation manual inspires the Operative Monography
structure. A complete description of this document is described in Giordan et al. [53].

3. LANDMON Improvement and Application to Several Case Studies

The presented approach is the product of many years of experience in the management of
emergencies of slope instabilities, as well as other natural and anthropic hazards. Table 1 summarizes
some of the most representative case studies were our system was applied and the improvement
that we added step by step. The following case studies are listed in the table: Paganica fault [55],
Montaguto earthflow [5,24,40], Costa Concordia wreck [48,56], Mont de La Saxe rockslide [7,41–43,49],
Calatabiano landslide [21], and Ponzano landslide [20,57]. The main characteristics of each emergency
(year, type, elements at risk) are presented. Furthermore, we listed the LANDMON modules applied to
each case. The evolution of LANDMON can be noticed, as more and more modules were implemented
over the years and applied on the new cases.

The emergency of Mont de La Saxe (2014) represents the first complete test bench for our system,
as the complexity of monitoring network and the availability of various types of monitoring data
allowed the development of the complete set of modules.

Mont de La Saxe is a large and complex slope instability located in the region of the Aosta
Valley in northern Italy. Its unstable volume is of ca. 8 × 106 m3 [7,51], and it hazards a part of
Courmayeur municipality and access road to the Mont Blanc Tunnel, an important connection for
trans-Alpine transport. Due to these characteristics, the continuous and automatic monitoring of
surface displacement has started in 2009.

Some examples of application for La Saxe case can be found in the present manuscript.
Figure 3 shows the results of failure range forecasting module. Figure 4 presents, as an example
of communication strategy, a daily single-page bulletin (developed in 2014, validated, and automatized
in 2017). Figure 6 shows the application of automatic data processing and communication strategy.

Table 1. Temporal development of the system.

Emergency Name

Paganica Fault Montaguto
Costa

Concordia
Wreck

Mont de La Saxe Calatabiano Ponzano

Year 2009 2010 2012 2013 2014 2015 2017

Type Post-earthquake
fault movement Earthflow Vessel wreck Rockslide Landslide Landslide

Elements at risk
Main water
pipeline of

L’Aquila city

National road
and railway

Coastal
environment
and seawater

Inhabited zones,
access road to Mont

Blanc Tunnel

Main water
pipeline of

Messina city

Old town of
Ponzano village

Applied modules

automatic data
acquisition and

transfer
x x x x x x x

automatic data
processing x x x x x x

on-line data
publication x x x x x x
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Table 1. Cont.

Emergency Name

Paganica Fault Montaguto
Costa

Concordia
Wreck

Mont de La Saxe Calatabiano Ponzano

threshold based EW x x x x x

time failure
forecasting x x x x

failure range
forecasting x x x

Communication
strategy 1 x x x

1 Since 2017, communication strategy includes automatic single-page bulletin.

4. Discussion

In the last decades, the development of complex monitoring systems was focused on the
technological improvements, which enabled quick automatic data acquisition, and dissemination
of warnings and monitoring results. RTS, GPS, and GB-InSAR are only a few examples of possible
instruments that can be adopted for the acquisition of physical variables and used for monitoring
network architecture. Currently, monitoring systems are also used to support decision-makers and to
inform population at risk.

The large availability of automatic and reliable monitoring sensors triggered the diffusion of
EWSs. Modern monitoring systems provide a large amount of accurate measures at high sampling
rates, so they are widely used to set early warning thresholds. However, the use of threshold-based
approaches is characterized by the well-known difficulty to establish the threshold levels. These values
are often conservative, and their underestimated values can produce reiterated alerts/alarms without
a real failure. If the analyzed variable (e.g., superficial displacement or its derivative) exceeds the
predefined threshold without real changes in the stability of the slope, the management procedure can
reach a critical phase, which can be worsened by continuous alarms over a long period. The solution to
avoid such a critical phase may be the revision of threshold values, or the use of supplementary models
that can be useful in these particular conditions. As introduced before, LANDMON incorporates
failure-forecasting model dedicated to early warning purposes (see Section 2.2.2).

To forecast ToF, we combined inverse velocity and statistic methods, thus the results should be
always interpreted with regard to probability. This is why, in our opinion, describing a time range when
the failure may occur is more adequate than trying to define an exact time of failure. Our goal was to
develop an efficient module for LANDMON, which helps in near–real time the management of the
early warning systems in the most critical phases and provides as many information as possible about
landslide status during the emergencies. However, the aim of such EWSs is to support decision-makers,
not to replace them. Technicians must first consult the results of the monitoring network and later
associate them with other factors as weather conditions, previous landslide behavior, and experience
in order to adopt an adequate decision.

The availability of large amount of near–real time monitoring data can be an advantage on one
side, but on the other, it can create issues related to the management and to the processing of these
data. LANDMON has been developed to deal with this large influx of data. Moreover, LANDMON
recognizes another important aspect that often underestimated by classical technological solutions:
the dissemination of results and the management of the available data.

The management of hazard monitoring networks is an interdisciplinary activity due to variety of
involved people (engineers, geologists, technicians, politicians, council members, population, etc.).
All these people participate (directly and indirectly) in this process, thus the collaboration among them
is necessary. Our experience, in particular in the management of landslide emergencies as scientific
advisor of National Civil Protection Agency, evidenced that the lack of correct communication strategy
for monitoring results dissemination can be critical. For this purpose, beside hardware and software
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developments, we focused on communication aspects. We developed an appropriate communication
approach, which we adopted in LANDMON. The assumption of our communication strategy is that
monitoring systems can be considered efficient only if all involved people are able to understand the
results produced by these systems. From this point of view, LANDMON is not just a system composed
of technological features but also an expression of the communication strategy that supplies different
monitoring results representations according to the stakeholders’ background.

As presented in Table 1, LANDMON is the result of many years of experience in the management
and monitoring of various hazardous scenarios. We developed LANDMON mainly for applications in
the field of geohazards like landslides [24,41], but we also considered other experiences as the hazard
management in anthropic environment like open pit mines [58] or cultural heritage sites [59].

In many applications, LANDMON considers not only the natural process but also the stability of
elements at risk like buildings and infrastructures, which are usually integrated within the instable
areas. For example, the water pipeline of Paganica fault [47,55] and Calatabiano case studies, as well
as the buildings and retaining wall of the old town of Ponzano [20], were subject to monitoring
together with main landslide evolution. Another example of unusual application of our system is the
monitoring of Costa Concordia wreck [48].

The first case study shown in the Table 1 is Paganica fault (2009), when only the “automatic data
acquisition and transfer” module was implemented. In the following years, due to growing social
requirements and technological possibilities, we developed more modules in occasion of Montaguto,
Costa Concordia and Mont de La Saxe (2013) case studies. The first complete LANDMON system
was finally implemented for Mont de La Saxe (2014) case study, where we successfully applied our
communication strategy during the emergency. Our complete system was later used to manage
Calatabiano and Ponzano landslides.

5. Conclusions

In this paper, we presented LANDMON (LANDslides MOnitorng Network), a multidisciplinary
solution for effective management of monitoring networks used for the complex landslides evolution
control. The developed modular approach can be adopted also for others emergencies that should be
managed using complex monitoring systems. We developed and tested this approach and its modules
in several landslide-related emergencies like Montaguto or Mont de La Saxe.

The proposed method is a sequence of computerized tools and a more structured procedure that
considers technological, computational, and communication aspects.

The first aspect of LANDMON considers a modular organization of applications, which can be
configured according to the characteristics of the monitored site. These features guarantee flexibility in
application for various scenarios, not only related to landslide monitoring, but also to the monitoring
of other hazard types, like open pit mines, buildings, and dams. All developed modules may be
executed automatically and queried in the main process to perform the cycle in automatic mode from
acquisition to dissemination.

Following the technological aspect, the system development focused on a more complex
management of early warning by integrating a failure forecast modeling. This module provides
a prediction about possible evolution of the landslide when the ”classical” threshold-based alarm level
is exceeded. Additionally, the supplementary alarm threshold is determined based on reliability of the
implemented model.

The last aspect of LANDMON is the communication strategy. The proposed approach considers
the needs and backgrounds of users, as it follows the principles of usable science by translating
complex data sets into adequate representations for the receivers. This communication strategy
carefully considers the population at risk, which is the real end-user of monitoring systems,
by providing a dedicated solution. In particular, the last monitoring results are disseminated by
means of a single-page informative bulletin where the landslide status is presented using infographic
techniques to obtain clear, illustrative, and quickly interpretative overview. The use of user-friendly
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representations of complex data is a key point for a correct communication of real risk level that should
be easily transmitted to the population, especially during emergencies.

Therefore, LANDMON is a complex, automatic, complete, and self-contained system designed
for efficient acquisition, analysis, and appropriate representation and dissemination of the monitoring
data. This system merges engineering with communication aspects, improving the effectiveness of
the management of monitoring network and providing a sustainable risk management approach for
active landslides in urbanized areas.
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