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“Knowing, then, begins with the shattering of illusions,
with disillusionment” ... “Knowing means to penetrate
through the surface, in order to arrive at the roots, and
hence the causes; knowing means to “see” reality in its
nakedness. Knowing does not mean to be in possession of
the truth; it means to penetrate the surface and to strive
critically and actively in order to approach truth even more
closely”

Fromm E. — To Have or to Be
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Introduction

Introduction

“Every geotechnical design is to some extent hypothetical,
and every construction job involving earth or rock runs the
risk of encountering surprises. These circumstances are
the inevitable result of working with materials created by
nature” ... “The inability of exploratory procedures to
detect in advance all the possibly significant properties and
conditions of natural materials requires the designer to
make assumptions that may be at variance with reality.”
Peck R. B. - Geotechnical instrumentation for
monitoring field performance

During last century, the large spread of human activities, urban areas and infrastructures, together with the
abandonment of rural or mountains zones, faces an increment of landslide events and potentially dangerous
scenarios. Due to their geographical and economical characteristics, some Countries were particularly involved
in natural disasters and words like “Risk Management” and “Monitoring” have become very common, even if
often not applied. In particular, as described in Chapter 1, Italy is particularly susceptible to this theme, with a
worrying increment of catastrophic events, which caused several deaths and economical loss.

The scientific community has concentrated many efforts in the definition and calibration of predictive
numerical models and forecasting risk analysis, associating these tools with Civil Protection guidelines and
emergency procedures. Nevertheless, while numerous data are available in the hydraulic field, geotechnics is
characterized by several uncertainties and a general lack of information. In fact the general evolution of
technologies that regarded industry and everyday life do not cover geotechnical instrumentations, which often
require an operator, have a very low sampling period and are inadequate for risk management purposes.
Chapter 2 summarizes the traditional instrumentations available on the market, together with the innovative
tools that have been developed in recent years. These tools permits the integration of numerous sensors and
the detection of cause-effect relationships, greatly improving the monitoring process, even if characterized by
considerable costs and a series of characteristics that do not cover the complete spectrum of monitoring needs.
Therefore, there are some critical aspects related to their manufacturing that may influence the final result and
applicability.

The increasing number of infrastructures has required to realize underground excavations or cross landslide
areas. In this field, each design is hypothetical, due to the use of natural materials, underruns the risk of facing
surprises and a “learn as you go” approach is often indispensable, with field observations and quantitative
measurements.

This thesis concentrates on the study of a new automatic and innovative technology, developed starting from
the knowledge regarding landslide and infrastructure achieved during last decades at University of Parma.
Chapter 3 reports the general characteristics of the new tool, together with the evolution of installation method,
definition of calibration procedures and hardware development. Software and Calculation principles are widely
discussed, due to their innovation characteristics and introduction of Internet of Things (1oT) principles. A
particular innovative aspect regards the application of theory related to airplanes navigation at geotechnical
field, together with the definition of statistical algorithms. The latter, in particular, are able to automatically
detect instrumental and spike noise, sensors malfunctions and data trend, in a self-learning philosophy, where
the software, after a training period, knows how to elaborate the raw data. The aim of the new tool was to
increment the knowledge about evolution of slopes, both for natural conditions and artificial changes. Another
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key aspect was the real time control of geotechnical structures and underground excavations, during both
construction and exercise phases.

Chapter 4 concentrates on time of failure prediction methods, starting from those available in literature for
rock or soil slopes and open pit mines. In particular, Fukuzono (Inverse Velocity) method has showed its
efficacy in numerous case histories, despite its site-specific applicability. In order to overcome this restriction,
a new generalized criterion is proposed starting from data of past events. The method is able to evaluate
landslide Time of Failure for a wide range of landslide behaviors and characteristics. The result has permitted
the creation of an abacus that forecast the landslide behavior approaching to failure. The second part of the
chapter concentrates on the real time applicability, with the implementation of the method inside a self-learning
algorithm. This solution requires to automatically detect the point of activation. For this purpose, an activation
criteria is proposed.

Finally, Chapter 5 reports a series of case histories where the new tool has been tested and applied to
geotechnical structures and landslides, showing the comparison with traditional instrumentations and
numerical models. It has been possible to study the ability of prediction of the Time of Failure method
described in Chapter 4, when used in conjunction with an Early Warning Monitoring System.
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Chapter 1

RISK MANAGEMENT

1.1. Introduction

During recent years, risk term is increasingly mentioned, while there are no generally accepted definitions for
the risk assessment (Fell 1994). In particular, risk assessment, related to the geotechnical field, generally
indicates the magnitude and probability of occurrence of a landslide, which is the source of potential risk. The
term Hazard is not related to the elements at risk, except for the cases where the construction of elements
increases the probability of a landslide occurrence (Fell 1994). Fell (1994) defines the Risk Management
starting from the Magnitude (M), which is the “volume of the source landslide”. Probability (P) indicates the
“probability that a particular landslide occurs within a given period of time”, while Hazard (H) is a
“description of the magnitude and probability of occurrence of the landslide” (Eq. [ 1.1 ]).

H=Mx*P [1.1]

Vulnerability (V) is the “degree of loss to a given element or set of elements within the area affected by the
landslide” that varies on a scale between 0 (no damage) and 1 (total loss). Considering loss of life, vulnerability
could be defined as “the probability that a particular life (the element at risk) will be lost given that the
landslide occurs”. Elements at risk (E) are “the population, properties, and economic activities [ ...] in the
area potentially affected by the landslide”. The total risk (R) is the “expected number of lives lost or injured,
damage to property, or loss of economic activity or environment”, as in Eq. [ 1.2 ].

R=E*Px*V [1.2]

Risk management process plays a key role in the modern world, where the rapid increase of population and
factories faces issues related to the availability of territory and the susceptibility to landslide phenomena, as
well as other natural disasters, like floods, volcanic eruptions, earthquakes, etc.

1.2. Italian situation
After the Second World War, Italy has been characterized by the rapid development of urban areas, which now
cover the 7.65% of the whole territory, starting from the 2.7% of the fifties (ISPRA, 2018). Population moved
from the rural mountain areas, which now are often not manned, increasing their susceptibility to instability
phenomena. In the European Union context, 2/3 of the identified landslides (ISPRA 2018) are in Italy, which
has hilly areas on the 75% of the whole territory.

A first report made by ISPRA (Istituto Superiore per la Protezione e la Ricerca Ambientale) during 2007
identified 469,298 landslides that cover an area of about 20,000 km?, which represents the 6.6% of the Italian
territory (Tab. 1.1).

In particular, the term “Landslide index” (Fig. 1.2) is defined as the percentage of the landslide area over the
whole area, while the “Landslide index over mountain areas” represents the percentage of the landslide area
over the mountain areas for each region or autonomous province. Mountain areas (Fig. 1.1b) are defined as
zones where the tilt is over 3° (Fig. 1.1a), considering 20x20 m DEM, or territories over 300 m of height. The
more indicative parameters to be considered are the landslide area and the landslide index over mountain areas.
The last one in particular highlights the presence of the landslides over the territory prone to landslides and
could be considered as an indicator of susceptibility to this kind of phenomena.

Regions with a higher landslide index over mountain areas are Lombardia, Emilia Romagna, Marche, Valle
d’Aosta and Piemonte (Fig. 1.4a), while ISPRA (2007) reports that data about Basilicata, Calabria and Sicilia
are incomplete. The landslide index evaluated considering Italian provinces (Fig. 1.4b) highlights how every
province (with the exclusion of only 7) has at least one gravitational phenomenon.
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Fig. 1.1: a) Acclivity model and b) mountain areas in Italy (ISPRA 2007)
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Tab. 1.1: Report about landslide in Italian regions (ISPRA 2007)

Redi Number of Density of Landslide Landslide Landslide index over
SIE0Y landslid landslid ind tai
autonoMoUs province andslides andslides : arerzl index mountain areas
[-] [Nnum/100 km?] [km?] [%] [%]
Piemonte 35,023 126 2,540 9.1 15.0
Valle d’ Aosta 4,359 134 520 16.0 16.0
Lombardia 130,538 547 3,308 13.9 29.9
Bolzano 1,995 27 463 6.2 6.3
Trento 9,385 151 879 14.2 14.7
Veneto 9,476 52 223 1.2 3.1
Friuli Venezia Giulia 5,253 67 511 6.5 14.8
Liguria 7,515 139 425 7.9 8.1
Emilia Romagna 70,037 317 2,511 11.4 23.2
Toscana 29,208 127 1,035 4.5 5.6
Umbria 34,545 408 651 7.7 8.7
Marche 42,522 442 1,882 19.4 21.2
Lazio 10,548 61 398 2.0 3.0
Abruzzo 8,493 78 1,241 11.4 12.5
Molise 22,527 508 494 11.1 12.5
Campania 23,430 171 973 7.1 8.8
Puglia 843 4 85 0.4 1.0
Basilicata 9,004 90 298 3.0 3.6
Calabria 9,417 62 822 55 6.0
Sicilia 3,657 14 500 1.9 2.2
Sardegna 1,523 6 188 0.8 1.0
ITALY 469,298 155 19,946 6.6 8.9
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Fig. 1.2: a) Landslide index for the Italian territory and b) landslide index evaluated considering Italian provinces (ISPRA 2007)

In the Italian territory, the attention level is subdivided into four classes and defined considering the single
common, as below:
e Very high: landslides intersect urban and/or industrial areas;
o High: landslides interact with highways, railways, roads, excavation areas, landfills or constructions
sites;
o Medium: landslides insist on agricultural territories, woods, urban green areas or areas dedicated to
sport and fun;
e Low: this category is defined for the common not interested by landslide phenomena.

The result of the study (Fig. 1.5) identifies that 5,596 commons, which represents the 69% of the Italian
commons, are interested by landslide phenomena. 2,839 (51%) has a very high attention level, 1,691 (30%) a
high attention level, 1,066 are in the medium class, while 2,505 are not interested by gravitational movements
(ISPRA 2007).

A new updated report made by ISRPA during 2018 underlines the importance of risk management process.
620,808 landslides have been identified, covering an area that equals the 7.9% of the whole Italian territory.
The data available are updated to 2017 for Umbria region, 2016 for Emilia Romagna, Friuli Venezia Giulia,
Liguria, Piemonte, Sicilia, Valle d’ Aosta regions and the autonomous province of Bolzano, 2015 for Toscana,
2014 for Basilicata and Lombardia, while data of 2007 have been considered for the other regions and the
autonomous province of Trento. In particular, 1,281,970 people (2.2%) are subjected to landslide risk, while
6,183,364 (10.4%) are exposed to floods (ISPRA 2018). These numbers highly increase if we consider the
factory and service fields (respectively 82,948 — 1.7% and 596,254 — 12.4%), the cultural heritage (11,712-
5.8% and 31,137-15.3%) and buildings in general (550,723-3.8% and 1,351,578-9.3%). 538,034 (2.2%) Italian
families are susceptible to landslide risk, while 2,648,499 (10.8%) are exposed to floods. The 91.1% of Italian
commons are interested by floods or landslides, while 50,117 of 302,066 km? of the Italian territory, which
represents the 16.6%, is mapped in the high risk classes. Therefore, the number of significant events (ISPRA
2018) has rapidly increased during the last few years, showing a worrying trend (Fig. 1.6). The definition of
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“significant events” regards landslides that caused dead, wounded, evacuated and damaged buildings, cultural
assets, primary communication lines or infrastructures and service networks.
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Fig. 1.4: Landslide index over mountain areas (source of the data: ISPRA 2007)
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Fig. 1.6: Number of significant landslide events in Italy during recent years (data source: ISPRA 2018)

“Regio Decreto n. 3267 of 30 December 1923 could be considered as the first Italian law about landslide
hazard, while the first law which considers natural phenomena during the urban planning is “Legge n. 183" of
18 May 1989. Nevertheless, this was not entirely applied until the facts of Sarno (5 of May 1998), which could
be considered the turning point of the Italian Risk Management process. “D.L. n. 180 of 11 June 1998, then
converted by “Legge 267/1998”, accelerates the identification of risk areas for landslides and floods and the
adoption of “Piano stralcio di bacino per I’ Assetto Idrogeologico” (PAI), with the corresponding constraints
and regulations for land use. In particular, PAI defines the ancient and the quiescent landslides, together with
the areas that could be interested by the evolution of a landslide phenomenon, and the zones that are potentially

susceptible to new dangerous events (Fig. 1.7a). Finally, “D. Lgs. 152/2006” represents the landmark of Italian
legislation about environmental field.
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The ISPRA report of 2018, based on PAI classification, shows that the 19.9% of the Italian territory is included
inside landslide hazard areas, where the resident population amount is of 5,689,463 people (1,281,970 people
live in very high or high landslide hazard areas, Fig. 1.8a). Fig. 1.7b analyses the landslide hazard defined by
PAI together with the hydraulic hazard defined by “D. Lgs. 49/2010”. Therefore, phenomenon like rock mass
instabilities could also damage road and railways tunnels, as well as underground aqueduct pipes, causing
water losses and sometimes shortages of water supply in several Italian major cities (Segalini et al, 2018b).
This aspect is of fundamental importance and partly related to the increase of global temperature.

Landslide hazard defined by PAI

SN 3 Bl Veryhigh- P4
Landslide hazard defined by PAI ST - W High-P3
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Fig. 1.7: a) Landslide hazard area defined by PAI and b) hydraulic hazard defined by D. Lgs. 49/2010 (source: ISPRA 2018)
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Fig. 1.8: a) Population and b) buildings exposed to landslide risk placed in landslide hazard areas P4 or P3 (source: ISPRA 2018)
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The ISPRA report compares also the data about the population exposed to landslide or flood risk between 2015
and 2018, registering an increment equal to 4.7% in the first case (P3 and P4 areas) and of the 4.4% (P2 area)
in the second. The result is influenced by the update or integration of mappings made by “Autorita di Bacino
Distrettuali”.

The situation of Italian infrastructures is another key point of the risk management process. In particular, the
majority of the structural works were executed in the sixties or in the seventies, when techniques, materials
and traffic were very different. The collapse of the Morandi Bridge (Fig. 1.9) in Genova, that caused 43 victims,
is only one dramatic example of bridges (and infrastructures in general) situation.

A

Fig. 1.9: Collapse of the Morandi Bridge in Genova (14" August 2018)

1.3. Risk management

The results of this analysis highlight the need of adequate solutions at different levels, in order to increase the
available information and knowledge about dangerous phenomena and cohabit with them. The responsibles of
alert procedures should have clear and reliable results, evaluated and validated through statistical algorithms.
Therefore, there is an increasing need for automated real time or near-real time solutions, together with the use
of Early Warning Systems (EWSs), able to activate pre-alarm procedures and advise the authority in charge.
Finally, the forecasting methods developed during recent years, based on numerical models or monitoring
outcomes (like Fukuzono one as further discussed), require an adequate sampling period, not always assured
by traditional monitoring instrumentations.

All the automated solutions discussed should not substitute the experts and/or the authorities in charge but help
them to select the best practices and actions in a relatively short time, in order to give an adequate answer to
warning signals.

This thesis investigates the monitoring process of landslides and geotechnical structures, concentrating on
potentiality and weakness of available monitoring tools (Chapter 2). Then, study and applications of a new
innovative monitoring system are presented (Chapter 3). The instrument was born with the goal to provide a
solution to the mentioned issues and help the risk management process, together with a new landslide Time of
Failure method, proposed in Chapter 4.
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Chapter 2

STATE OF THE ART ABOUT MONITORING SYSTEMS

“... field instrumentation is vital to the practice of
geotechnics, in contrast to the practice of most other
branches of engineering in which people have greater
control over the materials with which they deal.”

Peck R. B. - Geotechnical instrumentation for
monitoring field performance

2.1. Introduction

The monitoring process is of fundamental importance in the practice of geotechnical (Dunnicliff 1988), natural
hazard, risk mitigation, landslide surveys and construction works. The observational method introduced by
Peck (1969) focuses its attention on a “learn as you go” philosophy, where monitoring and site investigations
fill the gaps in the available information. A series of new geotechnical instrumentations have been introduced
starting from the second half of 20" century, while the last 30 years have shown a constant appearance of new
electrical instruments, together with the development of innovative technologies. In particular, the researches
have focused their attention on automation and data processing, in order to activate the required emergency
procedures with increasing confidence and reliability. The main source of information reported in this chapter
is Segalini et al. 2017.

All the monitoring instrumentations are designed to measure directly or indirectly the physical entities of
interest. Each measure is characterized by errors and uncertainties, which have to be defined and should not
influence the parameters of interest. As an example, an inclinometer should have a casing and a mortar with
the same deformability of the soil surrounding them. One of the most important features is the accuracy,
defined as the difference between measured and “true” value. Accuracy could be interpreted as a description
of systematic errors and it could be evaluated during the calibration procedure, by comparing the instrumental
outcomes with the values recorded by an instrument of known accuracy. The result is expressed as a percentage
of the full scale (%FS). The precision represents the repeatability of a measure and it is a description of random
errors and statistical variability (Taylor 1999). An example of accuracy and precision is reported in Fig. 2.1.

Precision vs Accuracy

i accuracy no accuracy
AEEUracy REECISION and precision no precision

Fig. 2.1: Precision and accuracy

Resolution indicates the minimal scale division of the instrument. In the case of a digital instrumentation, the
resolution is represented by the unit variation of the last number in the display or with the division between
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the full scale and the number of bit. For example, an accelerometer with a full scale of + 2 g and a memory of
16 bit has a resolution represented by Eq. [ 2.1 ], where 1 bit stores the information about the sign.

2g _

5 = 61+10 Sg [21]
Sensitivity is the minimum value that the sensor could observe, i.e. the magnitude of input signal required to
produce a specified output. It is important to specify that a high sensitivity does not imply a high accuracy or
precision.

2.2.Plan of geotechnical monitoring

The importance of the monitoring data is strictly related to a correct plan, considering the typology of the data
required, the sensor placement and the objectives. The mere installation of instruments, even of highest quality
and reliability, can not guarantee a proper design and avoidance of problems. Unappropriated instruments
located in unfavourable positions may provide confusing results or misleading indications. The cost is another
very important task, which requires an accurate design of sensors layout. The installation of a huge number of
instruments requires an adequate management platform and can cause confusion in the interpretation of results.
On the other hand, the placement of only a few sensors, in order to save money, could generate a lack of
relevant data and make the monitoring totally useless. As mentioned by Segalini et al. (2017), “the role of
monitoring instrumentation” is to answer “a specific question during the progression of construction or, in
case of natural phenomena, indicate and follow the response of the geotechnical system, to the variation of
external conditions”.

2.3. Monitoring of natural phenomena

The monitoring of natural phenomena investigates the stress-strain behaviour of materials involved whenever
subjected to boundary conditions (pore pressure, rainfall, water level, temperature, etc.) and their variations
along time. In the case of landslides, the choice of the most appropriate monitoring system should start from
information about lithological and stratigraphic characteristics together with the instability phenomenon
expected. Dealing with surface movements, it is necessary to define the displacement rate: some technics of
remote sensing have issues finding the permanent scatters if the velocity is too high in relationship with the
sampling period. The expected displacement velocity is a major task also referring to deep movements. If the
landslide has a slow behaviour over time, it is necessary to use sensors with high accuracy, precision and
repeatability, in order to detect physical values over instrumental noise. The goal of monitoring deserves some
considerations: if the aim is to study and control the phenomenon evolution, data acquisition could be made
by an operator (manual) or locally automated, with no necessity to immediately check the output and active
alarm procedures. Vice versa, if the application is for EWS purposes, the measures require an automation and
a high-speed data processing in order to validate the results and contact the responsible of monitoring if a
threshold is overcome. The definition of the thresholds is related to the realization of a preliminary numerical
model which should describe the potential phenomenon that may occur. The model has a series of uncertainties
related to the typology of mathematical model used, the theoretical hypothesis involved, the lithology, the
geometry, the input parameters (mechanical and deformation parameters, water level, position of the sliding
surface, hydrogeological characteristics) and the intrinsic geotechnical variability. After a calibration period,
the model requires a constant validation and updating process using the data of an automatic monitoring
system, with statistical self-learning algorithms (Carri et al. 2017) able to identify anomalies in the raw data.
This approach requires a training period at the beginning of the monitoring period, increasing its accuracy over
time, together with the dataset. Monitoring of natural phenomena should interest also the pore pressure (also
if negative), the rainfall, the water level, together with the atmospheric pressure, the humidity, the temperature,
hydrographic levels and structural reinforcing elements, like rods or nails.

The automation of the monitoring system is strictly related to a correct design of the electric power, often
guaranteed with solar panel and backup battery. It follows that, if the direct connection to the electrical line is
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not possible, the data logger must read instrumentation at a correct sample period, which has to respect the
required frequency, compatible with the related risk, and power consumption. The sample period should
increase if an accelerating phase is observed and then decrease its frequency if the slope shows no
displacements or they are decelerating. If the rate is too high, a standard battery could run out of charge,
especially during bad weather or night periods, and a consistent solar panel is required, with very high-cost
and landscape impacts. The availability of a large amount of data is related to a long computing time and
sometimes confusing results. On the contrary, low frequencies cause issues in the identification of triggering
factors.

The monitoring planning process ends with the definition of physical entities to be measured, the positions of
the sensors, the sample periods, the data management system and the most appropriate instruments to achieve
the best compromise between results and cost-effectiveness.

2.4. Monitoring of geotechnical structures

Geotechnical structures include retaining structures, superficial or deep foundations, piles, bulkheads, wells
and all the civil structures that have a strong interaction with natural materials at a shallow depth. The aim of
the monitoring process is the compatibility check between the design outcomes and the effective response of
the structure during construction. The designer should indicate the best positions for the instrumentations and
the physical entities to be monitored, together with the expected magnitude values or their variability range, in
order to correctly apply the observational method (Peck 1969). The designer or the responsible of the
monitoring should also identify alert and alarm thresholds relating to the compatibility of deformations with
the structure. In this field, it is quite often necessary to transfer data and achieve information rapidly.
Consequently an automated system is required, together with a management platform, especially when a huge
number of sensors are installed. The technician responsible of data control and interpretation should find and
evaluate all the results in the same place, with clear and dynamic representations. This aspect plays a key role
in the monitoring process because instruments offer important indications of what is going on, that are useless
if the responsible for decision does not receive and analyse them. It is always important to remember that a
huge number of installed sensors permits a more extensive control, introducing on the other hand the theme of
the correct choice of meaningful and useful information for each construction or exercise phase of the opera.
Data management platforms could work on a local or remote server, using radio or telephonic lines. In the
second case, a web platform with controlled access permits to view the results at every time and from every
part of the world, using a device connected to internet line. The opportunity of remote data storage guarantees
also easier maintenance works or correction of software bugs, while a private and local server, often
inaccessible from outside, requires the visit of a technician at the site, losing time and money. Due to the
criticality of data transmission, it is appropriate to have a local storage and backup of the data inside the data
logger, preserving the raw data. In the case of a complex site, where cables could interfere with works or
instrumentations cover a large area, it is possible to transmit information provided by sensors installed to a
master data logger using Wi-Fi or Radio Smart Mesh networks.

2.5. Monitoring of underground excavations
Underground excavations include deep tunnels, mines, underground deposits and all the structures that have a
strong interaction with natural materials at consistent depths. The application field of monitoring has similar
finality with respect to the previously described one. In addition, it is determinant to identify the behaviour of
the natural surround materials at a certain distance from the excavation (Lunardi 1988), verifying or correcting
design hypothesis about mechanical and/or hydraulic behaviour. The activation of the monitoring system at
the surround of the structure should be performed in advance of the beginning of works, in order to define the
undisturbed behaviour of the area and its modification after the excavation and construction processes. It is
also necessary to monitor existing structures, if present, which could be damaged by works. This aspect has
also the purpose to demonstrate the consistency (or not) of recriminated irreparable breakages that may occur
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by the owners of the nearby facilities. It is worth nothing that sometimes properties have already some damages
not related to construction works and the excavation could be a pretext to earn some money.
The field of application could require also the acoustic, vibration and environmental monitoring, related to the
possible presence of gas and/or dust. Due to the high frequency of acquisition, it is often not possible to operate
the vibration monitoring with traditional data loggers and a specific control unit is required.

2.6. Traditional instrumentation

The term traditional instrumentations generally indicates tools that have been available on the market since the
second half of the last century. The instruments could be analogic or digital, manual or automated, and are
generally characterized by a simple conversion between raw data and results. The sensor is generally one, at
most integrated with a thermometer. The technology and the installation procedures are well known and
available on the market from numerous different companies.

This sub-paragraph briefly summarizes the main traditional tools, organized on the physical quantities to be
monitored.

2.6.1. Measure of deformation

Manual Inclinometer

Inclinometers monitor differential deformations of the soil or geotechnical structures (like diaphragms walls,
dams, tunnels, etc.), finding the position of the potential sliding surface. They first appeared in the 50s (Fowler
2013) at Harvard University, while the installation of the first grooved casing took place in 1954,

The instrument measures rotations at specified points and consequently calculates the horizontal deformations
(i.e. it is not possible to record rigid translations). It is also possible to use horizontal tools in order to monitor
settlements. The system is generally constituted by a circular deformable ABS casing (Fig. 2.2a) with two
pairs of guides. The pipe is inserted inside a borehole or the geotechnical structure to be monitored and coupled
with the surrounding environment with rigid or semi-rigid materials, like cement, bentonite, gravel or sand.
The measure is executed with a probe (Fig. 2.2b), with a cylindrical body and two carts, which is inserted
inside the ABS casing. A transportable control unit placed on the ground collects data from the probe.

<
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Fig. 2.2 a) ABS casing and b) inclinometer probe with control unit (source: Geosense Ltd)

The operator generally samples the borehole along two orthogonal directions, defined as A and B, executing
two conjugate measures for each of them, rotating the probe after the first one. The operation applies a
hardware filter, based on the same principle of XLR audio cables, where the instrumental noise could be
evaluated and deleted transmitting the same input signal with an opposite polarity. Displacements are finally
calculated using simple trigonometric formulas along the two directions, starting from the bottom of the
borehole and cumulating the single steps of measure. Sensors used are 2D MEMS (Micro Electro Mechanical
System) or Servo-Accelerometers. The second ones have a great sensibility, accuracy and precision, together
with a consistent price. The application is suggested when it is necessary to monitor very small deformations.
MEMSs have lower technical features, implying a really cheaper cost.

The instrumentation requires an operator and could be reused in numerous places. Results are available through
a stand-alone software or a mabile application.
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In Place Inclinometer

In Place Inclinometer (IP1) is based on the same principle of manual inclinometer (Fig. 2.3). They have been
introduced in the early 80s (Fowler 2013). They usually use 2D MEMS sensors, are fixed at a specified depth
and are automated. The tool is able to provide only the local tilt angle or movement at a specified depth and it
is not possible to have cumulative displacements. Before installation, it is important to know the places where
the movements may occur. It is difficult to interpret the relevance and significance of this kind of results, which
are not representative of the situation along the whole vertical borehole. Using them as a manual inclinometer
leads to misleading information.

Fig. 2.3: In Place Inclinometer (source: Earth System S.r.1.)

Slip Indicator system
Slip Indicator (Fig. 2.4) is a flexible pipe with base plate, inserted inside a borehole. Using indicator probes
attached to a support rope, it is possible to determine the position of the sliding surface.

e

Fig. 2.4: Slip Indicator system (source: Geosense Ltd)

Pendulum system

Pendulum (Fig. 2.5) is used to monitor the tilt or rotation of concrete dams, bridges and high rise buildings
with very accurate and precise measures. It is possible to read the instrument manually or automatically. It is
able to detect the X, Y and Z movements observing displacements relative to a stainless steel wire.

/|
Fig. 2.5: Pendulum (source: Geosense Ltd)

Tilt Meter

Tilt Meter (Fig. 2.6) could be equipped with 1D/2D MEMS or electrolytic cell and measures rotations at a

single location in structure or terrains, with respect to the planes which are perpendicular to the base unit. The

sensor is bond or bolt to a structure and read with a cable or wireless. They have a good precision and low cost

but are very sensible to temperature variations, requiring a thermal correction. A very similar application

(sometimes defined as Tilt Beam) consists in the measure of differential movements of precast concrete in
tunnel lining excavated thorough a Tunnel Boring Machine (TBM).

e -

P
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Fig. 2.6: Tilt Meter (source: Earth System S.r.l.)
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Magnetic Extensometer

The Magnetic Extensometer (Fig. 2.7) is designed to monitor settlements or heave in excavations,
embankments or foundations. The system is composed of a pipe that includes magnetic targets. The probe
reads the relative position of the magnetic targets, identifying if a settlement occurred and its amount.

Fig. 2.7: Magnetic Extensometer (source: Geosense Ltd)

Settlement Gauge

Settlement Gauge (Fig. 2.8) monitors soil settlements and deformations measuring the variations of distance
between two or more points in one single direction. Fiberglass or aluminium rods are installed in hollow
boreholes, fixing one end with cement, while the other is free to move through a ring fixed at the surface. Here
there is an electrical transducer that records pitch variations between the points.

>
X

a) )
Fig. 2.8: a) Elements that compose a Settlement Gauge (source: Earth System S.r.l) and b) rod settlement system (Geosense Ltd)

Liquid Settlement system

The Liquid Settlement system is able to measure settlements or lifts in soils or geotechnical structures,
exploiting the properties of a fluid. The system is composed of a liquid-filled tubing and a vibrating wire
pressure transducer. It could be manual or automated, fixed (Fig. 2.9a) or removable (Fig. 2.9b).

) - by

Fig. 2.9: a) Fixed or b) removable Liquid Settlement system (source: Geosense Ltd)

Extensometer

Extensometer (Fig. 2.10a) measures the longitudinal deformation in numerous applications, as the monitoring
of rock masses, settlements, soil displacements, geotechnical structures. They usually consist of a vibrating
wire displacement sensor encased in a sealed body, which could be one-dimensional or triaxle. If used as a
measuring anchor (Fig. 2.10b), they can determine also the load exerted on rock bolts (Geosense Ltd),
measuring the changes in length due to extension or compression and knowing the constitutive laws and the
dimensional characteristics of the element to be monitored. There are two main kinds of extensometers that
differ according to the operating principles. The first one is the Extensometer Bridge, which looks like a steel
section bar with a square cross section, instrumented on each side with a Wheatstone bridge extensometer. The
measure of deformations is related to the strain resistance variation. The second one is the vibrating wire
transducer, which is like a hollow tube, fitted inside a steel wire bound to the ends and an electromagnet placed
in the middle that can swing the cable. When a deformation occurs, the length of the steel wire varies and the
frequency of vibrations modifies accordingly. The deformation is measured indirectly, evaluating the variation
of the wire vibration.
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Fig. 2.10: a) Extensometer and b) measuring anchor (source: Earth System S.r.l. and Geosense Ltd)

Wire Extensometer (Wire Deformeter)

Wire Extensometer is designed to monitor the changes in distance between two anchor points, connected with
a stainless steel wire. The anchor could have a distance up to dozens of meters. Sensors are vibrating wire or
potentiometers. The application regards structural joints, landslides and movements of the rock mass.

Fig. 2.11: Wire Extensometer (source: Earth System S.r.1.)

Crack Meter

Crack Meter is designed to monitor the change of fractures aperture that may occur in structures or rock masses.
The instrument could be optical (Fig. 2.12a), mechanical (Fig. 2.12b) or electrical (Fig. 2.12c). Optical and
mechanical typologies require an operator, while the electrical is automated, using potentiometer or vibrating
wire transducers connected to a data logger. Optical Crack Meter has two plastic elements fixed at the end of
the fracture, parallel one to each other, allowing the measure of displacements along two perpendicular
directions. Mechanical Crack Meter could be mono-axial or triaxle. The mono-axial consists of a steel rod
which is orthogonal to the fracture direction, fixed to one end and free to move on the other. The displacement
is measured using a comparator. The triaxle is composed by a square section prism and an external frame with
three singular comparators, permitting to monitor 3D movements (Ferrero et al. 2011). The electrical sensor
has a linear displacement transducer with two anchors that are fixed to the crack sides. It could also be 3D, as

mechanical crack meter.
S
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Fig. 2.12: a) Optical, b) Mechanical and c) Electrical Crack Meter (source: Dusense LLC, rst Ltd, Earth System S.r.l.)

!

Multipoint Borehole Extensometer

The Borehole Rod Extensometer (Fig. 2.13) is used for the monitoring of underground excavations or slope to
measure deformations of the rock mass or soil along a radial direction. The instrument measures and locates
settlements, displacements and deformations of soil and rock. It is composed of a reference head and one or
more holes anchors, placed at a known distance from the plate and connected to the head with rigid or flexible
rods, which can move inside sleeves. If the soil or the rock deforms, the anchor changes its position and the
rods slide through the head of the instrument, providing the magnitude of the movement.

Fig. 2.13: Multipoint Borehole Extensometer (source: Earth System S.r.l.)

Joint Meter
Joint Meter monitors joints of mass concrete structure and consists of two parts: a socket and the main body.
The socket (Geosense Ltd) is secured to the form and embedded into the block to be constructed. The form is
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then removed and the gauge is screwed into the socket and embedded in the concrete, before the concreting of
adjacent block.

Fig. 2.14: Joint meter (source: Geosense Ltd)

Fibre Optic Inclinometer
During recent years, numerous Fibre Optic Inclinometers (Fig. 2.15) have been studied by several authors
(Nilsson et al. 2007, Lee et al. 2012, Minardo et al. 2014).

.

Fig. 2.15: Fibre optic inclinometer (TBT Scietech Ltd)

They enable long distance transmission in hazardous environments without signal loss. Contrarily to the
increasing number of scientific articles about this theme, the system does not hit the market for many reasons,
related to the price of the control unit, the possibility for some typologies to measure only cumulated
displacements and other factors.

2.6.2. Measure of water level and pore pressure

Casagrande piezometer

The Casagrande piezometer (Fig. 2.16) has usually a solid casing down the whole depth of the borehole, with
a screened casing in the area of pore pressure measure. The sealing of the case is obtained using bentonite,
clay or concrete in order to prevent the contamination of the water level with other aquifers. In the case of an
unconfined aquifer, the registered water level do not represent the exact value of water table, in particular if
there is a significant vertical component of the flow velocity. If artesian conditions confine the aquifer, water
level (Mayne et al. 2011) indicates the pore pressure in the aquifer but not necessarily the water table.

v
P

Fig. 2.16: Casagrande piezometer (source: Earth System S.r.l.)

Open Standpipe piezometer

Open Standpipe piezometer (Fig. 2.17) is composed with a riser pipe and a filter tip, backfilled with sand and
a bentonite seal above. The pore water flows inside the standpipe reaching a pressure equilibrium, which
represents the pore pressure of the soil. It could be manual or automated, sometimes including a thermometer.

1)

&
Fig. 2.17: Open Standpipe piezometer (source: Geosense Ltd)

Electrical pressure transducer

Electrical pressure transducer is automatic and could be pneumatic (Fig. 2.18a) vibrating wire (Fig. 2.18b) or
strain gauge (Fig. 2.18c). It registers the pore pressure (and sometimes also the temperature) as an electrical
signal. Piezometers are isolated inside a single aquifer and cabled to the ground surface, where a data logger
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collects data (this could also be a portable readout unit). If numerous sensors are present, usually each
piezometer has its own cable. Some companies provide a single cable for the array. If compared to Casagrande
piezometer, electrical pressure transducer has a quicker time of response.

a)
Fig. 2.18: a) Pneumatic, b) Electrical and c) Strain Gauge piezometers (source: Geosense Ltd and Earth System S.r.l.)
Water Level Meter
Water Level Meter (Fig. 2.19) is composed of a removable probe that an operator could use to detect water
level and temperature inside a borehole. It consists of a stainless steel probe with a specially designed
conductive probe in order to minimise displacement errors (Geosense Ltd).

Fig. 2.19: Water Level Meter (source: Geosense Ltd)

2.6.3. Measure of stresses
Load Cell
Load Cell measures the load applied to the monitored element. It is electrical and constituted by a metal body
(stainless steel or aluminium) to which it is possible to apply some extensometers. The number of
extensometers is usually four in the configuration of Wheatstone bridge or vibrating wire sensors. It is possible
to measure indirectly the force applied to the instrument by knowing the variation of electrical resistance
measured in the extensometers.

Fig. 2.20: Load Cell (source: Earth System S.r.l.)

Pressure Cell

Pressure Cell records the intensity and distribution of pressure applied to the monitored element. The
instrument could be hydraulic or a membrane cell. The hydraulic has two circular or rectangular plates, welded
together with a chamber, filled with oil and connected to a transducer. The second typology reads the deflection
of a membrane with an electrical resistance or a vibrating wire transducer. The choice between the two
possibilities depends on the required precision, signal stability and temperature sensitivity.

Fig. 2.21: Pressure Cell (source: Earth System S.r.1.)

2.7. Innovative instrumentation
The term innovative instrumentation is used in this chapter to describe the digital instrumentations that have
been developed during the last 20 years, based on new technologies and innovations in the electronic and
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electromagnetic fields. Many sensors have been adapted as a derivation from other broader and more profitable
markets, like automotive, smartphone and consumer electronic. Some of the new tools are patented and
distributed worldwide by a single company, while others have more than one manufacturer. The introduction
of the Reliability Based Design (RBD) with Eurocodes has given a boost to the observational approach (Peck
1969), increasing the contractors demands for the verification of works during both construction and exercise
phases. At the same time, the increasing attention on risk management theme and risk scenarios occurred after
the facts of Sarno has required a daily or hourly monitoring frequency able to provide more complete and
immediate answers. This is economically and operatively not sustainable with traditional tools. The innovative
instrumentations are often a combination of traditional sensors along a single array able to measure multi-
parametric physical entities.

This sub-paragraph briefly summarizes the most known innovative tools, organized on direct or indirect
measures.

2.7.1. Direct measures

Automated Inclinometer System (AIS)

Automated Inclinometer System (AIS) is an automatic mechanized inclinometer (Fig. 2.22) designed by CNR-
IRPI of Turin (IT) in 1992 and then redesigned and patented in 2008 (Lollino et al. 2008) to operate by remote
control of a unit microprocessor (Lollino 1992, Lollino et al. 2002, 2006). The system is composed by an
electrical control unit, a 2D servo-accelerometer or MEMS sensor and an electric motor with an encoder, able
to drive the probe in the inclinometer casing and control the position of the sensor inside the borehole. The
probe is automatically lowered at the bottom of the hole and then ascends at predefined depths to execute the
measures and save them on a local memory, placed near the sensor. The system is designed to monitor a single
or two opposite (0°-180°) guides and works with a battery. AIS measurement speed is about 30 seconds per
meter, with measuring intervals of 50 cm (Allasia et al. 2018). At the end of the sampling phase, data are
transmitted to the control unit through a local wireless network. Data logger is positioned at the ground surface
and powered with solar panels. Here the system elaborates the results and sends them to a remotely PC to
activate the alert procedures and process the consequent analysis. A 2.5 mm Dyneema® cable guarantees the
mechanical resistance. The system could be used for the monitoring of landslides and geotechnical structures,
like proper and diaphragms walls and underground excavations during both construction and exercise phases.

9)

h)
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Fig. 2.22: AlIS system, composed by a) 2.5 mm Dyneema® cable, b) engine for the rolling up and unrolling of the cable, c) high precision
encoder, d) embedded PC, e) cable distribution system, f) inductive charging system, g) battery, h) probe (source: CNR-IRPI)

Differential Monitoring of Stability (DMS®)
Differential Monitoring of Stability (DMS®) has been a patented instrumentation (since 2013) designed and
produced since 2001 by CSG S.r.l., an Italian company founded in 1997. A series of steel rigid modules (Fig.
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2.23) compose the column. Each module has its own sensor and it is connected to the others using joints with
2 or 3 degrees of freedom (Cardellini and Osimani, 2008), preserving the azimuth. Integrated sensors are 2D
MEMS, piezometers, extensometers (used to monitor vertical displacement), digital compass, 3D high
frequency MEMS, thermometers. Control unit automatically collects data from DMS column through RS485
protocol and it can send warnings to the responsible of monitoring through GSM, GPRS, LAN or Wi-Fi lines,
SMS or direct calls. The power consumption could vary between 90 and 150 mA. The system is powered
through a 12 V battery and solar panel or with the direct connection to the electrical line. A proprietary stand-
alone or online software calculates and represents the results, using trigonometry for the evaluation of
displacements.

Different versions of the product are available, depending on the application. They are classified as DMS 2D
Slide, DMS 2D Slope, DMS 2D Rock, DMS 2D GV, DMS 3D Multipacker and DMS 3D Plus. The following
lines briefly summarize the main technical features of the monitoring system related to the various available
tools, reporting the worst and the best characteristics for every single aspect.

The length of each module could be 1 or 1.5 m and the maximum total length could vary between 60 and 250
m, depending on the application. The range of 2D MEMS could vary between 10° and 45° (the installation for
rock mass stability monitoring could be 360°). The repeatability and resolutions are related to the price and
could vary respectively between +0.002° + +0.05° and £0.001° + £0.01°. The extensometer has a range of
0+100 mm, with a resolution of 0.01 mm. The range of Piezometer starts from 30 up to 250 psi, with a
repeatability of 0.2 mV and a resolution of 0.02 psi. The vibration accelerometer has a full range of £2 or £3
g. The thermometer has a range of -50 °C + +130 °C with a resolution of 0.1 °C. The digital compass has a
resolution of £1°.

Fig. 2.23: DMS system (Source: CSG S.r.l.)

The tool can monitor in near-real time the deformations of landslides or geotechnical structures, together with
temperatures, water levels and accelerations related to earthquakes or earth vibrations. At the end of monitoring
the instrumentation could be fully or partially retrieved. Fields of application are slow moving landslides,
DPGV, geotechnical structures, rock mass stability (CSG S.r.l.).

Shape Accel Array (SAA)

Shape Accel Array (SAA) is a patented geotechnical instrumentation device that has been developed by
Rensselaer Polytechnic Institute (USA) and Measurand Inc. (CA) since 2006. The system (Fig. 2.24) looks
like an array of jointed flexible tubes equipped with 3D high frequency MEMS and thermometer sensors,
spaced 200, 305, 500 or 1000 mm, depending on the applications (Dasenbrock 2010).
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Fig. 2.24: SAA system (Source: Measurand Inc.)

The connection between each tube preserves the azimuth. Displacements are evaluated using trigonometry and
the known geometry of the array. Control unit (Campbell Scientific CR300) automatically queries sensors in
near-real time through RS232 protocol and SAA232 interface, periodically uploading results on a web-
platform. The system is able to send warning messages via e-mails or text messages if thresholds are exceeded.
The power consumption could vary between 1.8 and 4.2 mA for each segment. The system is powered through
a 12 V battery and a 50 W solar panel or with the direct connection to the electrical line.

The different available versions of the product are classified as SAAV, SAAF, SAAX and SAASCAN. As in
the previous paragraph, the following lines briefly summarize the main technical features of the monitoring
system, reporting the worst and the best characteristics for every aspect.

The length of each module could vary between 0.2 and 1 m and the maximum total length is 100 or 150 m,
depending on the application. The range of 3D MEMS could vary between 30° and 180°. The resolutions is
declared between £0.000278° + £0.00056°, with a differential displacement accuracy of £1.5 mm over 32 m
of cumulated displacements (Bennett 2010). If reported to resolution per meter, it could be estimated as +0.047
mm/m only if we assume that the error is equally distributed over local displacements: this is not generally
true, due to the fact that the propagation of errors in inclinometric measures tends to compensate itself because
they could be in opposite directions. The accuracy for absolute shape is of £10 mm for 32 m, with a resolution
of £0.5 mm for the same length. The dynamic acceleration measurement of vibration has a range of £1.7 g,
with a frequency of 50 Hz. The system is declared waterproof and able to resist a pressure of 2000 kPa. The
azimuth error in joints is estimated between £0.01° and +0.25°.

The tool can monitor in near-real time the deformations of unstable slopes, civil engineering structures, mines
and underground excavations, drill-hole shapes (Measurand Inc.). At the end of monitoring the instrumentation
could be retrieved.

2.7.2. Indirect measures
The indirect measures are remote systems that use sensors placed far from the monitored area. This kind of
instruments could be terrestrial, aerial or satellite and monitor the surface of the soil over large areas. This
characteristic is very useful to identify heterogeneous behaviours of the landslide, despite it is not possible to
recognize the sliding surface.

Total Station

The mechanized topographic survey (Fig. 2.25) measures the shift of interest points over large areas along
time. The system is based on a total station, a robotic automatic collimation on reflective prisms installed at
the points of interest and a distance meter. Through the collimation of the prisms, it is possible to return their
positions and displacements over time, referring to a predefined reference system. The tool has to be installed
in a stable area.
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Fig. 2.25: a) Total Station and b) recognition of survey points along the slope (Source: ELEDIA Research Center)

Terrestrial and aerial photogrammetry

Photogrammetry is a prominent technique based on the recognition of the same points on at least a couple of
2D photos, made through calibrated terrestrial (Fig. 2.26a) or aerial (Fig. 2.26b) cameras. The spatial position
of the representative points is obtained through the use of two central perspectives of the same object, using
two projection centres (as in Ferrero et al. 2011, Curtaz et al. 2013, Roncella et al. 2014, Roncella and Forlani
2015, Scaioni et al. 2015).

Fig. 2.26: a) Terrestrial photogrammetry and b) drone for aerial photogrammetry (Source: Airvision)

Laser Scanner

Laser Scanner (Fig. 2.27) automatically scans the surface of interest generating a point cloud and reproducing
the three-dimensional model of detected objects (Margottini et al. 2015). The distances from the objects are
calculated using the laser impulse time of flight. It is possible to define information about distance, horizontal
and vertical angles for each point, with respect to the instrument. By comparing recreated models at different
times it is possible to know the deformations eventually occurred.

=1

Fig. 2.27: Terrestrial Laser Scanner (Source: Leica Geosystems AG)

Terrestrial Interferometry (GB-inSAR)

Ground-Based interferometric Synthetic Aperture Radar (GB-inSAR) is a technique for the remote monitoring
of surface deformations concerning large portions of territory (Beninati et al. 2015, Mazzanti et al. 2015, Crosta
et al. 2017). The technique is based on the use of a radar sensor installed on a terrestrial platform. The device
(Fig. 2.28) moves along a track, which is orthogonal to the direction of expected displacements, and acquires
images that have to be compared. The result is a series of pictures at different times that can be processed,
defining a map of shifts by comparing the phase differences of the same pixels in the different images. The
number of pixels is closely related to the distance between the radar and the monitored scenario.
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Fig. 2.28: GB-inSAR system (Source: IDS GeoRadar S.r.l.)

Satellite Interferometry (PS-inSAR)

Persistent Scatter interferometry (PS-inSAR) has the same operative principle of GB-inSAR and permits to
monitor the subsidence, working with satellite images and their phase difference (Fig. 2.29). The technology
finds objects (defined as Persistent Scatters) in the image area that produces a constant and characteristic radar
reflection over time. The number and distribution of PS depend on the site and could be difficult to find in
vegetated areas. Moreover, the sample period varies depending on the satellite used. Sentinel-1a and Sentinel-
1b offer a revisiting time of 6 days (Raspini et al. 2018), which is suitable for a preliminary survey but not
consistent for an Early Warning System, considering also the processing time of results.

Satellite (second passage)

Satellite (first passage)

n Scanned area

Fig. 2.29: PS-inSAR (Source: Geoscience Australia)

InfraRed Thermography (IRT)

InfraRed Thermography (IRT) is a non-destructive technique applied to the monitoring of natural slopes, rock
masses and civil structures (Martino and Mazzanti 2014). The technology is based on the survey through
thermocouples of thermal energy emitted by monitored objects. In this way, it is possible to describe the water
circulation within granular or rocky soils and the presence of discontinuity in the surface layers. In the field of
civil structures, thermography is used to detect any water infiltration, injury or anomaly in the structure.

Fig. 2.30: Infrared camera (Source: FLIR systems Inc.)

2.8. Comparison between inclinometers
The following table (Tab. 2.1) summarizes the main technical features of traditional inclinometers (manual
probe and IPI) or piezometers and innovative multi-parametric tools (DMS, SAA, etc.), as declared in the data
sheets. Each characteristic is expressed as a range, reporting the lower and the better value for the system. In
particular, MUMS inclinometer is introduced (the tool will be further discussed in Chapter 3). In order to
compare the different physical entities (degrees, gravity acceleration, etc.) that characterize the tilt sensors,
repeatability and resolution are evaluated also as millimetres per meter.
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Tab. 2.1: Comparison between technical features of traditional and innovative instrumentations
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source Earth System S.r.l.

Zsource Geosense Ltd

®source rst Instruments Ltd

*source SISGEO S.r.l.

*source Geokon Inc.

®source CNR-Irpi

"source CSG S.r.l.

¥source Measurand Inc.

“The maximum total length characteristic could not be expressed for IPI, due to the instrumentation nature;
" There is not a maximum total length for MUMS array. The only physical limit is related to the number of
sensors, which is 255. The deeper array that has been installed is 130 m long;

" The data refers to a Servo-Accelerometer inclinometer system.
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Chapter 3

“Measure what is measurable, and make measurable what
is not so.”

Galilei G.

MUMS MONITORING SYSTEMS

3.1. Introduction
Modular Underground Monitoring System (MUMS) is a patented automatic inclinometer composed by several
nodes (defined as Links, Fig. 3.1) located at custom distances along a single chain. They are linked by an
aramid fibre and a quadrupole electrical cables (Segalini and Carini 2013). The array is automated and collects
multi-parametric data from each link through a remotely controlled data logger and RS485 communication
protocol. The working principle of the system is quite complex and it is represented in Fig. 3.2.

Fig. 3.1: Link of a MUMS chain

RAW

Fig. 3.2: MUMS system
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Control unit queries sensors at the specified sample period, making 64 readings and saving the mean in an
external SD card. This operation is able to apply a first filter on the raw dataset and remove uncertainties in
the measure. Moreover, the data logger could record traditional sensors described in Chapter 2.6, based on 4-
20 mA, mV/V, 0-10 V, 0-5 V, NTC and VW signals. Control unit is powered with a 12 VV 7 Ah battery and a
5 W solar panel or the direct connection to the electrical line, whenever possible. In particular, the low electrical
consumption permits to highly reduce the technical features of the solar panel, if compared to other innovative
systems previously described in Chapter 2.7.1, saving money and reducing environmental impact. The data
transmission generally exploits the 4G, 3G or GPRS line with a UMTS router. Dealing with underground
excavations, it is also possible to use fibre optics leading to a local elaboration centre, or an operator, which
has only to copy the content of the SD card and send it to the main server for the following elaboration. Raw
data (electrical signals) are then stored in a safe DB, with multiple daily backups, and automatically elaborated,
using a specific algorithm able to convert them into physical units, remove spike noises and accidental errors
and calculate the final results (as described in the following paragraphs). Then, the outcomes of interest are
represented through a dynamic and intuitive web platform with secure controlled access. This passage is of
fundamental importance. As described in Chapter 2.2, the installation of a huge number of instruments requires
an adequate management platform which has to simplify the accessibility and interpretation of results (some
examples are accessible through the QR codes of Fig. 3.2). The last passage of the management system is the
activation of alert or alarm messages to the authority responsible for the monitoring. This task is extensively
discussed in Chapters 4 and 5.3.

The spacing between links could variate accordingly to the monitoring needs and budget available, while the
external diameter of every node is 37 mm. Thanks to its flexibility, the system could be inserted inside an old
inclinometer casing where the traditional probes could not pass due to excessive deformations. Paragraph 3.2
describes the sensors that could equip each array.

Like similar systems, the tool provides differential displacements related to a reference reading (as discussed
in Chapter 3.3), while it is not able to detect absolute positions, which require a dedicated calibration procedure.
Each link needs about one second to be read along the three axes, resulting in two seconds for each meter
(considering an interspace of 50 cm between sensors). As a comparison, AlS spends 30 seconds per meter for
a single guide, while an operator with a manual probe takes about 1 minute, considering the 0° and 180°
measures on the two axes. For the manual system, the time to reach and get back from the site should be
considered too.

As mentioned in the previous Chapter, traditional inclinometers casings present two pair of guides in order to
cumulate the measures along the vertical, while innovative instrumentations like SAA or DMS are equipped
with mechanical joints. This configuration requires particular attention during the installation procedure (in
particular for SAA system) and could lead to errors and uncertainties, related to the spiralling of the
instrumentations or incorrect assembly (Segalini and Carini 2013). MUMS follows a different philosophy,
where every sensor has its own reference system and exploits a 3D magnetometer to reconstruct the space
position of nodes. Like the resultant gravity acceleration vector, also the Earth’s magnetic field is a known
variable (Campbell 1997) which could be used to verify the instrumental measures.

Year 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Manual Probe

7
Availability on the market

IPI

| E—SS
AIS %////////////
DMS %

SAA

Fig. 3.3: Development of inclinometers along time
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The instrumentation was born in 2011 with the idea to replace traditional measurement procedures (Segalini
et al. 2011), improve the results or the applicability of innovative technologies and give a new tool to the
monitoring responsible (Fig. 3.3). In particular, the design of the new system has focused its attention on some
critical aspects that characterize the available inclinometers measures:

o Remove the presence of the operator on-site. This aspect has some advantages:

o It consequently reduces the uncertainties related to his work;

o It saves time and money;

o The sampling is always possible, even when the site is not accessible;

e Overcome the traditional instrumentations, with the following advantages:

o The reading frequency is higher and, together with the collection of multi-parameter data,
permits a direct correlation between displacements and triggering factors;

o The huge number of data permits to apply statistic in order to validate the results;

o Have an operating Early Warning System;

e Improve the already existing innovative tools on the following tasks:

o Remove any rigid mechanical connection between sensors, reducing uncertainties due to
spiralling and creating a flexible instrumentation;

o Create a lighter tool, easier to carry on site and to be installed,;

o Develop a cheaper instrumentation, more accessible for the market;

o Change the elaboration philosophy, removing any closed-box hardware filter in order to store
the raw data and apply statistical tools. Having the raw data available, it is always possible to
study new algorithms and re-calculate the past events. Moreover, in this way scientists have
the complete control of accuracy and repeatability, deleting any closed box process. Hardware
filters are developed by the sensor providers and often unknown also for the producer and
seller of the instrumentation;

o Study a new redundant double sensor exploiting different technologies, able to be installed at
the same depth and independently calculate the resulting displacement;

o Reduce the electrical consumption in order to use smaller solar panels and reduce the impact
on the landscape;

e Introduce new tools for landslide risk management and underground excavation processes, like:

o A new method for the Time of Failure prediction, based on instrumental outcomes of different
nature (local versus cumulative displacements) at different depths;

o Create new automatic instrumentations for the monitoring of convergences and deformations
of the rock mass in tunnelling, both during excavation and exercise phases;

o Apply the Internet of Things (10T) approach that characterizes the 4™ Industrial Revolution to
the geotechnical field.

The inclinometer has been designed as non-removable. It remains in place after the critical monitoring period,
in order to continue the survey also after potentially dangerous events. MUMS has been available on the market
since 2013, commercialized by ASE S.r.l., a Spin Off of the University of Parma founded for this specific
purpose. The rapid development of the new technology (Fig. 3.4) certifies the necessity of the tool, demanded
by construction companies, public and private agencies for the management of the territory and authorities for
the safety control of roads.

“Vertical Array” has been the first version of the product, able to monitor landslides and geotechnical
structures. During recent years, the tool has been subjected to a series of improvements and new fields of
applicability (Fig. 3.5) and now (2018) could monitor settlements (Horizontal Array), temperatures for
geothermal applications (Therm Array), water levels and pore pressures (Piezo Array), convergence (Cir
Array), radial deformations inside the rock mass (Rad Array). Future developments will regard the monitoring
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of rockfall barriers (RockFall Safety Network), the environmental monitoring of museums (Musa) and the
measure of pre-convergence (PreConv Array).

Number of Arrays installed
120

100

mmm Number of Arrays installed in a single year
Vertical Array
80 Cir Array
. Therm Array
mmmm Analog Array
m Rad Array
50 N Piczo Array
I Horizontal Array
. Rain Array

=== Total number of Arrays installed

Number of Arrays installed [-]

40

20

o

) m B i _ B
2012 2013 2014 2015 2016 2017 2018
Year [-]
Fig. 3.4: Number of sensors installed on 22" of October 2018
Year 2011 2012 2013 2014 2015 2016 2017 2018 2019
Semester 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Vertical Array
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Rad Array %
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RockFall Safety |
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Fig. 3.5: MUMS system application fields

% Laboratory Test

Availability on the market

3.2. Sensors available and calibration procedures
This paragraph briefly summarizes the sensors available at the end of August 2018, focusing the attention on
main technical features, applications and calibration procedures, which differ for each kind of sensor. During
this thesis, standard calibration procedures have been developed for every Link, in order to guarantee the best
results and fit the requested monitoring reliability, repeatability, thermal and long-term stability. This
paragraph describes the operative principles and equations that govern the algorithm of TarCal software,
specifically designed for the calibration purpose. In particular, TarCal is able to calculate all the calibration
parameters with a series of easy and user-friendly passages, write them into the database, and create plots and
tables for the Certificate of Calibration. The following sections are subdivided in accordance with the sensors.
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3.2.1. Tilt Link V

Tilt Link V sensor (Fig. 3.6) is equipped with 3D MEMS (accelerometer, magnetometer and thermometer) and
designed to monitor differential displacements along a vertical borehole, with an evaluation of settlements
occurred. The calculation principle is indirect and the results are obtained using the tilt recorded by the
accelerometer together with the direction provided by the magnetometer. Tilt Link V is not able to record rigid
translations, like any other gravity based sensor.

In this thesis two different MEMS sensors are described. The first one (MEMS 1.0) has a resolution of12 bit,
while the second (MEMS 2.0) has 14 bit. Tab. 3.1 summarizes the main features of both sensors.

\‘ kevlar
/\— " cable
/

data transmission
cable (4 poles)

MEMS

electronic
card

resin shell

Fig. 3.6: Tilt Link V sensor, equipped with 3D MEMS

Tab. 3.1: Main features of MEMS 1.0 and MEMS 2.0

MEMS 1.0 MEMS 2.0
Linear acceleration measurement range 29 +29
Linear acceleration sensitivity 1 mg/ADC 0.244 mg/ADC
Linear acceleration sensitivity change vs. temperature +0.01 %/°C +0.008 %/°C
Zero-g level offset accuracy +60 mg +20 mg
Zero-g level change versus temperature +0.5 mg/°C +0.15 mg/°C
Acceleration noise density 220 ug/Hz 126 ugi/Hz
Magnetic field measurement range +1.3G +12 G
Magnetic gain 1100 ADC/G for X and Y axes 1000 ADC/G for
980 ADC/G for Z axis X, Y and Z axes
Magnetic resolution 2 mG 1 mG
Temperature sensor change vs. temperature 0.125 °C/ADC 0.96 °C/ADC
Operative temperature range -40++85 °C -40 + +85 °C

The calibration procedure reconstructs a matrix of 15 parameters for each node, as described below. The
parameters are respectively:
* O acceleration gain of node j x instrumental axis;

*  Garj gain of the accelerometer thermal correction along the x-axis of node j;
e o,r.: thermal offset along the x-axis of node j;
J
* Gy acceleration gain of node j y instrumental axis;
* Gyrj gain of the accelerometer thermal correction along the y-axis of node j;
* Oyr) thermal offset along the y-axis of node j;
e g,.:acceleration gain of node j z instrumental axis;
J
e g,r.: gain of the accelerometer thermal correction along the z-axis of node j;
J
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* O thermal offset along the z-axis of node j;
* Juj magnetic field gain of node j X, y and z instrumental axes;
® 0y, Magnetic offset of node j x instrumental axis;
J
* Opy; magnetic offset of node j y instrumental axis;
® 0y.. Magnetic offset of node j z instrumental axis;
J
e m;: temperature gain of node j;
e g;: temperature offset of node j.

Accelerometers

The accelerometers of Tilt Link V (MEMS based) sensor are calibrated inside a thermal chamber, controlled
through a PLC processor. The Array lies inside a dodecahedron (Fig. 3.7) specifically designed to host 70
nodes. The PLC reads each link at 24 different positions for 10 temperatures. Thanks to the fact that MEMS
is 3D, it is possible to estimate the calibration parameters using a linear regression. Gravity acceleration is a
known variable and the norm of the three components of instrumental axes has to provide that specific value.
It is possible to estimate the first 6 calibration parameters Gxjer bejer Gyjer by 9z Uzp, by searching the

minimum value of ¢; ;, as in Equation [ 3.1 ].

24

2 2 2
gj't _ z [Gv _ \[(ng’ta,xj,a + lxj,t) + ('ng,ta,yj,a + le,t) + (,gzj’ta’zjla + lzj,t) j [31]

a=1

e G, is the gravity acceleration vector (known variable), expressed in g (1 g = 9.80665 m/s?);

* x;, is the acceleration gain of node j x axis at temperature t;

° a’x].’a is the electrical value (ADC points) of gravity acceleration along instrumental axis x for node j
recorded during the reading a;

* iy, isthe intercept gain of instrumental x axes for node j at temperature t;

e g, is the sum of residuals for node j at temperature t. This value has to be minimized using the linear
regression, changing the six calibration parameters.

Fig. 3.7: Dodecahedron specifically designed for the calibration of 3D MEMS accelerometers

Once obtained the six parameters at each temperature t, gain values of node j (gx]., 9y gZ].) are obtained

through the following set of Equations.
The first step (Equation [ 3.2 ]) identifies the maximum offset ng'tMof the acceleration gain dataset for each

instrumental axis. This value is removed from the data set.
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r l 1gx] tl]

9xjy,, = Max| : | [3.2]
| l 1ng tll
lgxl'.fw J

Where:
* Yxj, is the maximum offset of the acceleration gain dataset made of ten temperatures, related to node

J x instrumental axis;
* Jx;, istheacceleration gain of node j x instrumental axis at temperature ¢;.
e

The second step applies the Equation [ 3.2 ] to the remaining dataset, removing the secondary maximum.

At this point, it is possible to apply the Equation [ 3.3 ] to the matrix of eight gain parameters for that specific
instrumental axis and node. The result is the acceleration gain parameter for one of the three instrumental axes
of node j.

G, = ( ? 18gx”) [33]

Where:
* xj, is the acceleration gain of node j x instrumental axes for at temperature t;;
e

*  Jx; is the acceleration gain of x instrumental axes for node j.

The thermal correction of accelerometers is obtained applying three different linear regressions to the datasets
represented respectively by Ijer byjo and iz, parameters, considered as y variables, and known temperatures,

as X variables. gxr; and Oxr; represent respectively the angular coefficient and the intercept of the regression.

The conversion from raw data to physical units, together with the thermal correction, is represented by the
Equation [ 3.4].

axj = nga’xj + ngjT’j + Oij [34]

Where:
*  ay is the value of gravity acceleration expressed in physical units (referred to acceleration vector g),

on the x-axis (referred to the instrumental reference system) of node j;

* Oy is the acceleration gain of instrumental axis x for node j;

° a’x]. is the raw value of gravity acceleration, expressed in electrical units, on the x-axis (referred to the
instrumental reference system) of node j;

*  Yar, is the gain of the thermal correction along the x-axis of node j;

. T’j is the raw value of temperature, expressed in electrical units, of node j;

* Oy, is the thermal offset along the x-axis of node j.

The final dataset of accelerometer calibration parameters is represented by the following 9 values: 9xj» Yx1)»

OxTj» Gyj» GyTj» OyTjs Gzjr GzTj» Ozt

The described procedure is not valid to estimate the absolute position of sensors in the space and it is optimized
for differential values. This mean that the physical entity does not exactly represent the position of the node,
but its changing along time is perfectly identified.

As an example, if we consider the z axis of a vertical node, the acceleration should be 1 g. The value returned
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by the calibrated sensor could be 0.98 g. If the accelerometer rotates of 0.15 g, the new value returned is 0.83
g (instead of 0.85 g). The difference between the two instrumental records (the differential rotation) is 0.15 g
in both cases. The application of the sensors does not require the establishment of an absolute position in the
space, while the goal of the monitoring is the definition of displacements starting from a reference reading.

Magnetometers

The calibration of magnetometers is based on the same principles of accelerometers. The resultant vector of
magnetic field in a specific area is known and provided by online services, like for example the website of
NOAA (National Oceanic and Atmospheric Administration). The gain of the linear correlation is provided
(and verified) by the producer, while it is necessary to estimate the offset. To do so, it is important to find a
free zone where there are not external disturbing electromagnetic sources. Then, it is possible to estimate the
offset applying 24 distinct positions and collecting magnetic data for each of them. The linear regression (Eq.
[ 3.5]) permits to estimate opy;, Omy; @nd opz; by minimizing ;.

z [ [gM] M OM’C;)]Z + [ng (m'yj_a B OMYJ)]Z + [ng (mlzj,a B OMZJ)]Zj [35]

Where:

e M, is the earth magnetic field (known variable);

* Ju, is the gain of magnetic field (constant for the three axes);

. m'x,-,a is the electrical value (ADC points) of magnetic field along node j x instrumental axis recorded
during reading a;

* Oy, is the magnetic offset of node j x instrumental axis;

e g is the sum of node j residuals. This value has to be minimized using the linear regression, changing
the three calibration parameters.

The conversion from raw data to physical units is expressed through the following equation:
mx]- =gMjm,xj+Oij [36]

Where:
e my; is the value of magnetic field expressed in physical units, on the x-axis (referred to the
instrumental reference system) of node j;
* Ju, is the gain of magnetic field (constant for the three axis);

° m'x]. is the raw value of magnetic field, expressed in electrical units, on the x-axis (referred to the

instrumental reference system) of node j;
* Oy, is the magnetic offset of x instrumental axes for node j.

Thermometers

The thermometers are calibrated inside the thermal chamber together with the accelerometers. It is possible to
estimate a gain and an offset to convert the raw data into physical units, reading each sensor 24 times for each
step and repeating the operation for a total of 10 temperatures. The first step wants to obtain a reliable electrical
value for temperature. This is calculated as the mean of the 24 recorded temperatures (this number is related
to the estimation of accelerometer coefficients) as in Equation [ 3.7 ].

24 1
i=1 T ij

- [3.7]

T,j =
Where:
e T';;isthe raw temperature value of node j recorded at position i, expressed in electrical units;
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e T'; is the raw temperature value of node j, expressed in electrical units.
The calibration parameters for each node are the gain m; and the offset q;, as Eq. [ 3.8 ].

Where:
e T; is the value of node j temperature, expressed in Celsius degrees;
e T'; is the raw value of node j temperature, expressed in electrical units;
e m; is the gain of node j temperature;
e q; is the offset of node j temperature.

3.2.2. Tilt Link HR 3D V

Tilt Link HR 3D V sensor (Fig. 3.8) is equipped with 3D MEMS (accelerometer, magnetometer and
thermometer) and 2D electrolytic cell. It is designed to monitor a wide range (starting from hundredths of
millimetres) of differential displacements along a vertical borehole, with an evaluation of settlements occurred.
The calculation principle is indirect and results are obtained using the tilt provided by the accelerometer of
MEMS or the information of electro-level and the direction of movement, recorded by the magnetometer. Like
Tilt Link V, Tilt Link HR 3D V is not able to record rigid translations. Tab. 3.2 summarizes the main
characteristics of electrolytic cell.

——— __ kevlar
cable

data transmission
cable (4 poles)

electrolytic
sensor P

electronic
card

resin shell

Fig. 3.8: Tilt Link HR 3D V sensor, equipped with 3D MEMS and 2D electrolytic cell

The calibration procedure reconstruct a matrix of 19 parameters for each node, as described below. The
parameters are respectively:

* O acceleration gain of node j x instrumental axis - MEMS;

*  Garj gain of the accelerometer thermal correction along the x-axis of node j - MEMS;
* Oy thermal offset along the x-axis of node j - MEMS;

* gyt acceleration gain of node j y instrumental axis - MEMS;

* Gyrj gain of the accelerometer thermal correction along the y-axis of node j - MEMS;
* Oyr) thermal offset along the y-axis of node j - MEMS;

* Gy acceleration gain of node j z instrumental axis - MEMS;

* G gain of the accelerometer thermal correction along the z-axis of node j - MEMS;
* Oy thermal offset along the z-axis of node j - MEMS;

* Ju; magnetic field gain of node j x, y and z instrumental axes - MEMS,;
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*  Ouy;: magnetic offset of node j x instrumental axis - MEMS;
* Opy;: magnetic offset of node j y instrumental axis - MEMS;
* Oy magnetic offset of node j z instrumental axis - MEMS;
e m;: temperature gain of node j - MEMS;

e q;: temperature offset of node j - MEMS;

* gE,;: gain of node j x instrumental axis - Electrolytic Cell;

* gE, :qainof node jy instrumental axis - Electrolytic Cell;

e mkE;: temperature gain of node j - Electrolytic Cell;

e qgE;: temperature offset of node j - Electrolytic Cell.

Tab. 3.2: Main technical features of the 2D electrolytic cell

| Electrolytic cell

Range +25°
Resolution <0.003°
Repeatability +0.1°
Temperature coefficient
Null 20 arc seconds/°C
Scale 0.1 %/°C
Operative temperature range -40++85°C

The calibration procedure of MEMS (Accelerometers, Magnetometers and Thermometers) is exactly the same
described for Tilt Link V.

Gain of Electrolytic Cell

9Ex; and gE, gain parameters of electrolytic cell are evaluated using a specifically designed calibration
machine. The tool is composed by a rigid bar that can rotate around a pin. Links are vertically fixed to this bar.
A calibrated level gives information about the absolute tilt angle with respect to the horizontal. Each node is
read at 9 different positions, starting from 20° tilt degrees on the left to 20° tilt degrees on the right, with steps
of 5°. Due to the fact that the electrolytic cell is extremely sensible to vibrations and requires a couple of
seconds to stabilize itself, each position is sampled three times and then the meaning value (Eqg. [ 3.9 ]) is
considered for the linear regression. This shrewdness permits to recognize disturbs related to external factors,
like for example the walk of an operator inside the room or the opening of a door during the measure.

3 1a’x p
P 2 T 3.9
ax]' - 3 [ ]
Where:
o a’xl.’].p is the reading i of the tilt angle, expressed in electrical units (ADC points), along x instrumental
axis, for the position p of node j;
° a’x].p is the mean value of the tilt angle, expressed in electrical units (ADC points), along x
instrumental axis, for the position p of node j.

The 9Ex, and 9Ey, gain parameters are obtained through a linear regression applied to the data set represented
by a’x].p (angles expressed as electrical units) as x, and ax}.p (angles expressed as physical units) as y. The
formulation used by the software is the Eq. [ 3.10].

Where:
. a,’cj is the the tilt angle, as electrical units (ADC points), along x instrumental axis of node j;
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*  ay is the the tilt angle, expressed in physical units (Degrees), along x instrumental axis of node j;
* gE,; is the gain of x instrumental axis of node j.

Thermometers of Electrolytic Cell

The thermometers of Electrolytic Cell are calibrated inside the thermal chamber together with the
thermometers of MEMS, exploiting the same principle. The gain and the offset are evaluated through a linear
regression. Each sensor is read 24 times for each temperature, for a total of 10 temperatures. After evaluating
a reliable electrical value for temperature, calculated as the mean of recorded temperatures (Eqg. [ 3.7 ]), the
linear regression is applied to the data set represented by temperatures T'; (expressed as electrical values) as x

variable, and temperatures 7; (physical units), expressed as y variable.
The calibration parameters for each node are the gain mE; and the offset gE;, asin Eq. [ 3.11].

Tj =mEjT’j+qu [311]

Where:
e T is the temperature value of node j, expressed in Celsius degrees;
e T'; is the raw temperature value of node j, expressed in electrical units;
e mkE; is the temperature gain of node j;
e qE; is the temperature offset of node j.

3.2.3. Piezo Link

Piezo Link (Fig. 3.9) is an absolute pressure sensor, designed to monitor the pore pressure and the water level,
if coupled with the information provided by Baro Link.

kevlar
cable

data transmission _—_
cable (4 poles)

porous material

- electronic card

resin shell

Fig. 3.9: Piezo Link sensor

The sensor is equipped also with a thermometer, installed in the electronic board. In this thesis, two versions
of the product are discussed. The first one (Piezo Link 1.0) has a maximum operative range of 3.5 bar, while
the second one (Piezo Link 2.0) reaches 10 bar. Other characteristics are reported in Tab. 3.3.

The calibration procedure reconstruct a matrix of 4 parameters for each node, as described below. The
parameters are respectively:

e gP;: pore pressure gain of node j;
e oP;: pore pressure offset of node j;

53



Chapter 3 — MUMS Monitoring Systems

e mP;: temperature gain of node j;
e gP;: temperature offset of node j.

Tab. 3.3: Data sheet features of Piezo Link 1.0 and Piezo Link 2.0

Piezometer 1.0

Piezometer 2.0

Measure range 0 + 3.5 bar 0 + 10 bar
Proof pressure 7 bar 15 bar
+1 mV (Typ.) +1 mV (Typ.)
570 il 2 mV (Max.) 2 mV (Max.)

+0.1% FS (Typ.)

+0.2 % FS (Typ.)

Hysteresis

+0.075 % FS (Max.)

Non-linearity +0.2 % FS (Max.) +0.25 % FS (Max.)
i +0.01 % FS (Typ.) +0.05 % FS (Typ.)
Repeatability +0.075 % FS (Max.) +0.075 % FS (Max.)
+0.01 % FS (Typ.) +0.05 % FS (Typ.)

+0.075 % FS (Max.)

Long term stability

+0.1 % FS/year

+0.1 % FS/year

Thermal effects

Offset +0.3 % FS (Typ.) +0.75 % FS (Typ.)
+0.75 % FS (Max.) +1.00 % FS (Max.)
Span 0.5 % FS (Typ.) +0.75 % FS (Typ.)
+0.75 % FS (Max.) +1.00 % FS (Max.)
Weight 290 g 50 g
-40++85°C -40++125°C

Operative temperature range

Pore pressure gain and offset

The calibration procedure requires to place the sensor inside a specifically designed autoclave (Fig. 3.10) with
controlled pressure. It is possible to obtain gP; and oP; parameters with a linear regression by reading the

pressure at different stages, then adding the contribution of atmospheric pressure. The conversion into physical
units is expressed in Eq. [ 3.12].

PmBar]- = ng P/’lDCj + OPj [3-12]

Where:
° P,QDC]. is the pore pressure of node j, expressed in electrical units (ADC points);

*  Pmpar, is the pore pressure of node j, expressed in physical units (mbar);
e gP;: pore pressure gain of node j;
e oP;: pore pressure offset of node j.

Fig. 3.10: Autoclave used for the calibration of piezometers

Thermometer gain and offset
The thermometer of Piezo Link is calibrated inside the thermal chamber together with the thermometers of

MEMS, exploiting the same principle. Gain and offset are evaluated through a linear regression. Each sensor
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is read 24 times for each temperature, for a total of 10 temperatures. After evaluating a reliable electrical value,
calculated as the mean of recorded temperatures (Eq. [ 3.7 ]), the linear regression is applied to the data set
represented by temperatures T'; (expressed as electrical values), as x variable, and temperatures T; (physical
units), expressed as y variable.

The calibration parameters for each node are the gain mP; and the offset gP;, asin [ 3.13 ].
T, =mp T + b, [3.13]

Where:
e T is the temperature value of node j, expressed in Celsius degrees;
e T'; is the raw temperature value of node j, expressed in electrical units;
e mP; is the temperature gain of node j;
e gP; is the temperature offset of node j.

3.2.4. Baro Link
Baro Link (Fig. 3.11) is an absolute pressure sensor, designed to monitor the atmospheric pressure and
compensate the absolute pore pressure recorded by Piezo Link, in order to define the water level. The sensor
has a thermometer too, installed on the electronic board. Tab. 3.4 summarizes the main characteristics of the
Barometer.

Fig. 3.11: Baro Link

Tab. 3.4: Main features of Baro Link sensor

Baro Link

Measure range 0.6 + 1.1 bar
Accuracy +1.5% FS
Proof pressure 2 bar
Burst pressure 3 bar
Response delay 0.5 ms
Weight 339
Operative temperature range -20++85°C

The calibration procedure reconstruct a matrix of 4 parameters for each node, as described below. The
parameters are respectively:

e gB;: atmospheric pressure gain of node j;

e 0B;: atmospheric pressure offset of node j;

e mB;: temperature gain of node j;

e gB;: temperature offset of node j.

Atmospheric pressure gain and offset
The calibration procedure requires to inflate a known temperature inside the sensor with a pump and a closed
system. Repeating the operation at least 5 times, gB; and oB; parameters are obtained with a linear regression.

The conversion into physical units is expressed by Eq. [ 3.14 ].

55



Chapter 3 — MUMS Monitoring Systems

APmBarj = gBj AP/,lDCj + OBj [3.14]

Where:
. AP,{DC]. is the atmospheric pressure of node j, expressed in electrical units (ADC points);
*  APppqay; is the atmospheric pressure of node j, expressed in physical units (mbar);
e gB;: atmospheric pressure gain of node j;
e 0B;: atmospheric pressure offset of node j.

Thermometer gain and offset
Baro Link thermometer is calibrated by reading at least 5 different known temperatures, then applying a linear
regression to the data set. mB; and gB; are the calibration parameters for each node, as in Eq. [ 3.15 ].

Tj =mBj T’j+qBj [315]
Where:
e T is the temperature value of node j, expressed in Celsius degrees;
e T'; is the raw temperature value of node j, expressed in electrical units;
e mbB; is the temperature gain of node j;
e gB; is the temperature offset of node j.

3.2.5. Therm Link HR

Therm Link HR (Fig. 3.12) is a high-resolution thermometer designed to monitor the variation of temperature
with high precision (£0.0078°C) and repeatability. Tab. 3.5 reports the technical specification of the sensor.

Fig. 3.12: Therm Link HR

The calibration procedure reconstructs a matrix of 2 parameters for each node:
e mTj: temperature gain of node j;

e qT;: temperature offset of node j.

Due to high precision of sensors, they are calibrated using a known temperature thermal bath inside an isolated
chamber. Three values are collected for each temperature and only the mean is considered for the following
linear regression, applied to the dataset represented by temperatures T’; (expressed as electrical values) as x
variable, and temperatures T; (physical units), expressed as y variable.

The calibration parameters for each node are the gain mT; and the offset qT}, asin Eq. [ 3.16 ].

T; = mT; T'; + qT; [3.16]
Where:
e T; is the temperature value of node j, expressed in Celsius degrees;
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e T'; is the raw temperature value of node j, expressed in electrical units;
e mT; is the temperature gain of node j;
e qT; is the temperature offset of node j.

Tab. 3.5: Main features of Therm Link HR

| Therm Link HR

Measure range -55 + +150 °C
Accuracy +04°C
Resolution 0.0078 °C
Hysteresis +0.002 °C

Repeatability +0.015°C

Weight 2009

3.2.6. Tilt Link H
Tilt Link H sensor (Fig. 3.13) is equipped with 3D MEMS (accelerometer and thermometer) and designed to
monitor differential displacements along a horizontal string, with an evaluation of settlements occurred. The
calculation principle is indirect and the results are obtained using the variation of the gravity acceleration along
time.

keviar electronic

\
\— resin shell

/
{__ data transmission J
cable (4 poles) / s Z

MEMS

Fig. 3.13: Tilt Link H sensor, equipped with 3D MEMS

The calibration procedure is equal with respect to Tilt Link V sensor, excluding the magnetometer. The result
is a matrix of 11 parameters for each node, as described below. The parameters are respectively:
* gx;iX instrumental axis acceleration gain of node j;

*  Garj gain of the accelerometer thermal correction along the x-axis of node j;
* Oy thermal offset along the x-axis of node j;

* gyly instrumental axis acceleration gain of node j;

*  gyrj gain of the accelerometer thermal correction along the y-axis of node j;
* Oyr thermal offset along the y-axis of node j;

* gzl instrumental axis acceleration gain of node j;

*  Garj gain of the accelerometer thermal correction along the z-axis of node j;
* O thermal offset along the z-axis of node j;

e m;: temperature gain of node j;

e g;: temperature offset of node j.

3.2.7. Tilt Link HR3D H
Tilt Link HR 3D H (Fig. 3.14) represents the horizontal version of Tilt Link HR 3D V, designed to monitor
settlements with MEMS and electrolytic cell sensors.

keviar
cable electronic electrolytic
card sensor

resin shell

MEMS
data transmission
cable (4 poles)

Fig. 3.14: Tilt Link HR 3D H sensor, equipped with 3D MEMS and 2D electrolytic cell
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The calibration procedure reconstruct a matrix of 15 parameters for each node, as described below. The
parameters are respectively:
* gy, X instrumental axis acceleration gain of node j - MEMS;

*  Garjt gain of the accelerometer thermal correction along the x-axis of node j - MEMS;
* Oy thermal offset along the x-axis of node j - MEMS;

* gy'y instrumental axis acceleration gain of node j - MEMS;

*  gyrj: gain of the accelerometer thermal correction along the y-axis of node j - MEMS;
* Oyr thermal offset along the y-axis of node j - MEMS;

* gyl instrumental axis acceleration gain of node j - MEMS;

* o gain of the accelerometer thermal correction along the z-axis of node j - MEMS;
* O thermal offset along the z-axis of node j - MEMS;

e m;: temperature gain of node j - MEMS;

e q;: temperature offset of node j - MEMS;

* gE,;: gain of node j x instrumental axis - Electrolytic Cell;

* gEy,:qainof node jy instrumental axis - Electrolytic Cell;

e mkE;: temperature gain of node j - Electrolytic Cell;

e qgE;: temperature offset of node j - Electrolytic Cell.

The calibration procedure of MEMS (Accelerometers, Magnetometers and Thermometers) is exactly the same
described for Tilt Link V.

3.2.8. Tunnel Link

Tunnel Link (Fig. 3.15) is the evolution of Tilt Link V, designed for the monitoring of convergence during
construction and exercise phases in underground excavations. Sensor is equipped with 3D MEMS and every
node is linked through a fiberglass rod and a connection in order to preserve the alignment. Tunnel Link is not
able to record rigid translations, like any other gravity based sensor. Tab. 3.6 summarizes the main technical
features of MEMS accelerometer and thermometer.

The calibration procedure is equal with respect to Tilt Link V sensor, excluding the magnetometer and the fact
that the calibration took place before the resin injection. The result is a matrix of 11 parameters for each node,
as described below:

*  gx;iX instrumental axis acceleration gain of node j;

*  Garj gain of the accelerometer thermal correction along the x-axis of node j;
* Oy thermal offset along the x-axis of node j;

* gyly instrumental axis acceleration gain of node j;

*  gyr; gain of the accelerometer thermal correction along the y-axis of node j;
* Oyr) thermal offset along the y-axis of node j;

* g1 instrumental axis acceleration gain of node j;

* G gain of the accelerometer thermal correction along the z-axis of node j;
* Oy thermal offset along the z-axis of node j;

e m;: temperature gain of node j;

e g;: temperature offset of node j.
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Tab. 3.6: Technical features of Tunnel Link sensor

MEMS 2.0

Linear acceleration measurement range +2 g
Linear acceleration sensitivity 0.244 mg/ADC
Linear acceleration sensitivity change vs. temperature +0.008 %/°C
Zero-g level offset accuracy +20 mg
Zero-g level change versus temperature +0.15 mg/°C
Acceleration noise density 126 pug/iVHz
Magnetic field measurement range 12 G
Magnetic gain 1000 ADC/G for X, Y and Z axes
Magnetic resolution 1mG
Temperature sensor change vs. temperature 0.96 °C/ADC
Operative temperature range -40++85°C

Fig. 3.15: Tunnel Link sensor installed on site

3.2.9. Radial Link
Radial Link (Fig. 3.16) is the complementary of Tunnel Link, designed to monitor the deformations some
meters inside the rock mass during both construction and exercise phases. Sensor is equipped with 3D MEMS
and every node is linked through a fiberglass rod and a connection in order to preserve the alignment. Technical
features are the same as Tunnel Link.

!
Fig. 3.16: Rad Array installed together with a Multi-Point Rod Extensometer

The calibration procedure follows the same principles as Tunnel Link, resulting in a matrix of 11 parameters
for each node, as described below:
* x;iX instrumental axis acceleration gain of node j;

*  Garjt gain of the accelerometer thermal correction along the x-axis of node j;
* Oy thermal offset along the x-axis of node j;

* gyY instrumental axis acceleration gain of node j;

*  gyr; gain of the accelerometer thermal correction along the y-axis of node j;
* Oyr thermal offset along the y-axis of node j;
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* gyl instrumental axis acceleration gain of node j;
*  Gurj gain of the accelerometer thermal correction along the z-axis of node j;
e 0, thermal offset along the z-axis of node j;
J
e m;: temperature gain of node j;
e g;: temperature offset of node j.

3.3. Installation procedure
The installation of geotechnical instrumentations is as important as the sensors itself (Segalini et al. 2017).
Unappropriated installation procedures cause misleading results, related to many causes, consequently
reducing precision and accuracy of the selected tools. For this reason, the study related to this thesis has
concentrated part of the work on a new installation method for Vertical Array, evolved starting from the
outcomes of the first on-site MUMS installations.

Spaggiari (2015) was the first to study and improve the installation procedure of the first commercialized
MUMS system (Fig. 3.17), starting from the laboratory and in situ test results. During her master degree thesis
at University of Parma, a standard procedure was defined, based on the following passages.

A

Fig. 3.17: First i'nstallation procedure of MUMS system

l. Execution of the borehole, with a diameter that could range between 110 and 160 mm, and insertion
of a temporary casing to sustain the excavation during the installation procedure (a);
Il.  Insitu preparation of the piezometer, using a non-woven fabric full of sand as a filter (b and c) and
fixing the porous stone inside a recipient full of water (d);
I1l.  Insertion of MUMS array together with a PVC pipe (e);
IV.  Removal of the first 1.5 m portion of the temporary casing and PVC pipe, and cementation of the
deeper part of the borehole (f);
V.  Progressive removal of the temporary casing (at steps that could vary between 1.5 and 3 m) and
insertion of the gravel (g). In order to avoid empty spaces, it is necessary to have gravel with a small
diameter. It is necessary to protect the electrical and Kevlar cables at every removal of the temporary
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casing, fixing them at the internal portion of the PVVC pipe. This operation has to be repeated until the
complete filling of the borehole;

VI.  Placement of the control unit (h);

VII.  Placement of the solar panel (i).

The deeper part of the array, which should be installed in a stable zone, was cemented using a mixture
composed by bentonite (15%), cement (10%) and water (75%). The use of gravel with small diameter (less
than 4 mm) wanted to remove the behaviour observed during the test installations, where through the first
month of monitoring it was possible to observe consistent displacements related to the relative movement of
grains. In order to avoid empty spaces, gravel was inserted from the bottom at steps of 1.5 meters, using the
temporary PVC pipe.

The described installation procedure represents an improvement in terms of borehole stabilization, adherence
to the ground, data stability during the first period. In spite of this, the installation procedure required a very
long time (some hours for array with a total length less than 50 m), attention and expertise by the installer. The
result was a couple of Arrays damaged during installation procedure, due to inappropriate behaviours of the
operators. Moreover, the case study of Baveno highlighted the consequences of an incorrect placement of the
filling material. In fact, during the installation procedure the operator badly estimated the required quantity of
small size gravel and ignored the presence of cavity in the rock mass. Once removed the external temporary
casing, the Array lowered of about 2 meters. For this reason it was necessary to carefully recover it after some
hours of hard work (Fig. 3.18) and refill the borehole with gravel.

Fig. 3.18: Recovering of the array after an incorrect installation procedure

After six months, during the first rainy event a consistent displacement has been recorded (Fig. 3.19) and an
alarm procedure was activated. After a site inspection (Fig. 3.20), it was clear that the rain washed the filling
material from the ground level to a depth of 13 meters and the Array was free to move inside the borehole.
Therefore, the lack of traction granted by the Kevlar rope at the top caused the lowering of the instrumentation.
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Fig. 3.19: a) Local and b) Cumulative displacements recorded after the first rainy event
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Fig. 3.20: Site inspection at Baveno, after the event occurred on December 2017

The case study suggested to investigate a new installation method, able to simplify the whole procedure,
reducing time and sources of error, together with the preservation of data quality, ensuring the correct traction
of the Kevlar rope.

The new installation method, developed starting from Baveno outcomes, is described below and has been
successfully applied to 19 case histories.
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Fig. 3.21: Appearahce of the chain-anchor connection system

The array (with a diameter per node of 37 mm) is inserted inside a plastic pipe with an internal diameter of 40
mm at the factory. Then, the bottom portion of the aramid fibre rope is fixed at an eyebolt, screwed to a
threaded bar. The bar crosses a stopper and terminates with another eyebolt, where the anchor is fixed (Fig.
3.21). The aramid fibre cable is fixed at a spring at the top. This one is connected to a threaded bar exploiting
a carabineer. The threaded bar crosses the top stopper and it is used to tension the whole system. The array is
then placed on a bobbin and sent to the site.

Once the instrumentation is on site, the operator has to verify the functionality first, through a data collecting
test, in order to exclude any damage that may happen during the shipping. Then it is necessary to drop down
the vertical inside the borehole (Fig. 3.22a), which has to be larger than 50 mm (external diameter of the plastic
pipe). It follows the installation of a temporary support system (Fig. 3.22b) just above the borehole, composed
by two steel bars that must be driven inside the soil until they are stable. At this point it is necessary to secure
the top of the aramid fibre cable to one of the steel bars in order to prevent the accident fall of MUMS inside
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the open borehole. The device used for the injection of cementation mortar could be joined to the outside of
the plastic pipe and lowered down together with the instrumentation. If the water level is high enough to
prevent the insertion of the system due to its buoyancy, some small holes can be drilled in the lower portion
of the plastic pipe, in order to let the water percolate inside. It is possible to calculate the buoyancy thrust
according to the borehole characteristics and Vertical Array features.

Lower end of the chain

Eyelet of the upper end of the instrument

£ = {'

y

Horizontal bar

~
Fig. 3.22: New installation procedure of Vertical Array MUMS system

Once the instrument is properly inserted in the borehole, the upper metal ring of MUMS is run through a third
steel bar (Fig. 3.22c) that is, in turn, inserted horizontally into the two buttonholes of the support system. After
the correct positioning of the array in its final position, it is appropriate to make a second data collecting test,
in order to avoid any malfunction that may occurred during the lowering procedure. If the array is not equipped
with pore pressure sensors, it is possible to proceed with the infilling of the interspace between the flexible
preservation pipe and the borehole (or the PVC casing when present). The infilling material must be chosen
according to the specific installation and aim of the monitoring. Suggested infilling materials are clean coarse
sand or small gravel, with a maximum diameter of 3-4 mm. It is possible to use mortar if expected
displacements are lower than 3 cm/m. If the application regards geotechnical structures, mortar or concrete
should be used. In any case, it is suggested to proceed with the injection of mortar for the infilling of the first
1-2 meters of the borehole at the MUMS fixed end (Fig. 3.22d). This would prevent the lower end of the
Vertical Array from moving or being pulled away from its original position, compromising the interpretation
of the monitoring results. Above the first 1-2 meters, starting from the bottom of the chain, the infilling can
proceed with the selected material.

Once the infilling has been carried out completely, it is necessary to screw the two bolts located on the threaded
bar at the upper end of the chain until the plastic cap is reached, in order to block the internal sliding of the
sensors with respect to the external pipe (Fig. 3.23). This procedure should be done controlling that the spring
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located inside the flexible protection pipe is slightly pulled (i.e. the entire Vertical Array is in traction). The
tension can be increased by pulling the thread bar by hand while screwing in the two bolts a little more.
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Fig. 3.23: Once Vertical Array is placed inside the borehole, it is necessary to screw the bolts along the bar until they reach the plug

The correct final position of the support portal should be adapted by driving its vertical bars into the ground
as appropriate. It is suggested to leave the support portal in place for at least two weeks after the installation
or until the cement has completed the first phase of hydration and is hard enough to support the MUMS in
place. This interval of time is particularly important when the selected material is sand or gravel, in order to
assure that the whole borehole has been properly infilled and no voids were left along the borehole. If this
happens, any delayed subsidence of the infilling material would cause the Vertical Array to be pulled
downward if not supported, modifying its original position. For this reason, where possible, it is suggested to
check the stability of the infilling by pouring water from the top of the borehole. At the end of the installation,
after the suggested two weeks and the appropriate verification, the supporting portal can be removed and the
threaded bar cut to a length that can be fitted inside the inspection well encasing that should be installed around
the upper portion of the Vertical Array. The upper end of the aramid fibre rope should be left inside the
inspection well, free to move and slip inside the upper plastic cap through the appropriate hole, in case of
slope/structure consistent deformation.

If a pore pressure sensor is present, it is prepared at the factory (the first MUMS installation procedure required
to prepare the sensor in place). The porous stone is placed on the Piezo Link inside a recipient full of water, in
order to avoid air bubbles, and then node is inserted inside the plastic pipe in the required position. Sensor is
isolated from the rest of the vertical by injecting a water-resistant resin above and below the Link. The portion
of the plastic pipe around the piezometer is drilled and, during the installation procedure, is filled with sand
pillows, permitting the water circulation. The procedure to be followed (Fig. 3.24) is similar to that normally
used for the installation of electric piezometers, in order to ensure the appropriate insulation of the water
horizons (where there is more than one aquifer level).

With regard to the infilling phase of the instrument, it is recommended to proceed as follows (for each
piezometer along the array):

I Infilling of the selected material from the bottom of the hole up to z + 1.50 cm, where z indicates the
depth of the piezometer;

Il. Creation of a lower cap with bentonite in granules with an approximate height of 1 m;

1. Infilling of sand in the borehole surrounding the piezometer sensor for a length of approximately 1 m
(starting fromz + 0.5 muptoz-0.5m);

V. Creation of an upper cap with bentonite in granules with an approximate height of 1 m;

V. Infilling with the material of choice until completion of the borehole.
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Fig. 3.24: Installation on site of pore pressure sensor

The infilling procedure should be followed also during the installation of the eventual PVC pipe, when it is
inserted in the borehole in order to preserve it and facilitate the MUMS installation. In this case, the sand
pillow and the lower and upper bentonite caps must be created around the PVC pipe as well.

The described system permits a very easy and rapid installation (an array of 50 m requires a maximum of 10
minutes to be operative), improving adherence to the ground. When a displacement occurs, the instrumentation
follows the movement and the spring extends itself up to 50 cm, increasing the duration of the array over time
and the major displacement which is possible to identify.
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Data recorded (Fig. 3.26) after the installation shows a behaviour well known in literature and reported in
numerous monitoring recommendations books, regarding the definition of the zero measurement for surveys
with traditional inclinometer. In particular, it should be considered that the first period of monitoring is often
taken as a reference for the subsequent measurements and it is commonly carried out with increased sample
period, in order to provide a reliable datum of instrumental noise. Fig. 3.25 shows the theoretical expected
behaviour of displacement recorded using a manual probe or an IPI during the first days after the installation
(X axis represents the time, while Y reports the displacement). In particular, after the installation period (4)
and the first measure (1), a stabilization period (5) is often observed, with movement that reduces along time.
When stabilization occurs, it is possible to define the zero reading (2) followed by the baseline measurement
interval (6), which should be far from expected displacements or construction phases. For this reason, it is very
important to install the monitoring device taking into account the amount of time that is required for the
installation and stabilization periods. When the landslide activates, it is possible to define the reference
measurement (3), followed by the monitoring period (7) of interest (rainy season or construction phase).

Y °

;._...

4 5 5 7 X

Fig. 3.25: Definition of distinct measuring points during a geotechnical monitoring project in the period up to and including the
construction phase (source: 1ISO 18674-1:2015)

The example reported in Fig. 3.26, taken from three different MUMS case histories, highlights the stabilization
period (5) in red, where it has been recorded 1 cm of movement during 5 days (a), 2 mm during 1 day (b) or 4
mm during 1 month (c). The stabilization is then followed by the zero reading (in blue) to be considered (2)
and the period (green) of the baseline measures (6), where it is possible to define the repeatability of the sensor
installed and the instrumental noise. In the case c) it is possible to identify also the reference measurement (3)
in yellow and the monitoring period of interest (7), in light blue. As observed, the stabilization period and
amount of displacements differ depending on the installation, site characteristics, surrounding and infilling
materials. The identification of reference measurement could be related to the expertise of the technician or to
a mathematical relationship that compares the local slope of the tangent line (derivative of the function at the
marked point) with the slope of the baseline measure.

The Vertical Array installed with the new method perfectly reproduces the behaviour represented in Fig. 3.26,
giving all the necessaries information to the monitoring responsible, as the definition of the zero and reference
readings and the baseline measure values.
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Fig. 3.26: Definition of distinct measuring points during a geotechnical monitoring project in the period up to and including the
construction phase (source: ISO 18674-1:2015) and a), b) and c) MUMS data from three different on-site applications

3.4. Calculation principles
Calculation principle of traditional inclinometer is based on the rigid connection of the lower part of the casing
to a stable area. Generally, one month after the placing of the casing, the vertical is sampled for the first time,
which constitutes the “zero reading”, used as the reference measurement for all the subsequent surveys. The
operator lowers the test probe, verifying the accessibility of the whole borehole. Then, he inserts the probe at
the end of the borehole starting from the A groove, retrieving then the instrument at about 50 or 100 cm
intervals (the reference targets are usually placed on the signal cable and allow an error of about 1+5 cm),
waiting for temperature stabilization and reading the sensor. Once reached the ground, the operator firstly
repeats this operation by rotating the probe of 180° (applying the so-called “hardware filter”), then he lowers
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the test probe inside B groove, placed at 90° with respect to A, and samples the vertical (0° and 180°) for a
total of 4 readings along the same borehole.

MUMS system calculation principle is based on the combination of information provided by the
accelerometers and the magnetometers. The 3D accelerometers reconstruct the position of the instrument with
respect to the vertical, identifying the change of tilt between two measures along every instrumental axis. The
3D magnetometers detect the dip direction and its variation along time with respect to the Earth magnetic field
using the flight convention attitude (Tait-Bryan angles), as in Fig. 3.29. In this way, every sensor has its own
reference system, which is roto-translated to the Earth reference system. This assumption permits to lower the
instrumentation without paying attention to its orientation (like for example SAA or DMS systems), which is
reconstructed later. Some scientists criticize this operating principle, highlighting the possible lower precision
of the magnetometer, related to external influencing factors like magnetic disturbances. About this theme, it
should not be forgotten that, for example, the SAA system requires to know the displacement direction in
advance and to put one instrumental axis in that direction. Which is the error introduced by the operator during
the lowering of the instrumentation? And what is the precision of mechanical joints? The same theme could
be considered also for the DMS system. Joints are tested in the laboratory, but nobody could assure that they
have the same performances once placed in the underground. Finally, the following task should be considered:

e Thanks to the 3D axes system, the instrumental resultant could be compared to the known magnetic
field, observing the presence of constant (offsets) or variable magnetic disturbing effects. In case of
constant effects, they could be corrected by applying the hard iron compensation;

e By considering the displacements starting from a reference reading, constant disturbing effects along
time are reduced;

e If the site is highly disturbed, it is possible to install an array where aramid fibre cable is replaced by
fiberglass rods and connections, designed for the monitoring of underground excavations. This
technology, used for example for the monitoring of geotechnical structures, permits to have the same
reference system for all the sensors composing the array, with an alignment error of about 1°-3° from
bottom to the top.

The nodes remain inside the ground for the whole duration of the monitoring (Segalini et al. 2011) and will be
lost at the end of it. The fixed position of the sensor for the whole monitoring period is very important and
avoids the inaccuracies of a repositioning operation, like the case of manual probe or IPI, when it is necessary
to remove and then reinsert it.

3.4.1. Standard inclinometer device
During the survey with the manual probe, data logger registers the two rotation angles with respect to the
vertical, for each measurement depth. Starting from the known distances between measurement points, it is
possible to evaluate the displacement of sensors, referring to the “zero reading” at depth d (Eq. [ 3.17 ]).

{aAt'dza;lt’d—aAOd {AsAt’d:Ld sinay, , [347]

— ! / _ .
Ap,y = A, 4 — Apy, Ath’d = L, sin ap, 4

Where:
° af’lt' , Is the absolute tilt angle with respect to the vertical of groove A at depth d and time t;
e aj, , is the reference absolute tilt angle with respect to the vertical of groove A at depth d at the
beginning of the monitoring period;
* ay,, isthe change in tilt of groove A at depth d and time t;
e L, is the measurement step at depth d;
* Asy,, is the differential local displacement of groove A at depth d and time t.
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The differential local displacement resultant vector (Asg, ) at depth d, time t, is obtained through Eq. [ 3.18 ].

Asg,, = \/AsAdlZ + Asp, [3.18]

The cumulative displacements along grooves A (AS,,,) and B (ASp,,) and resultant vector (ASg,) are
expressed by Equations [ 3.19 ] and [ 3.20 ] respectively.

d
ASAd,t = Z ASAi,t
i=1

d [3.19]
ASBd,t = z AsBi,t
i=1
ASe,, = \/AsAd_f + ASg,,” [3.20]

The azimuth (heading) angle at depth d and time t is expressed by the Equation [ 3.21 ] and represented in Fig.

3.27.
N

A

Fig. 3.27: Heading angle evaluated starting from displacement components of grooves A and B

AS
Yar = tan™? —2ds

e [3.21]
Pat = Ya: + 05

Where:
® pa. is the azimuth of the cumulative displacements at depth d and time t;
e {jp is the dip direction of groove B;
e AS,,, and ASp,, are the cumulative displacements at depth d and time t, along A and B grooves
respectively.

3.4.2. MUMS system
As the traditional inclinometer, the deeper and terminal part of the MUMS system has to be inserted in a stable
portion of the ground, which is considered the starting reference point for the calculation of displacements. In
addition, the distance between two sensors is considered as a rigid segment and should not vary along time. In
the past, this hypothesis was guaranteed by the filling of the borehole with gravel: when a movement occurred,
the traction exerted on the aramid fibre cable conserved the distance between nodes, due to the fact that the
lower one was cemented. In the new installation method, the working principle is the same, while the traction
is guaranteed by the anchor and the spring, tensioned using the threaded bar system described in Chapter 3.3.
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Definition of Segment of Relevance and Calculation Point

Due to the fact that the distance between nodes can be chosen according to the precision required and budget
available, every sensor has its own Segment of Relevance, considered as rigid, and Calculation Point. In the
case of Tilt Link V, the Segment of Relevance (Fig. 3.28) starts from the middle point between the considered
Link and the previous one and terminates in the medium position between the considered Link and the
following one.

Calculation Point
of Link i

9>

(-

Segment of Relevance
of Link i

a

E' Calculation Point
£ of Link i-1

Global reference system
(NED)

Fig. 3.28: Segment of Relevance and Calculation Point
The first node has a Segment of Relevance expressed by Eq. [ 3.22 ], where the depth is considered as positive.

Z1+ 27,

. [3.22]

SoRy = Zanchor —

Where:
e SoR, is the Segment of Relevance of Link 1;
o Z.nchor 1S the depth of the anchor (considered as the fixed point for the calculation process);
e 7, is the depth of Link 1 at the reference reading.

Segments of Relevance for Links that range from the second to the n-1 are expressed by Eq. [ 3.23 ], while the
last node (n) has a SoR expressed by Eq. [ 3.24 ].

Zi+Zi_4
2
SoR,, =

SORi = |

[3.23]

Zn tZpq

z [3.24]

During the period of this thesis, some application required to place the last node not at the ground level but at
a certain depth, in order to monitor a specific band of the landslide. In this specific case, SoR,, is expressed by
Eq.[3.25].
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Zn+Zn1w Z,+CP

R. =
SoR, > >

[3.25]

Where CP, is the required Calculation Point of node n, i.e. the translation of the ground level to the more
superficial monitored depth.

The Calculation Point is placed at the end of every Segment of Relevance (Fig. 3.28), starting from the bottom
of the borehole to the top. The Calculation Point of the anchor is placed at the same depth of the anchor itself,
which must be in a stable portion of the slope. CP; (Calculation Point of Link 1) is expressed by Eq. [ 3.26 ],
by cumulating the depth of the anchor with the Segment of Relevance of the first Link.

CP1 = CPaTlChOT + SOR1 [326]

The Calculation Points of the following nodes are expressed by Eq. [ 3.27 ] simply cumulating the CP of the
previous Link with the SoR of the considered sensor.

CPi = CPi—l + SORi [327]

If electrolytic cells are present together with MEMS (Tilt Link HR 3D V), the Segment of Relevance could be
evaluated in two different ways, due to the fact that some sensors may be equipped with only 3D MEMS
(TLV). If all the sensors are Tilt Link HR 3D V (TL3DV), the calculation principle of SoR is the same
described above. If some parts of the vertical are equipped with TL3DV and others only with TLV, the SoRs
are evaluated considering only the MEMS sensors and reproducing them for the electrolytic cells. An example
is reported in Tab. 3.7, where CP, is required at a depth of 6.5 m.

Tab. 3.7: Example of Segments of Relevance and Calculation Points determination

Node Number Sensor Depth Segment of Relevance Calculation Point
[-1 [m from ground level] [m] [m from ground level]

- Anchor 10 10.00
1 Tilt Link V 9.75 0.50 9.50
2 Tilt Link V 9.25 0.75 8.75
3-4 Tilt Link HR 3D V 8.25 1.00 7.75
5 Tilt Link V 7.25 0.75 7.00
6-7 Tilt Link HR 3D V 6.75 0.50 6.50

Horizontal Array has exactly the same working principle, with some minor differences:
e The depth along a vertical plane turns into the length over a horizontal plane;
e The first Link has the minimum length, while the first node of Vertical Array is at the maximum depth;
e The SoR, of the first sensor is expressed by Eq. [ 3.28 ], while the Eq. [ 3.23 ] should be simply
multiplied for -1;
e The SoR,, considers the Eq. [ 3.29 ].

I +1
%&:122 [3.28]
Ly =lpeq  lyoq +1
SORn=ln+n 2n 1_n12 n [3.29]

Aircraft angles convention

After defining Segment of Relevance and Calculation Point, the calculation differs according to the considered
sensor. In particular, MEMS processing starts with the acquisition of the three components of gravity
acceleration and magnetic field, coupled with the temperature information, and orients the body with 3-degrees
of freedom using an algorithm called FQA (Factored Quaternion Algorithm) (Yun et al. 2008). Raw data are
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converted into physical units using Eq. [ 3.4 ], [ 3.6 ] and [ 3.8 ], then aircraft principle of calculation is applied.
This one defines a device body coordinate (Fig. 3.29) using pitch, roll and heading angles (Segalini et al. 2011).
Pitch is defined as the angle between X, axis and the horizontal plane (positive if the movement is upwards),
while roll is the angle between Y}, axis and the horizontal (positive if the movement is downwards). Finally,
heading is represented by the angle between X, axis and the magnetic North, measured in a clockwise
direction, when viewed from the top. When a MEMS sensor is perfectly vertical, pitch and roll angles equal
zero, while heading is evaluated through the components (X; and Y;) of the magnetic field measured by
magnetic sensor axes X,, and Y,. FQA is not applicable to situations in which relatively large linear
accelerations due to dynamic motion are present (Yun et al. 2008).

Yo Heading

Z

Z,
Fig. 3.29: Aircraft convention and MEMS device body (Source: STMicroelectronics, Modified)

The output quaternion of FQA is able to detect every possible system orientation referring to NED (North-
East-Down) reference system x,.-y,-z. starting from the body reference system x,-y,-z,. Sensor orientation
Xs-Ys-Zs sShould also be considered, while during manufacturing process it is carefully aligned to rigid body
reference system. The two reference systems differ for a constant (&;), which is accounted as a systematic error
(Eq. [3.30]).

Xs — Xp = &

Vs = Ybp = & [3.30]

Zg — Zp = &

This paragraph briefly summarizes the work of Yun et al. (2008), which is the calculation principle of MUMS
algorithm.

Quaternion rotation operator

According to Euler’s theorem of finite rotations, a sequence of rotations in space could always be described as
the rotation of a single axis of a certain angle. Once defined the rotation angle £ and the 3D unit vector u,
which expresses the rotation axis (Eq. [ 3.31]), it is possible to define the Euler parameters qq, g1, g2, g3, as

inEqg.[3.32]and [ 3.33].
Ug
= [uZI [3.31]
U3

qo = cos (g) [3.32]

Uq
B
= =|u [3.33]
[ ] usm [uzlsm(z)

An arbitrary rotation could be described with 3 independent parameters. It follows that the four Euler
parameters should respect the Eq. [ 3.34 ] and could be described as a unit quaternion g = (qo q1 92 q3), Where
qo is the real part and [q, g, q3]7 the vector part.
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@ +ai+ai+agi=1 [3.34]

Thanks to the unit quaternion, it is possible to apply rotations in the 3D space. After defining any 3D vector
v = [vy v, v3]7, Eq. [ 3.35 ] provides a vector v’, which results from the rotation of v around u axis of an
angle S.

v' =quvq~?! [3.35]

All the described multiplication are quaternion multiplications, v and v’ are quaternion vectors with real parts
that equal 0, while g~ is the inverse quaternion of q.

Pitch calculation using Quaternions

A rigid body could be oriented by rotating itself first around its z;, axis of an angle i (heading), then around
v, axis of an angle 6 (pitch) and finally around x;, axis of an angle ¢ (roll). A quaternion which considers only
the pitch is based on the assumption that, when a rigid body is moving with a constant speed and orientation,
an accelerometer records only the gravity. In this way, a, depends only on the pitch. As an example, if the
body is moving along an horizontal plane, we have the results of Eq. [ 3.36 ]. If this body rotates of an angle
Y, a, shows the same value, resulting independent from heading. If the body rotates of an angle 8, it is possible
to have the results of Eq. [ 3.37 ], where g = 9.81 m/s2

a, =0
ay =0 [3.36]
a, =—g
a, = gsin@
a, =0 [3.37]
a, =—gcosf

As a convention, it is useful to normalize acceleration and magnetic field values to unit vectors (Eqg. [ 3.38],
where |a| is the norm of acceleration vector).

a [a"
a=r—== ay] [3.38]
lal g

It follows the Eq. [ 3.39 ] and consequently the Eq. [ 3.40 ], where 6 is always positive. Pitch is defined in the
—% <6< % interval, where the cosine is positive.

a, a, gsin@ )
A, =—=—"—= =sinf
Tl TTgl T g [339]

cosd =+/1 —sinf? [3.40]

In order to obtain the quaternions expressed in Eq. [ 3.32 ] and [ 3.33 ] it is necessary to use bisection
goniometric formulations (Eq. [ 3.41 ]), where sign is defined by sin 6. The result is the pitch quaternion g,
asinEqg.[3.42].
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0 1—cosf

sy =% =%
[3.41]

6 1+ cos@

87~ IT

0 0
qp=cosi(1000)+sin§(0010) [3.42]

Roll calculation using Quaternions
If roll equals 0, a, is expressed through Eqg. [ 3.37 ]. A change in the heading does not influence the result,
which instead varies following a change in the roll. In particular, a general formula that relates a,,, a, and roll
is reported in Eq. [ 3.43].

a, = —gcossin¢

4
a, = —g cos0cos ¢ [3.43]

If cos 6 + 0, it is possible to write the Eq. [ 3.44 ] and [ 3.45] (cos 8 = 0 if x, is vertical. In this specific case
it is not possible to define the roll angle, which is assumed equal to 0). As a convention, —mt < ¢ < 7.

ay

sing = P [3.44]
cos¢p = — % [3.45]
cos @
Using equations similar to Eq. [ 3.41 ], it is possible to define the roll quaternion g,, asin Eq. [ 3.46 ].
[3.46]

qr = cos§(1000)+sin§(0100)

¢

If ¢ =m, sin; = +1. A correction should be applied, considering the results as positive.

Heading calculation using Quaternions
The calculation of heading has no effects on pitch and roll evaluation. For this reason, it could be calculated at

the end, using the information of pitch and roll to rotate the magnetic field vector expressed in the sensor
reference system m,, into an intermediate terrestrial reference system, as in Eq. [ 3.47 ]

Me = (e qr Mp Qr_l qe_l [3-47]

Where my, = (0 my,, mp, my ) and m, = (0 m,, Me, m, ). If there are not measure errors, m, equals M.,

except the heading rotation, where M, = [Mex M., Mez] is the local magnetic field vector. In particular, the
complete relation is expressed through Eq. [ 3.48 ].
M, _ [cosdj —siny [mex]
M, |~ Isiny  cosyp [[Me,

ey
Mez =m,,

[3.48]
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Experimental data highlight that, in case of magnetic interferences or measure errors, M,, and M, could differ
in length. For this reason, it is necessary to apply a normalization process that regards the horizontal plane, as
in Eq. [ 3.49 ], where M, and 7, are the local magnetic field vectors in the earth and sensor reference systems
respectively.

e, [3.49]

me
__ X
mey /mex +mey2 €y

The Eq. [ 3.48 ] could then be expressed as in Eq. [ 3.50 ]. The consequence is Eq. [ 3.51 ], where heading is
defined in the interval —m < ¥ < . Applying goniometric formulas, it is possible to determine (Eq. [ 3.52])
the heading quaternion gy,.

[

[Mex] [cosw —smlp mex]

Mey smlp cosd} Me, [3.50]

COSl/) Me, M,

sin l/)] [—me mex] [Mey] [3.51]
qh=cos%(1000)+sin%(0001) [3.52]

Orientation of a rigid body using quaternions
Thanks to pitch, roll and heading quaternions, it is possible to define the orientation of sensor (body) reference
system with respect to the Earth reference system, as in Eq. [ 3.53 ].

A~

4= 4n qp qr [3.53]

The algorithm uses the acceleration and magnetic field data as input, producing the output §. Quaternions are
not subjected to singularity, but the algorithm uses angles in order to represent the 3D result. For this reason,
the FQA is subjected to singularities that have to be solved, as every representation based on 3 parameters and
3 degrees of freedom.

Singularities
FQA has a singularity if 8 = % and consequently cos @ = 0 in Eq. [ 3.44 ] and [ 3.45 ]. For this reason, the

value of pitch angle should be verified and corrected if cos 6 < €, using Eq. [ 3.54 ], where € is a positive
constant (e — 0) and a and m,, are rotated along y,, axis of an angle «a.

= — = -1
a t=dqdaaq
of fse ~ a a B [3'54]
mboffset - qa mb qa

Where q, is the rotation quaternion expressed as q, = cos%(l 000) +sin(0010).

An alternative method consists of inverting the rotations order by applying the rotation 6 along y,,, followed
by the rotation 1 along z;,. The change in the operations order produces a distinct result and the singularity
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happens for a different angle. Of course, this method requires various formulations for the evaluation of pitch,
roll and heading quaternions.

MEMS calculation completion
Due to the convention of accelerometer signs, the normalized value recorded is positive if it points in the Earth
gravity direction. For this reason, it should be noted that it is necessary to apply some sign corrections in order
to preserve a right-hand convention and a correspondence between accelerometers and magnetometers
components, as in Eq. [ 3.55].

ZA == _ZA
YM = _YM

The displacement vector of every Link (Fig. 3.30) is obtained starting from the quaternion g and applying the
Eq. [ 3.56 ], where q,, = [0 0 0 SoR;].

— 5, A1

Qv =4 qv 4 [3.56]
Original configuration

Dispiaced configuration

— Displacement vector

Global reference system
(NED)

Fig. 3.30: Displacement vector between two consecutive sensor readings

In particular, the local displacements (not cumulated over space and time) along X (dx; ,), ¥ (dy, ), and z (dz, ),
directions are expressed in Eq. [ 3.57].

dXi’a = qu (2)
dy; . = Qvg(3) [3.57]
dZi,a = qu (4)

The evaluation of X local displacement of Link i at time j is executed through the Eq. [ 3.58 ].

]
Xiy= D dra+ Sx [358]

a=1
Where:
e dy,, isthe differential local displacement of Link i, between time a and a-1, along North (+) — South
(-) direction;
e Sy, is the local displacement of Link i along North-South direction at time a, evaluated starting from
the zero reading. If the software considers all the dataset and a =t =0, Sy, = 0,
. XLL]- is the differential local displacement of Link i along North-South direction at time j, referred to

the zero reading.
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In the same way, the evaluation of Y local displacement of Link i at time j is executed through Eq. [ 3.59 ],
while the calculation of settlements is executed through Eq. [ 3.60 ].

]
Vi = ) deo,, + Sy, [359]
a=1
j
ZLi,j = Z dZi,a + SZi [360]
a=1

Where Y. is the differential local displacement of Link i along East (+) — West (-) direction and Zy; is the
settlement of node i at time j over the vertical direction, referred to the zero reading.

The calculation of Hy, ;. local displacement resultant vector over the horizontal plane (represented by X and Y
axes), is expressed through Eq. [ 3.61].

Hy, = /Xfi_j + Y7 [3.61]

The determination of X and Y cumulative displacements of Link i at time j is executed through the set of
Equations [ 3.62 ], while the depth Z of node i at time j is expressed by Eq. [ 3.63 ], starting from the depth of
the Calculation Point of the same node at the zero reading (Z; ). Eq. [ 3.64 ] is the formula for the resultant
vector of cumulative displacements over the horizontal plane.

i

Xi,j = ZXLaj

=1
“ [3.62]
V= ¥,
a=1
i
Zij= z Zy;tZig [3.63]
a=1

The algorithm calculates the local and cumulative displacement rate (ULi,j and v; ; respectively in Eq. [ 3.65 ])
and acceleration (aLl.J.and a; ; respectively in Eq. [ 3.66 ]) of the resultant vector over horizontal plane H
represented by X and Y.

HLi’j,d - HLi’j,d—l
vLi’j,d =

ta —ta—1
[3.65]
_Hija—Hja
Vijad=—"; 1
tag —ta-1
vLi’j,d - ULi’j,d—l
ay..q =
Lird ta —ta—1
[3.66]
Vijd — Vijd-1
Aijad=—71 .

ta —ta-1
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Where:

* Upa is the local displacement rate of Hy, ;. expressed as meters per day, evaluated between day d and
day d-1;

* v;;q isthe cumulative displacement rate of H; ;, expressed as meters per day, evaluated between day
d and day d-1;

* a4 is the local acceleration of Hy, expressed as meters per day, evaluated between day d and day
d-1;

* a;;4 isthe cumulative displacement rate of H; ;, expressed as meters per day, evaluated between day
d and day d-1.

Heading is calculated through Eq. [ 3.67 ] which does not consider the sign of X; ;. Then, it is necessary to
eventually correct it with the possible cases that may happen, reported in Tab. 3.8.

Xii| 180
pij = cos‘lM* — [3.67]
ij n

Tab. 3.8: Correction of the heading considering X; ; and Y; ; signs

Corrected p; ;

Positive Positive pij
Negative Positive 180°—p; ;
Negative Negative 180° + p; ;
Positive Negative 360°— p; ;

0 Negative 270°

0 Positive 90°
Positive 0 0°
Negative 0 180°

As an example, we could consider a sensor experiencing a local displacement on 30" of June 2018 over North-
South direction (cumulated over time) of 5 mm at the maximum depth, 2 mm on the following Link, while the
third node did not record any displacement. If at the date of 1% July 2018 Link 1 records a displacement on
North-South direction of 0.1 mmat 9 AM, 0 mm at 4 PM and 0.2 mm at 11 PM, Link 2 highlights a movement
of 2 mm only in the last sample time and Link 3 shows 3 mm of displacement between 9 AM and 4 PM, we
have the following set of matrices.

01 00 02 0.0 0.0 0.0
d,= 100 0.0 2.0 dy = |01 4.0 0.2
00 3.0 0.0 00 22 1.0
J 01 01 0.3 J 0.0 0.0 0.0
dewz 00 00 2.0 Zdyi,az 01 41 43
] 00 3.0 3.0 =1 00 22 3.2
5.0 0.5
Sy = 2.0 Sy =10.2
0.0 0.4

05 05 05 05
02 03 43 45
04 04 26 3.6

50 51 51 53
20 20 20 40
0.0 00 3.0 3.0

XL"=

L

YL ij =

78



Chapter 3 — MUMS Monitoring Systems

50 51 51 53
20 20 47 6.0
04 04 4.0 4.7

HL"=

i

50 51 51 53
Xij=170 71 71 93
70 7.1 101 123

05 05 05 05
0.7 08 48 5.0
1.1 12 74 86

Y j=

50 51 51 53

Hi; =170 71 86 106
71 7.2 125 15.0
0 0 0 ©
pPij = 0 0 34 29
10 10 36 35
d-1 d—-05 d d+0.75 d—1 d—-05 d d+0.75
v = | 00 0.0 0.1 0.2 v = | 00 0.0 0.1 0.2
Lij 0.0 0.0 2.7 3.2 L 0.0 0.0 1.3 2.4
0.0 0.0 3.6 3.4 0.0 0.0 3.4 6.2
d—1 d—05 d d+0.75 d-—1 d-05 d d+0.75
a = |00 0.0 0.0 0.2 a .= | 00 0.0 0.0 0.2
Lij 0.0 0.0 0.0 2.6 L 0.0 0.0 0.0 2.4
0.0 0.0 0.0 2.7 0.0 0.0 0.0 6.2

Electrolytic Cell calculation

The evaluation of displacement starting from electrolytic cell data is easier than MEMS sensor. In particular,
the movements could be evaluated in two different ways: by using the magnetometer of MEMS or cumulating
the information along electrolytic cell instrumental axes x and y. In particular, the second possibility requires
to previously align every node preserving the azimuth with a mechanical system. In the first case, the algorithm
evaluates the heading angle using the magnetic field recorded along MEMS instrumental axes x and y, starting
from the hypothesis that the two axes are orthogonal one to each other and that the magnetometer works like
a compass. Considering the situation of Fig. 3.31 where N, and E, are North and East axes in the Earth
geographic reference system respectively, N, and E,,, are North and East axes in the Earth magnetic reference
system and X — Y is the instrumental reference system. If we do not consider the magnetic declination angle
B and we refer the results to the Earth magnetic reference system, we have the situation of Fig. 3.32, where «
is the angle between North magnetic field and Y instrumental axis.

Ne Mo

X

Fig. 3.31: Earth geographic (dark line), Earth magnetic (blue line) and instrumental (line in red) reference systems
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A 4

Em

X

Fig. 3.32: Earth Magnetic reference system and instrumental reference system

At this point, it is necessary to consider different possibilities, based on the sign of magnetic field recorded
along x and y instrumental axes.

)] my, >0,my; >0

Fig. 3.33: Detection of Earth magnetic field along instrumental axes, with m,, > 0 and m, > 0

Starting from Fig. 3.33, it is possible to determine the set of Eq. [ 3.68 ]. The Eq. [ 3.69 ] is obtained by dividing
the second equation with the first. Then « is evaluated through the Eq. [ 3.70].

{my = N, * cosy

m, = Ny, * siny [3.68]
my X
m, =tany [3.69]
m 180
a(®) =360 —tan™?! <—x> * [3.70]
m, I8
1)) my, >0, m, <0
Nm
A
My
Y
a
My

Fig. 3.34: Detection of Earth magnetic field along instrumental axes, with m,, > 0 and m, <0
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This case is similar to the previous one and the result is expressed in the following set of equations.

my = Ny, * cos a
{mx = —N,, *sina [3.71]
m
— = —tana [3.72]
my
o~ 1 m,\ 180
a®) =tan™" | —— | * [3.73]
my, 1
1)} m, <0,m, <0
The situation of Fig. 3.35 is governed by the Eqg. [ 3.68 ], which leads to Eq. [ 3.70 ].
Em
X
Fig. 3.35: Detection of Earth magnetic field along instrumental axes, with m,, < 0 and m, <0
m, = —N,,, * cos §
{my = —N,, *sin§ [3.74]
nmy
— =tand [3.75]
mx
a(®) =90 + tan™?! (ﬂ) * 180 [3.76]
m, T '
V) m, <0, my >0
Nm
A
X
My
Y
Fig. 3.36: Detection of Earth magnetic field along instrumental axes, with m,, < 0 and m, >0
The case of Fig. 3.36 leads to Eq. [ 3.79 ].
{my = —N,, *COS € [3.77]
m, = N, *sin¢
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my .
m, an & [3.78]
. mx\ 180
a(®) =180 +tan™" | —— | * [3.79]
m,y, T

V) my, =0, my >0

If m,, = 0, it is possible to determine a only observing the sign of m,;, as in Eq. [ 3.81 ] and Eq. [ 3.83 ].

Nm

My X

Fig. 3.37: Detection of Earth magnetic field along instrumental axes, with m,, = 0 and m, > 0

=0
{r;zy: N [3.80]
a(®) = 270 [3.81]
V1) my, =0, m, <0
=0
{minyz N [3.82]
a(®) =90 [3.83]

a Y Em

v

Fig. 3.38: Detection of Earth magnetic field along instrumental axes, with m,, = 0 and m, <0

Vi) my,>0,m,=0

Like cases V) and VI), if m,, = 0, a is determined only observing the sign of m,,, as in Equations [ 3.85 ] and
[3.87].
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Nm

my

VII) m, <0,m, =0

my

Y

v

> En

Fig. 3.40: Detection of Earth magnetic field along instrumental axes, with m,, < 0and m, =0

m,=0
{my = —Np,
a(®) =180

[3.84]

[3.85]

[3.86]

[3.87]

The number of equations could be highly reduced if we consider a as the angle between Earth magnetic North

and X instrumental axis, as described below.

)] my, >0
m
°) =90 —tan™ | —
a(®) an < )

y

180
*

/s
1)) m, <0

a(®) =270 —tan™! <ﬂ>

my

1)) my, =0,my, >0
a(®) =0

V) my, =0,m, <0
a(®) =180

Case 1) includes cases 1), I1) and 111) of the previous method, as reported below.

[3.88]

[3.89]

[3.90]

[3.91]
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L (my\ 180
my, >0,m, >0 a(®) =90 -y =90 —tan™" [ — | * [3.92]
my s

m 180 m 180
my, >0,m, <0 a(®) =90 + tan™?! <— —x> * =90 —tan™?! <—x> * [3.93]

m, s m,y, T

. (me\ 180
my, >0,m, =0 a(®) =90 —tan"1|— | * =90 [3.94]
m, T

In the same way, case I1) includes the cases 1V), V) and VI) of the previous method.

3 m,\ 180 L (my
m, <0,my, >0 a(®) =270+ =270+ tan 1| —— | x =270 —tan" ! [— [3.95]
my my
_1(My) 180 _q [ Mx
my, <0, m, <0 a(°) =180 + § = 180 + tan (—) * =270 —tan™' [ — [3.96]
m,) m,
[ m,\ 180
m, <0,m, =0 a(®) =270 + £ =270 + tan?! ) =270 [3.97]
y

It is possible to evaluate the local displacements (cumulated over time) along North (Ny,, ;) and East (E, )
magnetic Earth directions due to the tilt angle recorded by x instrumental axis ((pxl.'j) of node i at the date j,

using Eq. [ 3.98 ] (if sin (¢x, ) = 0) or Eq. [3.99] (sin (s, ;) < 0).

Nix,; = SoR; * sin (‘Pxi,j) * CosQ

3.98
Epx;; = —SoR; * sin (‘Pxi,j) *sina [ ]
Nin]- = —SOR; * sin (‘Pxij) * COS I
' ' [3.99]
Ein,j = SoR; * sin (‘Pxi,j) * sina
The local settlements due to the tilt of x instrumental axis are evaluated through the Eq. [ 3.99].
Zyx;; = SOR; — SOR; * cos (‘Pxi,j) [3.99]

In the same way, it is possible to obtain the Eq. [ 3.100 ] (sin ((pyl.’].) > 0) or the Eq. [ 3.101] (sin ((pyl.‘].) <0)

considering the tilt angle recorded by y instrumental axis (¢y, ), , while settlements are evaluated through the
Eq. [3.102].
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NLyi,j = SoR; * sin ((pYi,j) *sina
(

. [3.100]
ELyi,j = SoR; * sin ‘Pyi,j) * COS
NLyl.J. = —SoR; * sin (goyi_j) * sina
. [3.101]
ELyi,-, = —SOoR; * sin (goyi_j) * COS
Zyy;; = SOR; — SoR; * cos (goyi_j) [3.102]

Finally, the local displacements (not cumulated over time) along North and East magnetic Earth directions of
node i at the date j, are obtained through the Eq. [ 3.103 ], while the local settlement Zy; is evaluated by

considering the maximum between the two estimated settlements Zix,; and Ziy, ;-

NLi,j = Nin,j + NLyi,j [3 103]

ELi,j = Ein’]. + ELyl',j )
If the MEMS sensor is not present and nodes are aligned, it is possible to calculate the displacements along X-
Y instrumental reference system and then refer the results to Earth Magnetic reference system, if the azimuth
of X or Y instrumental axis is known. In particular, the local displacements and the local settlements are
evaluated through the Eq. [ 3.115 J and Eq. [ 3.116 ] respectively.

XLl.’]. = SoR; * sin (‘Pxi,j)

3.104
YLi,,- = SoR; * sin (‘Pyi,j) [ ]

Zin,,- = SoR; — SoR; * cos (‘Pxi,j)
3.105
ZLyl.J. = SoR; — SoR; * cos (‘Pyi,j) [ ]

The Eq. [ 3.117 ] represent the rotation of instrumental reference system to obtain the Earth magnetic reference
system, where a is the heading angle of Y instrumental axis.

NLI.J. = YLL.J. * COS O — XLL.J. * sina

E, . =Y,  =*sina+X, *cosa [3.106]
LJ LJ ij

The cumulative displacements over time and space along North and East directions, the local and cumulative
displacements in the maximum grade direction, the resulting azimuth, the local and cumulative displacements
ratio as well as the local and cumulative accelerations are evaluated with the same set of equations previously
described, which start from Eq. [ 3.61 ] and terminates with Eq. [ 3.67 ].

Settlements calculation
The evaluation of settlement along a horizontal direction is obtained using one single instrumental axis of Tilt

Link H (MEMS) or Tilt Link HR 3D H (MEMS and electrolytic cell) sensors. The local settlement Zy,

(cumulated over time) of node i at the date j is obtained through Eq. [ 3.107 ], while the local variation of Link
position over the horizontal plane is estimated using Eq. [ 3.108 ].
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Zy,; = SOR; * sin(goi,j) [3.107]
Xp,; = SoR; * cos(goi,j) [3.108]

Finally, the determination of cumulative displacement of Link i at time j is executed through the Eq. [ 3.110],
while the position of node over the horizontal plane is defined by the Eq. [ 3.109 ].

Xy = ) K, [3.109]
a=1
i
Zi,j = ZZLaJ [3110]
a=1

Finally, the algorithm calculates also the local (vLi,j'd’ aLl._].,d) and cumulative (aLiJ.,d, a; j q) displacements ratio
( Eq. [ 3.65]) and accelerations (Eq. [ 3.66 ]) of settlements.

ZLi’j,d - ZLi’j,d—l
Vg =
Lird ta —ta-1
3.111
~Zija—Zija-1 [ ]
O —
a —la-1
Viija = Viyjd-1
Aj..q =
trd ta —ta—
[3.112]
@ Vijd — Vijd-1
Lr.d tg —ta-1
Where:
* Vpa is the local displacement rate of Zy; pds expressed as meters per day, evaluated between day d
and day d-1,
* v;;q isthe cumulative displacement rate of Z; ;, expressed as meters per day, evaluated between day
d and day d-1;
* ay.a is the local acceleration of Zy expressed as meters per day, evaluated between day d and day
d-1;
* a;;4 isthe cumulative displacement rate of Z; ;, expressed as meters per day, evaluated between day
d and day d-1.

Water Level calculation

The calculation of water level is quite simple and it is based on the difference between the absolute pore
pressure recorded by the piezometer (Pp;.,,) and the atmospheric pressure registered by the barometer (Pyty,).
In particular, after defining the height of the water table (hy, o) over the piezometer (Eq. [ 3.113 ], where Py,
and P,,,, are expressed using Pascal), the depth of the water table (dy,0) is calculated through Eq. [ 3.114 ],
where d;.,, is the depth of the piezometer sensor (as a negative value).
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Ppiezo - Patm
hu,0 = ~ o806 [3.113]

du20 = dpiezo + huzo [3.114]

3.4.3. Self-check controls

When dealing with automated tools, it is of fundamental importance to determine self-check data controls able
to recognize malfunctions, spike noises, inaccuracies and every disturbing factor which could influence the
elaboration. Dealing with geotechnical instrumentations, it is quite difficult to find articles in literature about
this key aspect. The scientific community often concentrates on the inaccuracies of numerical models,
forgetting to investigate the significance of monitoring datum. During this thesis and the creation of MUMS
algorithm, multi-level automated controls have been defined. They monitor the value of index physical entities,
as reported below:

I.  Recognition of spike noise
Il.  Coherence of gravity acceleration vector
I1l.  Variability of gravity acceleration vector
IV.  Coherence of magnetic field vector
V.  Variability of magnetic field vector
VI.  Coherence of node temperature
VII.  Running average
VIIl.  Recognition of instrumental noise
IX.  Recognition of not-operating sensors

Recognition of spike noise
Spike noise or impulse noise is an electrical disturb related to sharp and sudden disorder in the signal that may

occur in a single measure often related to external factors. Spike noises are recognized using statistical tools
over a specific dataset. In particular, it is possible to evaluate the variability of a univariate sample of
guantitative data using the Scaled Median Absolute Deviation (MAD). MAD (Hoaglin et al 1983) represents
a measure of the statistical dispersion and it is defined as the median of the absolute deviations from the data’s
median, as in Eq. [ 3.115]. MAD is a robust statistic, more resilient to outliers than the standard deviation. In
fact, standard deviation evaluates the squared distance from the mean, weighting heavier large deviations than
Median Absolute Deviation.

The removal of accelerometer spike noise is fundamental in some applications, like for example tunnelling
and underground excavations in general. In this case, the vibrations induced by works could highly influence
the single data-point, resulting in a well identifiable outlier.

MAD = ¢ * median(|X; — median(X)|)
-1

et )
=1—erf(x)

2 3.115
erfc(x) = m [ ]

X

erf(x) = \/Z_Ef e t’dt
0

Where:
e X; is the datum to be evaluated;
e erfc(x) is the complementary error function;
e erf(x) is the error function (Glaisher 1871).
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The algorithm, introduced for Tunnel Link and Radial Link sensors, is applied also to landslide sector for both
accelerometer and magnetometer data. In this specific field of application, spikes could be related to
earthquakes or traffic vibrations and, if not highlighted, may activate alarms. It is quite important to underline
that the recognition of spike noises shows high performances if the dataset is centred. For this reason, the
calculation of the last part of data sample is not 100% validated until its time window is fully centred. The
validation may occur some hours later and it is strictly related to the number of points considered, the sample
period and the data transmission frequency. If for example we have the situation represented in Fig. 3.41, with
a sample period of 10 minutes, a dataset of 11 elements and a data transmission frequency of 30 minutes, the
complete validation of the considered raw data (red line) occurs one hour and 15 minutes later.
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Fig. 3.41: Spike noise dataset referred to raw data represented by the red line, analysed using the dataset window which starts from the
green line and terminates at the orange line. Transmission frequency is represented by red, dashed blue and dashed red lines.

In particular, when the information to be evaluated reaches the database, the calculation window starts 5 points
before (green line) and only the left-weighted de-spiking process is possible (i.e. the outliers are evaluated only
considering the data before). If this point does not follow the previous trend, two scenarios are possible: it is
an outlier (case a) or a new movement trend is going on (case b). The software could not recognize the correct
answer considering only the information provided by data before, due to the nature out of the trend of both
possibilities. It follows that a possible displacement or outlier is highlighted for a) and b) situations, depending
on the deviation from the median. This information has a reliability of the 50%. Then, 30 minutes later we
have a new data transmission (blue dashed line) with 3 more sample data. Using the new dataset, the algorithm
identifies the outliers in the case a), while case b) is evaluated as a displacement. The information obtained is
quite confident (80%), but a small uncertainty still remain, because the dataset is not complete (2 data are still
missing). The following data transmission (occurring 30 minutes later, red dashed line) complete the dataset
(yellow line) and confirms the outcomes previously obtained with a level of confidence equal to 100%.

Eqg. [ 3.116 ] summarizes the spike noise identification process.
out; = f(tsp, tre, dw) [3.116]

Where:
e out; is the identification process of outlier i;
ety is the sampling period;
e s isthe frequency of data transmission;
e d,, isthe dimension of dataset window.
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tsp, tre and d,, parameters should be defined accordingly to the monitoring needs. In particular, the sample
period is related (Eq. [ 3.117 ]) to the expected evolution of the phenomenon: if a rapid movement may occur,
tsp has to be higher, highlighting and validating the displacement rate change in a short time. If the monitored
landslide is a secondary creep, the sample period could be lower, able to identify the starting point of tertiary
creep (as described in Chapter 5). tg, is related to d,, and could change during the monitoring process,
accordingly to the results or forecasted possibly dangerous events.

tsp = f(v, dw, ep) [3.117]

Where:
e v is the displacement rate;
® ¢, is the electrical power.

tr+ shows the same characteristics (Eq. [ 3.118 ]) of the previous parameter, with two more aspects. Frequency
of data transmission determines the data elaboration, so should be higher (even equal to sample period) if the
monitoring responsible requires a real time monitoring and an Early Warning System. Therefore, this process
requires more electrical power than the sampling one (in particular in remote areas, where the 3G telephonic
line is not well covered) and must be considered together with the design of the power supply.

tre = fep v, dy, t) [3.118]

Where t, represents the expected time period related to the providing of results to the monitoring responsible.

Finally the dimension of dataset window (d,,) is related to the phenomenon characteristics. In particular, it
should be considered that a reduced dataset validates the raw data in a shorter time (Fig. 3.42) but could be not
statistically valid. On the other hand, a large dataset improves the statistical processes and recognition of
instrumental noise, causing a very long validation (and sometimes calculation) time. Therefore, it could be
more permissive for outliers which are not very distant from the data trend. Fig. 3.42 reports the relationship
between t,, and d,,, considering tf; = tgp,. In particular, a centred dataset of 11 data, like in the previous
example, could be validated after 50 minutes, considering a sample period of 10 minutes, or 5 days, if the data
are collected every 24 hours. A centred dataset of 25 data requires 2 hours for the validation, if the sample
period equals 10 minutes, up to 10 days, for a daily reading of the sensors. Nevertheless the variation of results
regards only sub-millimetre values for the majority of the cases. Due to the mentioned reasons, it is necessary
to remind that the term “real time” is never correct in the monitoring field and should be substituted with “near
real-time”. It should also be noted that data of traditional tools are absolutely not consistent for a statistical
validation of the outcomes and it is not possible to certificate the results considering the instrumental data
trends. In this specific case, it is possible to assure the reliability of results only if there are other instruments
providing a very similar and coherent information.
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Validation time and number of data related to different sample periods
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Fig. 3.42: Validation time and number of data related to different sample periods

The filter is not applied to temperature, pore and atmospheric pressures and quantities with an impulse nature,
due to the more variable nature of the monitored physical entities.

Coherence of the gravity acceleration vector
Thanks to the 3D nature of MEMS that equips MUMS sensors Tilt Link V, Tilt Link H, Tilt Lihk HR3D V &

Tilt Link HR 3D H, it is possible to control the coherence of normalized gravity acceleration vector at every
step of measures. In particular, the monitoring field regards static measures in which Earth gravity acceleration
g is the only acceleration present. For this reason, instrumental data a,, a,,, a, has to verify Eq. [ 3.119 ]. The
influence of earthquakes, vibrations, instrumental noise or malfunctions of the sensor is identified and removed
according to Eq. [ 3.120 ], where A, is the admitted variation from the gravity acceleration vector. The
coherence of vector g has never been taking into account in literature due to the impossibility to reconstruct
the gravity acceleration vector using 2D MEMS. The control is an innovative task of fundamental importance

that characterizes MUMS system.
2 2 2
ay +ay +a;z
\ —1 [3.119]
g

a; + a3 + a2
s B [3.120]

Variability of the gravity acceleration vector

The acceleration recorded by MEMS sensor is subjected to instrumental noise that characterizes every
electronic device. For this reason, a low variability of the instrumental gravity acceleration vector should be
expected and analysed. An automatic filter (Eq. [ 3.121 ]) identifies variations between two measures higher
than an admitted value (g4) and adjusts the related results. This control is complementary to the previous one:
Eq. [ 3.120 ] represents the variation of instrumental gravity acceleration vector referring to the gravity field,
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while Eqg. [ 3.121 ] analyses the variation of instrumental gravity acceleration vector itself, between two
consecutive readings.

\/a,ZCt + af,t + a2, \/a,ZCt_l + af,t_l +az,_,
_ > ¢ [3.121]
g g 7

As an example, if we consider the ay,a,,a, data reported in Tab. 3.9, A;= 0.1 and &, = 0.0025, the

coherence control of gravity acceleration vector is activated only for case 1V, while the variability of the gravity
acceleration vector criterion is activated for cases 111 and IV.

Tab. 3.9: Comparison between coherence and variability of the gravity acceleration vector

I | 0.018 | 0.015 | 0.995 0.995 0.005 -

Il | 0.017 | 0.012 | 0.993 0.996 0.004 0.001
I |{ 0.017 | 0.009 | 0.991 0.991 0.009 0.005
IV | 0.020 | 0.008 | 0.988 0.988 0.012 0.003

Coherence of the magnetic field vector

3D MEMS permits also to evaluate the coherence of the magnetic field recorded. Earth’s magnetic field is not
equivalent in every area, but, as already mentioned, it is a known variable (Campbell 1997) available on
government or scientific institute websites. Starting from the Latitude, Longitude and altitude of the site, it is
possible to reconstruct the resultant Earth magnetic field vector and to compare it with the instrumental
resultant vector. In this way it is possible to identify anomalies of the local magnetic field and correct or ignore
them in the calculation process.

Variation of the magnetic field vector
The filter is absolutely complementary to the variation of gravity acceleration vector and works in the same
mode, starting from the definition of the tolerance value ¢,,.

Coherence of node temperature

Due to the field of application and the fact that underground applications shows a temperature which is often
around 10+15 °C, node temperature should not exceed certain extreme values, where the electronic tools do
not work. For this reason, if a node registers a temperature higher (T3,) or lower (T;) with respect to the two
defined parameters, the instrumental information are considered as not valid (as in Eq. [ 3.122 ]). Reasonable
values for T}, should be 70+80 °C, while T; could be defined equal to -20 °C.

T.<T, VT, >T, [3.122]
Running average
The centred running average operation is complementary to the recognition of spike noise and it is able to
identify and reduce instrumental noise, together with the definition of a specific data trend. This operation is
of fundamental importance where very small movements are expected, if compared to instrumental sensibility
and repeatability. For the same issues highlighted before, the considered running average window should not
be too small or too large. Therefore, higher is the running average dataset, lower is the tilt of displacement
trend. If a rapid movement occurs, the neighbouring average operation could strongly reduce the displacement
rate, anticipating the date of activation and postponing the date of conclusion. Fig. 3.43 reports an example of
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a rapid displacement which is not subjected to running average process. It is possible to observe a swift increase
of movement, followed by a stable series, only influenced by an instrumental noise of 1.7 mm.

Influence of the moving mean on the final result
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Fig. 3.43: Rapid displacement not subjected to running average process

Processing the same dataset using a centred running average of 3 elements (orange dots in Fig. 3.44) it is
possible to observe that the movement apparently starts one data before and terminates one data after, for an
event time of 3 data. The resultant instrumental noise equals 1.2 mm.

Influence of the moving mean on the final result
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Fig. 3.44: Rapid displacement not subjected to running average process (blue) and analysed with a centred running average window of
3 (orange), 5 (grey) and 11 (yellow) points

The situation is amplified if the data set increases. A centred running average of 11 elements (yellow dots)
anticipates the displacement of 5 data and terminates 5 data later, with an instrumental noise of 0.9 mm (two
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times lower than the dataset not subject to the running average operation). Increasing the dataset up to 99 data
(dark blue dots in Fig. 3.45), the instrumental noise is of 0.1 mm (17 times lower than the original data) but
the movement is anticipated of 49 data and apparently continues for other 49 data. It follows that the right
balance of the running average window is expressed by the correct knowledge of the phenomenon and the aim
of the monitoring.

If it is necessary to detect very small displacements that could be confused with instrumental noise, it is
necessary to define a large dataset, accepting the risk to highly anticipate the accelerating phase (once the
dataset is completely centred) and consistently reduce the displacement rate. In order to find a correct balance,
it is suggested to increase the sampling period. If a consistent rapid movement is expected, a very low running
average window should be used to the detriment of instrumental noise and data variability (Tab. 3.10). A
balanced solution is required in the other cases.

Tab. 3.10: Example of instrumental noise reduction with the increasing of the running average dataset
. dw=5  dw=11  dw=23  dw=51 | dw=99
0.0017 0.0012 0.0009 0.0006 0.0004 0.0002 0.0001

dv=1 dw=3

Instrumental
noise [mm]

Influence of the moving mean on the final result
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Fig. 3.45: Rapid displacement not subjected to running average process (light blue) and analysed with a centred running average
window of 3 (orange), 5 (grey), 11 (yellow), 23 (blue), 51 (green) and 99 (dark blue) points

Recognition of instrumental noise
The recognition of instrumental noise task has been widely discussed in the previous paragraph. Due to the

fact that every electronic tool is subjected to instrumental noise, it is necessary to detect and quantify it. After
the definition of the data variability on site, the responsible of monitoring could identify the “real” sensibility
and repeatability of the instrumentation, which has always a lower performance than the one derived from
laboratory tests and optimistically declared in the data sheet. The definition of the real sensibility permits to
recognize and validate (or not) the small displacements that may occur. Fig. 3.46 shows three (real)
displacement data recorded by MUMS instrument (Tunnel Link sensor).
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Instrumental noise vs displacements
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Fig. 3.46: Recognition of instrumental noise and displacements

The analysis of standard deviation highlights a data variability of 0.1 mm for the orange and blue datasets,
while the grey points show an oscillation of 0.2 mm (that could be extended to 0.5 mm of instrumental noise,
considering an adequate running average dataset). This could be related to many reasons, like for example the
installation position and the excavation distance (the dataset is referred to the convergence measure just after
the excavation of the considered section and during the digging of the following one). Once achieved this
knowledge, a displacement of the grey series is validated only if it is superior to half a millimetre, while blue
and orange samples information is valid if higher than 0.1 mm. The algorithm defines the instrumental noise
(and consequently the validation threshold) for every single sensor.

Recognition of not-operating sensors

All the mentioned Self-check controls identify anomalies that could regard the values of a single or a series of
sensor readings. It may happen that a sensor does not answer or is completely compromised for some reasons.
In this case, control unit queries the node two times and, after that, continues the series of reading with the
following one. Therefore, the Link returns an error text code related to the undergoing issue. This code could
not be elaborated and causes the crash of the software, which can elaborate only numerical values. For this
reason, when an error code is identified, the last working numerical value of the Link is reported to permit the
elaboration of other sensors at that specific date. Anyway, the information about the malfunction is not lost
and reported on the database (using a binary code, where 0 represents a working node and 1 identifies a
malfunction) and finally on the web platform (Fig. 3.47). Here the responsible of the monitoring knowns that
the specific information related to sensor i at the date j is not valid and should be ignored.

Displacement [mm] —
75 100 125 150 175 200

40 Ar
2018-08-19

Fig. 3.47: Web platform representation of the malfunction that regards the node at 12 m depth
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Chapter 4

“Knowledge is power, and the right knowledge lets man
perform miraculous, almost godlike tasks.”

Brown D. — The Lost Symbol

TIME OF FAILURE PREDICTION

During recent years, the forecast of landslide time of failure has been a particularly relevant task of natural
hazard assessment. In particular, the definition of alert thresholds is a fundamental aspect for the risk
management process, influenced by a high number of parameters and factors. Numerous articles highlight this
difficulty presenting a site-specific approach, where thresholds are evaluated for each single case and
sometimes also for different homogeneous areas on the same site. An accurate time of failure prediction could
have a key role in the case of an Early Warning System (EWS) based on displacement sensors with an adequate
sample period.

This chapter summarizes the studies reported in literature and the article of Segalini et al. (2018c), introducing
an attempt to generalize the behaviour and the alert thresholds of the landslide when the collapse is
approaching.

4.1. Literature

The first studies about landslide Time of Failure date back to the early 60s (Saito and Uezawa 1961). Their
method is based on the comparison between displacements recorded and creep rupture curves, obtained from
triaxle load-controlled laboratory tests. Other articles (Saito 1969, Saito 1979) report the application of the
methodology. After two decades, Fukuzono (1985) developed a new approach based on large-scale laboratory
tests. In particular, the article focuses his attention on the inverse of displacement rate, which decreases with
time after the activation of the tertiary creep. The time of failure is provided by the interception between the
x-axis (reporting time as independent variable) and the extension of monitoring data interpolation line.
Fukuzono theory has been applied to numerous back analysis about different fields, like volcanic eruptions
(Voight 1988, Voight 1989), catastrophic events (Kilburn and Petley 2003), man-made slopes (Petley 2004),
open pit mines (Carla et al. 2017a). During recent years, a new method (Mufundirwa et al. 2010) proposes to
evaluate the time of failure determining the slope of a curve obtained through the elaboration of monitoring
data. Together with the definition of time of failure, scholars have focused their attention on the definition of
alert thresholds. At the end of 80s, three velocity thresholds levels were proposed (Cruden and Masoumzadeh
1987) in order to determine the critical time to start the evacuation of an open pit mine. The levels correspond
to the accelerating creep stages. Intrieri et al. (2012) applied the concept to the Early Warning System of
Torgiovannetto landslide, identifying the most critical periods of the monitoring dataset to define three
displacement velocity thresholds. Voight’s model has been applied (Crosta and Agliardi 2002) to create
“characteristic velocity curves” that represent the behaviour of a monitored sub-area of the rock-mass
approaching to failure. In the case study of Ruinon, authors defined 30, 15 and 7 days alert velocity thresholds.
Manconi and Giordan (2015) proposed a EWS with alert levels integrated together with the time of failure
prediction model, constantly updated by data of monitoring system. Some authors have investigated different
methods and monitoring technologies (Federico et al. 2012, Herrera et al. 2013, Wasowski and Bovenga 2014,
Wasowsky et al. 2014, Moretto et al. 2017). Intrieri and Gigli (2016) evaluated the application of Saito,
Fukuzono and Mufundirwa methods to different cases with a Predictability Index (PI), ranging from 1 to 5.
Results highlight the similarity between Fukuzono and Saito models, while Mufundirwa has a lower
performance. In particular, the first two methods have a different quality referring to a specific case. For this
reason, Fukuzono and Saito models could be considered as independent and non-redundant.
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4.1.1. Creep Theory

The methods previously described approach the evaluation of time of failure in different ways using common
principles. The main hypothesis relates to the assumption that displacements have a continuous acceleration
approaching to failure, as discussed for the first time by Terzaghi (1950). This acceleration follows a
hyperbolic trend, defined as “tertiary creep” (Varnes 1982). The creep is generally characterized with three
steps (Fig. 4.1): if subjected to a constant load, the first one shows a decreasing of the strain rate, the second
has a constant strain rate and finally the third evinces an increasing of the strain rate. Other authors (Ter-
Stepanian 1980, Tavenas and Leroeuil 1981) observed the presence of relevant creep deformations before
failure in some case studies.

strain
F 3

time

-

Primary Secondary Tertiary

Fig. 4.1: Possible Creep behaviours under the same load conditions: decreasing of displacement with time (Primary), constant
displacement rate (Secondary) or increasing of displacements with time (Tertiary)

4.1.2. Inverse Velocity Method
Thanks to its ease of application and the effectiveness of results in numerous cases, even with its limitations,
author of this thesis has focused his attention on the Fukuzono method or Inverse Velocity Method (IVM).
This model considers the data from the tertiary creep phase, relating the inverse of the displacement rate with
time. Fukuzono studied small-scale models thus identifying a proportionality between acceleration and
velocity, asinEq. [4.1].

d?x (dx)“ [41]
dtz T \dt
Where:
e x represents the slope surface displacement at the point of measure;
e tistime;

e A and a are constant dimensionless parameters.

Then, landslide Time of Failure (T¢) is formulated through Eq. [ 4.2 ].

1

% = (A@- (1, - )" [4.2]

Where:
e v is the surface displacement rate;
e T isthe Time of Failure;
e t is the monitoring time.

a parameter governs the trend of inverse velocity vs time curve (Fig. 4.2) with a value that ranges between 1.5
and 2.2 for natural slopes (Fukuzono 1985, Fukuzono 1989). In particular, @ = 2 represents the linearity of
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the relationship and is generally a good assumption to estimate Tr. Rose and Hungr (2007) observed that the
hypothesis is particularly verified when considering data close to failure. Bozzano et al. (2014) underline that
lower values of « are frequent in the case of slope influenced by man-made structures. A and a require a
preliminary calibration in order to define the theoretical velocity versus time characteristic curve.

Voight (1988, 1989) studied in detail the Fukuzono model applying the equation as a more general fundamental
law that governs materials failure. The result is the Eq. [ 4.3 ].

Q= A0 [4.3]

Where:
e (s the displacement rate;
e ()is the acceleration.

Voight (1988) considers Q as conventional geodetic observations, seismic quantities or geomechanical
observations. Eq. [ 4.3 ] was used to predict volcanic eruptions (Voight 1988, Voight 1990, Cornelius and
Voight 1995) using a = 2.

Fig. 4.2: Inverse velocity versus time relationship related to the variation of a (modified after Fukuzono 1985)

The applicability of VM requires the availability of monitoring data with an adequate frequency. Rose and
Hungr (2007) analysed the case of open-pit mines and highlighted that the update of the model with latest
available information forecasts a more reliable collapse prediction. Authors also suggest to continue the
monitoring activity until the proximity to failure.
A second major task is the quality of the monitoring activity in terms of sensitivity, precision and instrumental
noise, in particular if it is comparable with the entities to be evaluated (Intrieri and Gigli 2016). Instrumental
noise could be corrected with post-processing smoothing (Dick et al. 2015, Carla et al. 2017b) that requires to
be tested before. Finally, while the method has a demonstrated validity, it is fundamental to remember that its
application has to be carefully evaluated by responsible authorities for each specific case. Ty should not be
considered as a deterministic prediction of the collapse. It follows that the method is able to determine that the
failure is approaching (Carla et al. 2018) referring to a time window, which should be considered using short-
time and long-time data running average (Carla et al. 2017b). The method applicability has to take into account
also the following tasks:
e The method is based only on monitoring displacements recorded, which is a single aspect of a complex
phenomenon. Predisposing factors and driving forces are not taken into account by IVM. For this
reason, responsible authorities should not apply it in isolation;
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e The model is quite weak in the representation of brittle failure, due to the extremely rapid evolution
of this kind of events. The uncertainties could be reduced with the installation of a high-frequency
monitoring system, able to represent the acceleration in place (Carla et al. 2017b);

e As mentioned before, it is highly recommended to identify and remove natural and instrumental noise
through statistical tools;

e Unknown factors could unpredictably change the data trend.

IVM has a warning meaning and should not be considered as a closed box truth that predicts the hour and
minute of collapse. However, the approach has proven to be successful and permits its integration in EWS
applications (Atzeni et al. 2014, Manconi and Giordan 2016, Séattele et al. 2016).

4.1.3. Analysis of historical landslides

This paragraph reports the application of Fukuzono method (Fig. 4.3) to the dataset represented by some
historical landslides reported in literature. In particular, pre-failure displacements and displacements ratio data
have been recovered and digitalized from scientific literature using Engauge Digitizer software, converted into
millimetres/day and reported in graphs. A and « parameters have been calibrated using first attempt values of
a =2 and A = —m (slope of the interpolating curve). Then it follows the fit of the monitoring data available
with the Generalized Reduced Gradient (GRG) method (Lasdon et al. 1974), minimizing the Root Mean Square
Error (RMSE), defined in Eq. [ 4.4 ] (Barnston 1992).

1
N (z o, _)2 2
RMSE = \zfl—‘” [4.4]
i=1 N

Where:
ez, represents the forecasted value;
e z,; isthe measured value;
e N is the number of observations.

1600 — 0.004

-
J

1 DISPLACEMENT - | | . INVERSE OF VELOCITY | 1
. £ A =0.0025 T oo |
- ) =200 s .
£ H vo o3 R2=0.98
T a0 £ oo £ 006 —
£ £ :> E 1 o
R E o %:; 0.04 —]
3 i
: § oo —
| I | T £
0 ® 196 P 23 -
Time [d] Time [d] 0 ™ T T 71
v = E A min(SQM) 3 40 50 60 70 80
At Time [d]
0.004
) DISPLACEMENT RATE 'E
£ ooy
£ £
£ k]
E B o001 —
g 2
5 i
3 H
. T T T
w0 o - X
Time [d] 192 196 .nm::d] 204 208 60 80

Fig. 4.3: Procedure followed in the analysis of historical landslides. After the evaluation of displacements over time, it is possible to
calculate the displacement rate and consequently the inverse of velocity versus time. This information is useful to calibrate A and a
parameters and to define the intersection between x-axis (time) and extension of dataset linear interpolation, which leads to the
definition of Time of Failure

After the operation described, it has been possible to define a characteristic velocity curve. This curve
represents the behaviour of the landslide starting from 30 days before the failure occurrence. Fig. 4.4 shows
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the curves related to Betze Post SW (Rose and Hungr 2007), Mt. Beni (Gigli et al. 2011) and Ooigawa (Saito
1969) case studies. This procedure identifies curves with very different displacement rate magnitudes which
are not comparable in a single graph. Using this representation, it is not possible to generalize the criterion and
extend the knowledge to other case histories.

— 400
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Ooigawa
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Fig. 4.4: Characteristic velocity curves related to three different case studies

Tab. 4.1 summarizes the considered dataset, including information about the volumes involved, the materials,
the failure mechanisms, triggering factors, duration of the monitoring periods and references.

The cases have relevant differences about materials (rocks or soils), failure mechanisms (toppling, rock slide,
earth flow, roto-translation, etc.) and triggering factors. It is also possible to observe a consistent variation in
the quality and frequency of monitoring data. In particular, some applications recorded the transition between
secondary and tertiary creep, while other sampled only the accelerating phase.

By applying the Fukuzono-Voight (FV) model (Voight 1988), as in Eq. [ 4.5 ], it is possible to obtain site-
specific curves, with displacements and velocity order of magnitude that can not be compared.

1
vey = (4 - (T, - 1)) [45]

Starting from the collected data and Fukuzono method, a new generalized method has been studied in order to
overcome the site specificity, as described in the following paragraph.
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Tab. 4.1: Database of landslides collected from literature, including information about volumes involved, materials, failure
mechanisms, triggering factors, durations of the monitoring and references

Monitoring
duration References
[days]

Volume Failure Triggering

Material .
[m?] mechanism Factor

. . Excavation Glastonbury and Fell
6 ’ ’
Afton Mine 28x10 Rock Toppling Blasting 68 2002
Asamushi 1x10° Rock - Weathering 7 Saito, 1969
Betze Post SE 18x108 Rock Compound Groundwater 45 eSS az%%? ungr,
Betze Post 6 q q Rose and Hungr,
SW 2x10 Rock Rock Slide Rainfall 5 2007
. . Urciuoli and
6
Bomba 12x10 Soil Slump Excavation 1290 Picarelli, 2008
Braced up " " Frost Action, Schumm and
Cliff LAY | REEs ) eping Snow Melt — Chorley, 1964
q Rock Rock Slide Rainfall .
6 ’ y y
Cavallerizzo 5x10 Soil Earth Flow Snowfall 7 lovine et al., 2006
. Excavation, Voight and Kennedy,
6
Chuquicamata | 4.1x10 Rock Compound Seismic Actions 140 1979
Delabole . .
Quarry - Rock Toppling Rainfall 5900 Boyd et al., 1973
Dosan Line 6x10* Rock - - 3 Saito, 1969
ReieLll, S Brawner and Stace
Hogart Pit 2x10° Rock Toppling Melt, 285 1979 Y.
Excavation
Huanglongxi 3.9x10° Rock - Ra'gfal.l' _I—!uman 6 Lietal., 2012
ctivities
La Chenaula 1.6x10° Rock ROtO'. - 912 Engel et al., 1983
Translation
. Manconi and
6
La Saxe 8.4x10 Rock Rock Slide Snow Melt 30 Giordan, 2016
Maoxian 18x10° Rock Rz Rainfall 1014 Intrieri et al., 2018
Avalanche
Mt Beni 5x10° Rock e S!|de, Water and Snow 240 Gigli et al., 2011
Toppling
Nevis Bluff 3.2x10* Rock Rotation Excavation 272 Brown et al., 1980
Ohto 2x10° Rock - R 90 Suwa et al., 2010
(Typhoon)
Ooigawa 6x10* Soil Earth Flow Erosion 10 Saito, 1969
Preonzo 2.2x10° Rock Rockfall - 12 Geopravent, 2012
Puigcercos 10.12x10° Rock Rockfall Gradua_l 2217 Royan et al., 2015
Degradation
Selborne 1.8x10* Soil Rait- Groundwater 400 Petley, 2004
Translation
Town of - Rock e Rainfall 180 Kim et al., 2010
Peace River Translation
TS e 1.25x10° Rock Translation Excavation 37 Sllsterlany amel 6L
West 2002
Vajont 270x108 Rock et~ Groundwater 70 Sornette et al., 2004
Translation
. . Rainfall, Kegiang and Sijing,
6
Xintan 30x10 Rock Rock Slide Groundwater 2550 2006

100



Chapter 4 — Time of Failure prediction

4.2. New generalized method
In order to overcome the site-specific concept, Segalini et al. (2018c) propose to normalize the velocity data
obtained with the application of a new generalized model, as in Eq. [ 4.6 ].

Ury — Koy

T [4.6]

Where:
e v, dimensionless velocity parameter;
e vgy, velocity obtained with the application of Fukuzono-Voight model, expressed as mm/d,;
*  uyp, Mmean of the velocity dataset, obtained with the application of FV model;

e o0y, Standard deviation of the velocity dataset, obtained with the application of FV model.

The new dimensionless velocity parameter v, permits the comparison between data of different case studies,
as in Tab. 4.1. The procedure application returns a normalized displacement rate vs time curve that could be
of fundamental importance in the definition of a landslide behaviour approaching to failure and preliminary
generalized alert velocity thresholds.

4.2.1. Results
The prediction of T; has been computed applying IVM under the hypothesis of linear behaviour, providing
reliable results, as expressed by R? index in Tab. 4.2.

Tab. 4.2: Observed and forecasted Time of Failure for considered landslide dataset

Observed | Predicted ATy
T [d] T [d] [d]

Linear regression Non-linear regression

A a | R[] A a | R[]

Afton Mine 69 69 0 0.0014 | 2.00 | 0.9554 | 0.0016 | 1.94 | 0.9588
Asamushi 7 7 0 0.0046 | 2.00 | 0.8511 | 0.0056 | 1.96 | 0.8534
Betze Post SE 45 45 0 0.0121 | 2.00 | 0.9981 | 0.0119 | 2.00 | 0.9981
Betze Post SW 5 5 0 0.0183 | 2.00 | 0.9948 | 0.0173 | 2.01 | 0.9950
Bomba 1,320 1,352 32 | 0.0041 | 2.00 | 0.8635 | 0.0038 | 2.15 | 0.8822
Braced up Cliff 1,910 1,904 -6 | 0.0529 | 2.00 | 0.9189 | 0.0548 | 1.53 | 0.9764
Cavallerizzo 6 6 0 0.0654 | 2.00 | 0.9937 | 0.0779 | 1.96 | 0.9998
Chuqguicamata 263 263 0 0.0006 | 2.00 | 0.7693 | 0.0004 | 2.10 | 0.7788
Delabole Quarry 5,899 5,954 55 | 0.0218 | 2.00 | 0.7423 | 0.0205 | 1.96 | 0.7464
Dosan Line 3 3 0 0.0105 | 2.00 | 0.9725 | 0.0098 | 2.01 | 0.9726
Hogart Pit 291 286 -5 | 0.0022 | 2.00 | 0.9730 | 0.0024 | 1.97 | 0.9748
Huanglongxi 5 5 0 0.0151 | 2.00 | 0.9057 | 0.0109 | 2.00 | 0.9057
La Chenaula 884 890 6 0.0821 | 2.00 | 0.2955 | 0.0767 | 1.94 | 0.2966
La Saxe 21 21 0 0.0025 | 2.00 | 0.9492 | 0.0135 | 1.77 | 0.9572
Maoxian 1,018 1,020 2 0.0827 | 2.00 | 0.9446 | 0.0777 | 1.93 | 0.9476

Mt Beni 258 260 2 0.0002 | 2.00 | 0.9310 | 0.0015 | 2.13 | 0.9312
Nevis Bluff 287 279 -8 | 0.0191 | 2.00 | 0.9790 | 0.0191 | 2.00 | 0.9788
Ohto 92 91 -1 | 0.0303 | 2.00 | 0.9515 | 0.0400 | 1.90 | 0.9561
Ooigawa 9 9 0 0.1216 | 2.00 | 0.9960 | 0.2813 | 1.85 | 0.8468
Preonzo 13 13 0 0.0028 | 2.00 | 0.6057 | 0.0024 | 2.03 | 0.6065
Puigcercos 2,198 2,264 66 | 0.0116 | 2.00 | 0.8776 | 0.0106 | 1.94 | 0.8822
Selborne 600 597 -3 | 0.1495 | 2.00 | 0.9690 | 0.1570 | 2.03 | 0.9695
Town of Peace River 178 181 3 0.1241 | 2.00 | 0.6015 | 0.1371 | 2.05 | 0.6043
Tuckabianna West 38 37 -1 | 0.0426 | 2.00 | 0.8858 | 0.0343 | 2.07 | 0.8897
Vajont 70 71 1 0.0307 | 2.00 | 0.9767 | 0.0319 | 1.97 | 0.9778
Xintan 2,800 2,805 5 0.0007 | 2.00 | 0.8831 | 0.0008 | 2.00 | 0.8831

In order to make a comparison in the evaluation of the governing parameters, non-linear behaviour has been
taken into account only for the estimation of A and a. In particular, 11 cases of a total of 26 (42%) forecast the
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exact day of collapse, while 17 of 26 (66%) predict a Tr less or equal to the observed time of failure, with a
mean anticipation of 1 day and 10 hours and a maximum anticipation of 8 days. 4 cases (15%) show a T
overestimated of 3 days or less, which should be anyhow considered as a useful information for hazard
assessment management. 1\VVM method fails the prediction in the 19% of the cases, postponing the failure event
of a mean value of 19 days. Moreover, A parameter shows a variability of three orders of magnitude. R?
coefficient has a value higher or equal than 0.95 in the 42% (linear regression) or 46% (non-linear regression)
of the dataset, while it is greater than 0.90, 0.80 and 0.70 respectively in the 62% (linear) or 58% (non-linear),
81% and 88% of the cases. Poor values of the linear regression coefficient could be attributed to various factors:

o Insufficient quantity or frequency of monitoring data;

e Inadequate quality of monitoring data;

o Excessive natural or instrumental disturbing noise and inadequate post processing;

e Incorrect interpretation of the data during the digitalization process;

e Landslide behaviour diverging from linearity (i.e. asymptotic).

The percentages obtained for R? highlight the slightly differences between linear and non-linear regressions
and validate the application of the first one, due to its simplicity and efficacy, as mentioned in literature (Rose
and Hungr 2006; Gigli et al. 2011; Dick et al. 2015).

In order to improve the representation of landslide behaviour and take into account a non-linear regression, the
model requires a preliminary calibration of A and a parameters (reported in Tab. 4.2). An example of the
procedure is shown in Fig. 4.5. « shows results that are consistent with the range of values (1.5+2.2) reported
in literature (Fukuzono 1985, Fukuzono 1989). In particular, 14 of 26 cases (54%) show a variation which is
less than 0.05, 19 of 26 (73%) less than 0.1 and 24 of 26 (92%) feature Aa < 0.2. Another important information
obtained regards the concavity of the trend, which is convex (a < 2) for the majority of the dataset (13 vs 9).
After calibration, A has an increment in the variation related to the increase of divergence from the linearity.
In particular, where a pronounced non-linear behaviour is observed, the difference could reach even one order
of magnitude.
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Fig. 4.5: Linear and non-linear regressions after the model calibration. La Saxe landslide (data source: Manconi and Giordan 2016)

After calibration, it is possible to apply Eqg. [ 4.5 ] to define the site-specific velocity curve, starting from 30
days before the observed collapse. The graph describes the theoretical displacement rate assumed by the
landslide some weeks or days before the failure. Due to the site-specific meaning of the curves, it is only
possible to assess a unique set of alert thresholds for each case.

By applying the new generalized criterion, as expressed in Eq. [ 4.6 ], it is possible to identify a generalized
trend which is valid for all the mentioned case histories (Fig. 4.6).
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Fig. 4.6: Normalized velocity v,, versus time, including all the 26 case histories

The new introduced dimensionless parameter v, increases its value approaching to failure, reaching a vertical
asymptote for t = 0. Normalized velocity rescales the different orders of magnitude of observed displacement
rates and permits a direct comparison, leading to the creation of an abacus. It is interesting to observe that all
the 26 cases have a change in the sign of dimensionless velocity 10 days before failure. When t < 10 days, each
curve start to show a peculiar behaviour. This appears more evident approaching the collapse and depends on
a parameter. In particular, if the curve has a non-linear behaviour (a < 2) the high acceleration phase appears
later, while a > 2 leads to an earlier velocity increasing (Fig. 4.7).

a=2.15 - Bomba
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T
Normalized velocity [-]

T | T | T — 2
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Time to failure [d]

Fig. 4.7: Influence of the a parameter on the curves trend, displayed by four different case histories

An interesting consequence that regards the application of the new proposed method is the negligibility of A
parameter. As mentioned above, this parameter could have a wide range of variability and it is possible to
reduce the uncertainties of the model by removing it. It follows that each curve depends only on «, derived
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from the calibration of the Fukuzono model. Thanks to the abacus reported in Fig. 4.6, the authorities have a
set of reference behaviours to assess preliminary alert thresholds, according to specific needs.

4.2.2. Application of the Inverse Velocity Generalized Method
The mentioned study has been developed using a back-analysis procedure and considering the whole data set
achieved in the past, starting from 30 days before the failure. This approach is not representative for a real
case, where data are gradually acquired and decisions have to been made in real-time. This paragraph considers
two case studies not included in the landslide dataset mentioned before, simulating the progressive acquisition
of monitoring data. This test wants to evaluate the efficiency of the proposed criterion and its ability and
reliability in the recognition of a landslide which is approaching to collapse.

In particular, the procedure follows these steps:

a) After the recognition of the beginning of accelerating phase, the following three data are considered
as the starting dataset;

b) The IVM method is applied in order to estimate the theoretical Time of Failure, under the hypothesis
of a linear behaviour (a = 2);

c) The displacement rate is evaluated through Eq. [ 4.51];

d) Model is calibrated using monitoring data, by changing A and a parameters;

e) Definition of the theoretical velocity curve using the calibrated A and a parameters;

f) Evaluation of w,, ,, and o, ., and application of Eq. [ 4.6 |;

g) Comparison with the abacus of normalized theoretical curves defined by a specific value of «;

h) Inclusion of new monitoring data in the dataset (as soon as they are available) and repetition of the
procedure, starting from point b).

Letlhakane Landslide

The first case study is the Letlhakane Landslide (Kayesa 2006), occurred on 14 July 2005 in a diamond open
pit mine in Botswana. The event was a toppling with an estimated volume of 233,000 m®, monitored through
a Total Station. Fig. 4.8 represents the digitized dataset used for the test.
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Fig. 4.8: Displacements digitized and used for the test, recorded at Letlhakane Landslide (Kayesa 2006)

Tab. 4.3 reports the predicted and observed Time of Failure, with the corresponding differences AT (a positive
value indicates that the predicted Ty occurs later than the observed T¢) and warning time At. Fig. 4.9 shows the
progressive evaluation of Time of Failure when a new data integrates the dataset. Both Tab. 4.3 and Fig. 4.9
highlight a correct prevision of Tr starting from 5 days and a half before, while since a period of 10 days to
failure the evaluation ranges between +1.5 days with respect to observed Time of Failure.
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Fig. 4.9: Time of Failure forecast approaching to failure

Tab. 4.3: Time of Failure forecast, observed and differences

Time since the start of the monitoring | Observed T, Predicted T,
[d] [d] [d]
117.6 127 128.5 15 10.9
118.6 127 128.4 14 9.8
1194 127 125.1 A 5.7
120.4 127 128.5 15 8.1
121.0 127 126.4 -0.6 5.4
121.8 127 127.0 0.0 5.2
122.4 127 126.8 -0.2 4.4
123.0 127 127.0 0.0 4.0
123.5 127 127.1 0.1 3.6
123.9 127 127.0 0.0 3.1

Fig. 4.10 shows the variation of A and a parameters approaching to failure. As the evaluation of T, the
governing parameters of the model become stable at day 121 (6 days before landslide occurrence).
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Fig. 4.10: Variation of A and o parameters approaching to failure

Fig. 4.11 shows the result obtained through the application of Eq. [ 4.6 ], considering the curve related to a =
1.99. Monitoring data fit very well the theoretical curve and this permits to compensate the lack of
displacements data after day 124 (3 days before failure) with the behaviour forecasted by the model. The
generalized method is significant in the representation of the landslide behaviour and permits to activate an
alert procedure.
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Standard curve related to a = 1.99
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Fig. 4.11: Comparison between normalized displacement rate data and the generalized curve related to « = 1.99

Kagemori Quarry Landslide

The second case study is the Kagemori Quarry Landslide, occurred on 20 September 1973 at Kagemori,
Saitama prefecture, Japan. The event could be classified as a rockslide with an estimated volume of about
400,000 m® of limestone rock debris (Yamaguchi and Shimotani 1986). According to the authors, sliding
surface observed after the collapse appeared as “irregular and complex”, probably for the influence of
secondary slides, which followed the main one. Fig. 4.12 represents the digitized dataset used for the test
(Yamaguchi and Shimotani 1986).
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Fig. 4.12: Displacements digitized and used for the test, recorded at Kagemori Quarry Landslide (Yamaguchi and Shimotani, 1986)

Tab. 4.4 reports the predicted Time of Failure and corresponding A and a parameters, obtained through the
calibration of the model. It is possible to observe that IVM increases its forecasting quality with the progressive
addition of new monitoring data. In particular, the model has overestimated the T, of only 1.2 days since the
first iteration (19 days before). This result is very important for the risk management process because the model
is advising the authorities that an accelerating phase is going on and has to be accurately controlled through
monitoring data. At t = 397.2 days, T coincides with the observed Time of Failure, warning authorities that a
potential failure is expected in a week. The two following monitoring data and consequent iterations of the
model confirm the prediction, computing the same T.
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Tab. 4.4: Time of failure forecast, model calibration and normalization procedure

Time since the start of the | Observed T, ~ Predicted T, ~ ATy At Linear regression
monitoring [d] [d] [d] [d] A a

385.5 404 405.2 1.2 19.7 0.0137 2.06 -0.3336
394.1 404 406.1 2.1 12.0 0.0141 2.04 -0.2567
397.2 404 404.3 0.3 7.1 0.0146 2.05 0.1721
399.6 404 404.2 0.2 4.6 0.0148 2.05 0.3056
401.8 404 404.3 0.3 2.5 0.0148 2.05 0.8886

The test demonstrates that the real-time application of the Fukuzono model during the accelerating phase of
Kagemori Quarry landslide first identifies a potentially dangerous phenomenon about three weeks before the
failure, then it estimates an accurate Time of Failure a week before the event. Finally, this result is confirmed
respectively 4 and 2 days before the collapse, potentially giving the authorities the time to operate for an
evacuation of the area. A and a parameters display a variation of respectively 0.0011 and 0.02. In particular,
a has a constant value of 2.05 (very similar to the value which corresponds to the linear regression) for the last
three model iterations, starting from a week before the failure.

After the application of the IVM, each monitoring data starting from t = 360 days is progressively consider in
the dataset and normalized through the previously described procedure. The obtained value of v, can be
compared to the abacus of generalized theoretical velocity curves displaying the same a parameter. Fig. 4.13
reports the comparison, highlighting the efficacy of the generalized method in the representation of the
landslide behaviour.
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Fig. 4.13: Comparison between normalized monitoring data and the generalized curve featuring the corresponding a value

In particular, the abacus could also provide information about normalized velocity thresholds to be used
together with monitoring data in order to activate alert procedures. Fig. 4.14 shows a possible application,
where normalized displacement values thresholds are evaluated respectively for 14 and 7 days before the
collapse.
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Fig. 4.14: Normalized velocity thresholds using the proposed abacus corresponding to a) 14 days and b) 7 days before the collapse
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Tab. 4.5 reports the alert levels corresponding to 14, 7 and 4 days before the collapse. It is possible to observe
that the first alert is activated when v,, > —0.2961, that for Kagemori landslide corresponds to the monitoring
data registered 10 before failure. The second alert has a normalized velocity threshold equal to -0.0254 and it
is activated a week before the event. Finally, selecting an alert to be activated 4 days before the event, v, =
0.3673. This alert level is activated 2 days before the landslide. Through this analysis it is also possible to
observe that a monitoring characterized by an adequate sampling period highly improve the application of the
method (in particular for the estimation of a parameter) and do not delay the activation of alert procedures.

Tab. 4.5: Alert levels activated through the proposed abacus

Time since the start of the monitoring Observed Ty Predicted T, v, v, threshold | Alert
[d] [d] [d] [-] [-] [-]
385.5 404 405.2 -0.3336 - -
394.1 404 406.1 -0.2567 -0.2961 1
397.2 404 404.3 0.1721 -0.0254 2
399.6 404 404.2 0.3056 - -
401.8 404 404.3 0.8886 0.3673 3

Standard curve related to o0 = 2.05

® O O sy B

Mormalized displacement rate [-]

ALERT3 -> V,=0.3673

¢ 5
L L L
30 2 20 15 10 5 0

Time to Failure [d]

Fig. 4.15: Normalized velocity threshold using the proposed abacus corresponding to 4 days before the collapse

4.2.3. IVM activation criterion

As explained in the previous paragraph, the applicability of Fukuzono model has been successfully
demonstrated under the hypothesis of a tertiary creep behaviour. For this reason, the dataset should contain
only accelerating displacement data. This assumption is very important and highly influence the forecasting
analysis, especially if only a few data are available. The identification of the tertiary creep could not be so
difficult if there is a manual check made by an operator. The issue become harder and harder for EWS
applications, where the software has to automatically recognize a continuous accelerating phase in real time.
In order to implement Fukuzono model inside MUMS EWS, the author of this thesis suggests a new method
able to identify the acceleration phase, mentioned as VM activation criterion.

The method is based on the following hypothesis:

e The landslide undergoing to failure changes its behaviour from a secondary to a tertiary creep;

e The displacement rate should be increasing and positive between two consecutive readings. An
increasing negative velocity is not considered (as for example a displacement rate equal to -3 m/s at
n-1 reading and -1 m/s at n data);

e The displacement rate — time graph is a curve with increasing concavity;

e The inverse velocity vs time regression is linear;

e The previous 30 days dataset is considered, starting from the last data achieved.
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Concentrating on MUMS EWS system, the criterion (Fig. 4.16) is applied at both local and cumulative
displacements in the resultant direction, which could be assumed as the maximum grade direction, along the
whole depth. By considering the displacement rate as m/d, the velocity are calculated through Eq. [ 4.7 ] and
[48].

SlOCi_j - SlOCi_]’_l

Vioc;; = ti—tjiy [47]
Scum- i Scum- i—
Veum, ; = ;}1 . ij-1 [4.8]
Where:
* Uy, is the local displacement rate in the resultant direction, recorded by sensor i, between j and j-1
readings;

*  Sioc,; Is the local displacement in the resultant direction, recorded by sensor i at reading j;

* Veum, is the cumulative displacement rate in the resultant direction, recorded by sensor i, between j
and j-1 readings;

* Scum; is the cumulative displacement in the resultant direction, recorded by sensor i at reading j;

e t; is the date corresponding to reading j, expressed as a number.

Activation Criterion 0: positive displacement rate

The Activation Criterion 0 considers the signs of displacement rates (local, through Eq. [ 4.9 ] and cumulative
through Eq. [ 4.10]). In particular, the method requires four consecutive positive velocities (referred to reading
j) to proceed with the following tasks.

Uloci’]. >0& UlOCi,j—1 >0& UlOCi,j—z >0& Uloci,j_3 >0 [49]
Veum,; > 0& Veum, j_, > 0& Veum, j_, > 0& Veum, j_5 > 0 [4.10]

Activation Criterion 1: increasing displacement rate

If Criterion 0 has a positive result (CO = 1), the Activation Criterion 1 investigates the variation between two
consecutive positive velocities (related to local Eq. [ 4.11 ] or cumulative Eq. [ 4.12 ] displacements). The
criterion is activated (C1 = 1) if Av > 0 for at least three of four consecutive velocities.

Avloci,j = UlOCi‘j - UlOCi‘j—l [411]

Avcumi,j = Veum;; — Veum,; j-1 [4.12]

Activation Criterion 2: parabolic criterion

If the Criterion 1 is activated, local and cumulative displacement rate data are interpolated using a parabolic
fitting, as in Eq. [ 4.13 ]. The dataset considers ten data referring to reading j, as in

Tab. 4.6 (the example is about local displacement rates).

Tab. 4.6: Dataset considered for the Activation Criterion 2 (case of local displacement rates)

Referring dataset First reading considered in the dataset Last reading considered in the dataset
j leCi’j_g vloci,j
-1 Viocij—10 Viocyj_,
j-2 Viocij_11 Viocyj_,
j-3 Viocij_1z Vioc;j_3
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If the a coefficient is positive for at least the 75% of the dataset represented by j, j-1, j-2 and j-3 readings,
Criterion 2 is achieved (C2 = 1).

y=ax?+bx+c [4.13]

Activation Criterion 3: increasing concavity

The last criterion considers the variation of a coefficient for both local (through Eq. [ 4.14 ]) and cumulative
(Eq. [ 4.15 ]) displacements. If Criterion 2 is activated at reading j, the method evaluates the variation of a
starting from j-3 reading. The Criterion 3 is activated (C3 = 1) if Aa > 0 for at least three of four consecutive
data.

Aajoc;; = Aloc; ; — Atocy -1 [4.14]
7 o) ']

a o= a .—a L
L,
Aacym j cum, j cum; ;-1 [4.15]

Activation of Fukuzono method

If Criterion 3 gives a positive result, Fukuzono method is activated considering the dataset j-3 + j+1. In this
way, the algorithm evaluates the first attempt 7. When a new data (j+2) reaches the Database, the Criterion 3
of j+2 reading is considered. If C3;+> = 1 or C3j+1 = 1, Fukuzono model re-calculates the T considering the
dataset j-3 + j+2 and results are reliable only if R? > 0.8. The procedure is repeated for every new data
available until the Criterion 3 is not activated for both the last (n) and the previous (n-1) readings.

MUMS EWS is designed to recognize False Positives (FP) that may happen under certain conditions:

e If T <0, the collapse date is in the past and the data is certainly a FP. Therefore the slope of the curve
is positive;

e If the Fukuzono model estimates a Ty > 0 (for example at the date of 25 June 2018), corresponding to
a date of failure (for example on 28 June 2018), which is previous than the last instrumental data
recorded (continuing the example, on 29 June 2018) that is not returning an error. In this case it is
supposed that the landslide did not collapse;

o If the last data of the dataset has an inverse velocity which is consistently increasing (i.e. the velocity
is decreasing) referring to the previous one.

4.2.4. Final remarks
The proposed generalized normalized velocity method permits to compare the behaviours of landslide of very
different nature, materials, mechanisms, displacement rates, etc.

The reported dataset refers to cumulated slope surface displacements, with any information about the
underground behaviour, position of the sliding surface and pore pressure. This is an important factor in the
case of a complex landslide, where the underground and soil behaviours could be significantly different. This
theme will be analysed in a case study reported at Chapter 5.3.

The IVM method has demonstrated a successful applicability when the tertiary creep phase is correctly
identified. A universal method able to highlight the turning point related to the beginning of the accelerating
phase has not been developed yet. This thesis proposes a theoretical method developed by the author that
requires further case studies evidences and applications on EWSs.
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Fig. 4.16: Chart flow of the IVM Activation Criterion
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Chapter 5

CASE STUDIES

5.1. Ferrari GES, Maranello, Italy

The first case study reported (Fig. 5.2) regards the monitoring of a geotechnical structure in the construction
site of the new Ferrari GeS (Gestione Sportiva) in Maranello (MO), Italy (Fig. 5.1). The building has been
constructed for 20 months, has a surface of about 9,000 m?, which increases to 16,000 m? considering the green
area and internal roads. The structure is composed by glass and steel, with underground floors that required
excavations up to 15.5 m deep, supported by bulkheads. A MUMS system was installed during June 2013
inside one of the bulkheads to monitor the deformations occurred during construction and following year, and
compare them with the design assumptions. The reference reading was taken on 18 of June 2013 and
monitoring came to an end during August 2014.

Fig. 5.1: Cénstrdction ;ife of Eerfa eS
The system installed was a Vertical Array Structure, 16.5 m long, composed by 33 MEMS 1.0 sensors with a

constant interspace of 0.5 m. Control Unit collected and saved data into a SD card. Raw Data were transmitted
to the elaboration centre once a month, where a specifically designed software elaborated them.

Fig. 5.2: Maranello site (44°31°58.00 N, 10°51°46.00 E)

5.1.1. Results
The Array represents the fourth MUMS installation and the first Vertical Array Structure application. Starting
from the reference reading, a direct comparison with GPS data was available for the first two months of
monitoring. The system was not compensated in temperature and the results show consistent inaccuracies
related to the thermal influence on the first meter of soil (Fig. 5.3). Excluding these information from the
dataset, the difference between the data recorded by MUMS system at 1 m of depth and GPS at the ground
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level varies between 2 and 4 mm (Fig. 5.4). This variation could be related to the accuracy and sensibility of
both MUMS and GPS, and finally to the (lost) information provided by superficial nodes of the Array.

MUMS system vs GPS

0.00

-2.00
.00 —A—GPS 18 July 2013
—@— MUMS 16 July 2013
—A—GPS 22 July 2013
-6.00
—e— MUMS 23 July 2013
GPS 26 July 2013
_8.00 MUMS 26 July 2013

=—h— GP529 July 2013

Depth [m]

—8— MUMS 30 July 2013

-10.00 —8— MUMS 07 August 2013

=—d— GPS 08 August 2013

-12.00
-14.00
-16.00

-18.00
Deformation [cm]

Fig. 5.3: Deformations recorded by MUMS system and GPS starting from 18 June 2013. MUMS system is not compensated in
temperature and shows a relevant thermal dependence in the first meter of depth

MUMS system vs GPS
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-14.00

-18.00

Deformation [cm]

Fig. 5.4: Deformations recorded by MUMS system and GPS starting from 18 June 2013, excluding the inaccurate information related
to the first meter of depth
During June 2013, a traditional inclinometer casing was installed, while the first available results date to the
10" of September 2013. The comparison between MUMS inclinometer (excluding the sensors influenced by

thermal effects) and manual probe (Fig. 5.5) shows a good relationship regarding the stable zone, while the
new tool identifies larger displacements in the excavation area.
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MUMS system vs Manual Probe
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Fig. 5.5: Comparison between displacements recorded by Manual Probe and MUMS at the end of year 2013

After six months of monitoring (Fig. 5.6) MUMS highlights a relaxation of the structure, related to the change
of boundary conditions, while Manual Probe measures did not react to this fact. The change of boundary
conditions could be a consequence of the excavation execution on the horizontal plane perpendicular to the
figure, together with the effects of seasonal temperature oscillations.

MUMS system vs Manual Probe
0.00

-10.00 0.00 10.00 A 20.00 30,00 40.00 50.00 ©0.00 70.00

-2.00

-4.00 Manual Probe 15 January 2014

MUMS 30 January 2014
-6.00

—@— MUMS 01 March 2014

—-&-- Manual Probe 17 March 2014

Depth [m]

—@— MUMS 01 April 2014

-16.01

-18.00
Displacements [mm]

Fig. 5.6: Comparison between displacements recorded by Manual Probe and MUMS on April 2014

Finally, the monitoring came to an end on 9 August 2014, with the results reported in Fig. 5.7 and a cumulative
deformation of 4.85 cm at the top.
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Displacements recorded by MUMS system
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Fig. 5.7: Displacements recorded by MUMS system at the end of monitoring

5.1.2. Conclusions

The first application of a Vertical Array Structure MUMS system shows comfortable results. The instrument
permitted to identify the excavation stages and the deformations related to seasonal oscillations and changes
of boundary conditions. The comparison with a GPS system placed on the ground highlights the necessity to
compensate the thermal effects with a specific calibrations that has been developed starting from this case
study (described in Chapter 3.2.1). By comparing the results of Manual Probe Inclinometer with MUMS, it is
possible to observe that the deformations recorded in the stable zone are very similar, while the differences
regard the excavation area. In this case MUMS shows larger movements and the mentioned seasonal
oscillations and changes of boundary conditions, related to excavation works on the perpendicular plane. The
Manual Probe did not record this behaviour. Therefore, sensors installed were MEMS 1.0, characterized by
electronic and thermal drifts, together with significant instrumental noise that required a consistent post
processing. During recent years, the development of 2D electrolytic cells coupled with MEMS 2.0 (Tilt Link
HR 3D V, as in Chapter 3.2.2) has highly improved the sensibility, repeatability and general applicability of
the Vertical Array Structure.

The information obtained permits an evaluation and the validation of design assumptions. In particular, the
expected movement for this specific case was 5 cm, which is very close to the value recorded by MUMS at
the end of monitoring period (4.85 cm).

5.2. A16 Highway, Italy

The second case study proposed is the monitoring of a landslide that insists on a portion of A16 Highway (Fig.
5.8). The infrastructure crosses the Apennine connecting Campania and Puglia regions and has a relevant role
in the trade between the gulf of Naples, the port of Salerno and the Adriatic Sea. The large presence of
landslides in the zone has involved numerous scientists to study, test and evaluate new instrumentations,
numerical models or methods for hazard assessment and management (Versace et al. 2014, Artese et al. 2015,
Intrieri et al. 2017). The studied area is placed near the regional border, between A16 Km 97+450 and the
Candela exit. The landslide phenomenon could be potentially dangerous for people, involving the
infrastructure and some houses.
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Site has been investigated since January 2015 through a series of site and laboratory tests, together with the
definition and installation of a complex monitoring system, as described in the following paragraphs. A 2D
FDM Time Dependent numerical model has been set up, calibrated and validated using monitoring data in
order to reproduce the displacements recorded during the three years of surveys and perform a tentative
forecasting analysis of the most probable future landslide behaviour. The obtained information is useful to
check the compatibility of the structure with the potentially occurring deformations. The case study highlights
two key aspects when dealing with elements at risk: the importance of monitoring data (Arbanas et al. 2014)
and the continuous validation (also with self-learning ability) required by a numerical model (Bicocchi et al.
2016) to reproduce the dynamic changes eventually recorded during the study.

5.2.1. Description of the Area

Fig. 5.8 A6 High

way site (41°5°20.33 N, 15°13°41.48 E)

Several authors (Crostella and Vezzani 1964, Scandone 1967, Ippolito et al. 1973, Dazzaro et al. 1982 & 1984,
Ciarcia and Vitale 2013, Carri et. al. 2017) have studied the area in the past fifty years. This paragraph reports
a quick summary of the previous works in order to highlight the main information about lithostratigraphic
units, geomorphology and geology, as reported in Carri et al. (2017).

d \ N Mt. Mattina ridge &

ofanto RIVEr yaltey
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Pliocene deposits (Upper Triassic - Paleogene)

[ Tectonic mélange

- Apulian Platform carbonates
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Fig. 5.9: a) Geological map and b) Cross section of the southern Apennines sector, Irpinia-Sunni (Source: Ciarcia and Vitale, 2013)
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The area is placed in the Irpinia-Sunni, the southern sector of Apennines (Fig. 5.9), inside the wide valley of
the Calaggio torrent, which follows a SW-NE path alongside the highway. The sector features a hilly
physiography that can exceed 500 ma.s.l., as opposed to the Northern part, which mainly lays on levelled land.
The morphology is characterized by the outcrops of the lithostratigraphic units, resistant to erosion. One of
these outcrops is represented by the “pre-Quaternary” substrate terrains, related to the tectonic units Vallone
del Toro, Lagonegro Il (Scandone 1967) and Dauna (Dazzaro et al. 1982). They derive from the progressive
deformation of Lagonegro-Molise Basin, topped by the deposits of the Pliocene basins (Ippolito et al. 1973,
Ciarcia and Vitale 2013) constituted by sedimentary and evaporitic rock debris, that could be dated back to an
age between the Upper Cretaceous and the Lower Pliocene, including limestone, sandstone, marl, argillite,
clays, sands and conglomerates (Fig. 5.9). The whole territory is influenced by the presence of clayey
successions which are affected by rotational sliding and/or shallow flow movements.

5.2.2. Lithostratigraphic Units
The site is located in the Dauno Apennines, whose genesis is connected to Apennine dynamics and still in
progress. Thick portions of clay-marl composition characterize the majority of formations, including rare
interbedded limestone beddings. Slope stability is influenced by the connection between clay units (dominant
in the area) and the mentioned limestones. The Italian Geological map (Jacobacci and Martelli 1967) reports
the stratigraphic description of each outcropping geological unit, available at “Foglio 174 (Ariano Irpino) and
“Foglio 175” (Cerignola). The stratigraphic framework follows below, from bottom to top.

Pre-Orogenic Substrate Unit

- A succession of calcareous bio-clastic sediments of the Burdigalian characterizes Unit Lagonegro Il
(Scandone 1967). These are intercalated with clays and marl, red and green (Red Flysch). They are locally
distinguishable in a limestone member at the bottom, an intermediate layer of mixed limestone and clayey-
marl and an upper layer of limestone and clay-marl;

- Unit Daunia (Dazzaro et al. 1984) is characterized by turbidities and bio-clastic limestones, greenish-grey
marl and clay marl with abundant planktonic foraminifera (Flysch of Faeto, Crostella and Vezzani 1964),
related to the age of the Middle-Upper Mioceneg;

- A basin sequence of shales and polychrome marls defines the Unit Vallone del Toro. The sequence is
intercalated with limestone, silicified marl and diatomite, with chalk upward.

X&Z° V-~ A16 Highway, k¥ 97+450 S TN
Fig. 5.10: Section of the geological map of Italy - project CARGO - Foglio 433 - Ariano Irpino. Detail of the km 97+450, scale

1:50,000. The formations represented are FYN (Numidian Flysch), FYR (Red Flysch), CPA (Corleto Perticara formation) and AV
(clay marl and grey clay)
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Deposits Basins Intramountains (wedge-top):

Conglomeratic clastic deposits, sandy and clayey, compose the Baronia formation (Ciarcia and Vitale 2013),
organized in a complete transgressive-regressive sedimentary cycle. The conglomerate terms, members of the
basal conglomerates, appear prevalently. Therefore, there are representative rock types of the other members
(Ciarcia and Vitale 2013).

Lagonegro |1, Dauna and Vallone del Toro are tectonic or kinematic units that progressively overlapped each
other, partially outcropping. The Unit Lagonegro Il presents a continuous stratigraphic series, which starts with
Flysch Rosso at the bottom, followed by Numidian Flysch in accordant stratigraphic relationship. Unit Daunia
is located on the Faeto Formation, superimposed on the Marne T. Capuana with stratigraphic relationships and
lateral-vertical heterotopy. Unit Vallone del Toro shows Polychrome Calaggio argillite below with Limestone
and Marne Serroni upwards. There are stratigraphic relationships with lateral-vertical heterotopy. The area of
the case study is placed above the deposit of an ancient landslide (Fig. 5.10, light blue area), made of chaotic
heterometric and heterogeneous debris, which is locally partially cemented (Holocene).

5.2.3. Geomorphology

The presence of described stratigraphic units influences the morphology. The soil is predominantly composed
of clay and sand, with stratigraphic continuity and resistance to erosion. Slopes are subjected to gravitational
phenomena like slow surface deformations, flows and deep instability movements. It is possible to observe
elements linked to complex and different dynamics related to the coexistence of various landslides converging
in the valley, such as erosional scarps, crowns, counterslopes and cracks. Sliding rotational surfaces can be
identified between 8 and 15 meters depth. This datum is very important for the results showed in the following
paragraphs.

5.2.4. Surveys
Surveys were carried out in order to define geotechnical parameters, water table levels and their variation
related to rainfall and weather conditions. For this purpose, a monitoring system was designed and
progressively installed in the area adjacent to the highway starting from the beginning of 2015. The information
obtained is fundamental for the study of landslide dynamics and the definition of triggering causes, helping to
establish mitigation measures.

Geotechnical investigations
Geotechnical investigations included (Fig. 5.11):

- Three borehole drillings (red dots) at a maximum depth of 30 m in order to determine the stratigraphy,
followed by the installation of five IPIs;

- Four subsurface undisturbed samples (S1) for laboratory tests, which yielded the most important
geotechnical parameters. These are natural water content, dry unit weight, void ratio, grain size
distribution, Atterberg limits, Oedometric Modulus E, primary consolidation coefficient Cv, permeability
coefficient k, cohesion ¢’ and friction angle @’;

- Twelve Standard Penetration Test (S3) in order to determine soil resistance to dynamic penetration, which
can be related to the Young modulus, cohesion and other geotechnical parameters through empirical
relationships;

- Five drillings at a maximum depth of 25 m, three of which equipped with Casagrande piezometers (yellow
dots) and the remaining two with MUMS automatic inclinometers (green dots).

Hydrogeological investigations

Hydrogeological investigations were carried out with the installation of the following sensors (Fig. 5.11):

- Three Casagrande piezometers (PZ1, PZ2 and PZ3) installed in January, February and June 2015
respectively;

- Tentensiometers (Idro UGM1_3 and UGML1_4) to detect suction;

- Ten TDR (Time Domain Reflectometry) systems (UGM1_3 and UGML1_4) to measure humidity;
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- Two absolute piezometers along MUMS Inclinometers (CI1 and CI2) compensated with an absolute
barometer, installed at the end of March 2015. These digital piezometers, together with Casagrande ones,
record the variation of pore pressure along time.

PZ2

o
Ci2

o

~UBM1_3
MUMS control unit™

Fig. 5.11: Location of geotechnical surveys and monitoring instrumentations

Meteorological investigations

In order to evaluate the influence of rainfall and weather conditions on slope stability, a meteorological station
(Station 4 in Fig. 5.11) was installed to record wind direction and velocity, rainfall, atmospheric pressure,
temperature, humidity and solar radiation. After one year of monitoring, weather station resulted inactive and
it was necessary to recover data from Greci (18 km far from the site) and Flumeri stations (6 km far).

Monitoring System

The monitoring system was composed by IPIs, MUMS, piezometers and meteorological station as already
mentioned. In particular, the five IPIs (S1, S2 and S3 in Fig. 5.11) were installed in January, February and June
2015 respectively, while the two MUMS inclinometers (CI1 and CI2 in Fig. 5.11) at the end of March 2015.
The instrumentation described is of fundamental importance to detect the depth and magnitude of
displacements along vertical boreholes. In particular, IPIs are equipped with 2D MEMS (Micro Electro-
Mechanical System) sensors installed along predetermined guides and able to detect the inclination of the
borehole at a specified depth, monitoring also its variation along time. MUMS systems installed have 3D
MEMS version 1.0 (25 for CI1 and 26 for CI2), 2D electrolytic cells (5 for CI1 and 4 for CI2), thermometers
(30 for both verticals), pore (1 for each chain, version 1.0, as described in the previous paragraphs) and absolute
(1) pressure sensors. Tab. 5.1 summarizes the described monitoring instrumentations installed, specifying the
depth of each sensor.

Tab. 5.1 Monitoring instrumentations installed

Station Sensor Station SEN
Station 4 Weather station S1 1 1Pl at 17.5 m depth
5 tensiometers at 1.2 m depth;
UGM 1_3 5 TDR systems at 1.2 m depth S2 1 IPI at 17 m depth
UGM 1_4 S ETEIRMEES At 12 [ S s3 3 IPIs at 14, 17 and 20 m depth

5 TDR systems at 1.2 m depth
MUMS automatic inclinometer,
CI1 - DT0008 23.5m long Pz1 1 piezometer at 12 m depth

(piezometer at 13 m depth)
MUMS automatic inclinometer,
Cl2 - DT0007 23.5m long Pz2 1 piezometer at 12 m depth

(piezometer at 13 m depth)

Data logger for DT0007 and
DT0008 MUMS systems

MUMS control unit Pz3 1 piezometer at 15 m depth
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Raw data were stored locally into a SD Card and then sent to the elaboration centre once a day through a
UMTS router and GPRS line. As soon as a new dataset reached the central server, the proprietary software
“Tilt” converted electrical data into physical units, elaborated those using statistical tools, stored the results in
a MySQL database and made them available on a graphic and interactive web platform, with security
controlled access.

Fig. 5.12: Installation of MUMS monitoring system

5.2.5. Models
Geotechnical Model
Results achieved with site and laboratory investigations (Tab. 5.2) permitted to establish a preliminary
geotechnical model, constituted by four main layers:
o Layer I: upper layer of clayey silt, slightly sandy, above 6 m depth. Rare lithic inclusions of sandstones
and marls, with a grain size that ranges between 0.5 and 1.2 cm;
o Layer II: intermediate layer of soft clay in different colours, between 6 and 16 m depth. Pebble grain
size between 0.5 and 2 cm;
o Layer IlI: intermediate layer of marly clay, between 16 and 18 m depth. Pebble grain size between 0.5
and 1.5 cm;
o Layer IV: lower bedrock of marl flysch, over 18 m depth.

Mechanical parameters of Layer I, Il and 111 were derived from available laboratory tests, while the parameters
for Layer 1V were estimated using the large literature database of RocData® software (Rocscience 2014). The
following chapter analyses the calibration and validation of the parameters through a back-analysis process

(Krka¢ et al 2014).
Tab. 5.2 Mechanical parameters and failure criterion

Layer | Layer Il Layer 11 Layer IV
Clayey silt Soft clay Marly clay Marl Flysch

Failure criterion Mohr-Coulomb Mohr-Coulomb Wilrr-Cieuifemma M?ﬂgg;gﬁkﬁggg\' .
Elastic modulus [MPa] 1.857 4.725 2.350 12000.000

Poisson’s ratio [-] 0.30 0.33 0.30 0.30

Unit weight [KN/m?] 20.19 20.85 21.00 26.00
Friction angle [°] 28.00 33.60 33.60 -
Cohesion [kPa] 9.30 9.30 9.30 -

ms [] - - - 2.005

s[-] - - - 0.007

al - - - 0.504

oci [MPa] - - - 2.413

ot [MPa] - - - 0.100
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5.2.6. Numerical Model

Once the geotechnical model of the slope was completed, a 2D numerical model was created in order to define
the landslide triggering causes and propagation, supported and validated by geotechnical and hydrological
investigations. The model has been developed using FLAC® - Fast Lagrangian Analysis of Continua software
(FLAC Version 8.0, User’s Guide 2016). This software is able to evaluate displacements, critical failure
locations, settlements and stresses, using an explicit finite difference formulation. Previous studies reported in
the literature (Segalini et al. 2009) focused their attention on the importance of FDM models in the analysis of
landslide phenomena. In particular, this is highlighted when slopes have a slow-continuous displacement with
time, occurring without appreciable variations of the effective stress state and often related to the presence of
plastic clay portions. Model geometry (Fig. 5.13b) reproduces the section of major declivity for a total length
of 267 m in order to avoid border effects. The grid has 22,040 nodes with an aspect ratio x/y = 2. MUMS
inclinometers are included in this section (Fig. 5.13a) and placed respectively at the progressive of 72 m
(DT0007 — Cl12) and 103 m (DT0008 — CI1) along horizontal plane. The definition of ground surface geometry
was obtained using satellite images first, then corrected and validated with cartography. Constrains for left and
right boundaries are rollers, with only vertical movements allowed. The upper boundary is free to move in
every direction, while the lower boundary is fixed.
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Fig. 5.13: a) Section of major declivity and MUMS inclinometers, b) model geometry

5.2.7. Results

Manual Inclinometers

Preliminary studies of the area took into consideration two surveys conducted in March and June 2015 with
traditional inclinometer probes in two different boreholes. Both investigations identified the major
displacement at 17.68 m depth, with movements that equalled 6.8 mm (Azimuth 162°, South-East direction)
and 4.9 mm (Azimuth 132°), respectively. This preliminary knowledge could be relevant in the following
interpretation of MUMS and IPIs data, installed between April and August 2015.

IPI

IPIs provide the displacements at a specific position only, with no information about other locations along the
vertical direction. The instrument is useful to detect local movements, while it is not possible to evaluate
cumulate displacements. For this reason, the results are quite difficult to interpret and strictly related to the
correct planning of the monitoring, which requires to already know the position(s) of the sliding surface(s).
Tab. 5.3 reports the movements registered by IPIs at two representative dates and the related depths, with the
comparison between nodes of MUMS inclinometers at the corresponding depths. It is worth noting that
DT0007-Cl2 and DT0008-CI1 arrays are about 70 m apart, with 5 m of difference in height. A previous study
(Carri et al. 2017) highlights the issues and the misleading interpretation related to the results of IPIs in the
analysis. In particular, these are related to the different positions (Fig. 5.11) of the instrumentations on the
slope, the lack of IPIs data along the vertical and finally a series of malfunctions with a substantial loss of
information. As an example, MUMS DTO0007-CI2 and IP1 S3 are 125 m apart, with the first installed in a
portion of the ground which is 3 m lower and on the western part of the landslide. At the same time the section
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which crosses IPIs S1 and S2 could be considered for the numerical model calibration, in opposition to the
section that crosses both MUMS array. Nevertheless the results are related only to a single tilt angle for the
whole depth, which is quite a poor information for the calibration and validation process. Considering all the
issues mentioned, this study does not take into account the IPIs for the comparison with the 2D FDM model.

Tab. 5.3 Local displacements recorded by IPI and MUMS inclinometers at two dates, starting from 4 August 2015

Displacementat | Displacement at o Displacementat = Displacement at
04/10/2015 30/04/2016 Sensor rﬁ 04/10/2015 30/04/2016

[mm] [mm]

S1 17.50 7.7 8.4 DTO0007 | 16.25 0.1 10.2
S2 17.00 9.6 9.5 DT0007 | 17.25 0.8 0.8
S3 14.00 5.1 5.2 DTO0007 | 18.00 0.7 0.7
S3 17.00 12.4 12.5 DT0008 | 13.00 0.0 3.0
S3 20.00 1.9 1.8 DT0008 | 15.50 0.4 0.4
DT0008 | 16.25 0.0 2.4

MUMS inclinometers

MUMS inclinometers were installed at the end of April 2015 and the functionality had been tested for two
months. After that period, the instrumentations started the monitoring on 30 June 2015, which was considered
the zero-reference date for the following elaborations. The sample period was set to 6 hours, sending data to
the elaboration centre once a day. The monitoring came to an end on 5 June 2018 due to the displacements
recorded. The borehole was filled with cement at the bottom for about 1 meter, in order to fix the anchor to the
stable portion, and gravel for the remaining part of the vertical, using the Spaggiari Installation method
described at Chapter 3.3. The installation of both Arrays required one day. Data logger was powered through
12 V lead-acid battery and 5 W solar panel. Fig. 5.14a shows the battery level for the whole period of
monitoring, highlighting the correct functionality of the powering system, while Fig. 5.14b represents the
temperature of the data logger.

Fig. 5.14: a) Battery level and b) data logger temperature for the whole period of monitoring

MEMS 1.0 sensors were characterized by the presence of relevant signal disturbances, related to instrumental
noise, drift and thermal influences. In particular, the array was calibrated manually (the procedure described
in Chapter 3.2 was not implemented yet), correcting the thermal effects using three reference temperatures (0°,
20° and 40°) and assuming a linear behaviour of the gravity acceleration between the reference temperatures.
This assumption was not completely correct and required a statistical validation obtained with a back-analysis
of the first two months of the dataset. A filter was then applied to the displacement results, analysing the
weekly trend of data for every sensor and considering only the statistically significant movements (i.e.
movements that do not follow the typical behaviour of instrumental noise or temperature variations). The final
result was quite comfortable and was considered for both MUMS arrays.

DTO0007 chain highlights (Fig. 5.15) a primary slip surface at 16.25 m depth, with a displacement of about 58.5
mm at the end of November 2017 (Azimuth equal to 187°). The second major movement is equal to 16.4 mm
and is located at 17.5 m depth. The depth of sliding surface is about the same highlighted during preliminary
surveys with manual probes and corresponds to a layer composed by soft clay, including marl and sandstone.
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Fig. 5.15: Differential a) Local and b) Cumulative displacements recorded by DT0007 MUMS inclinometer at the end of the monitoring
(June 2018), starting from the zero reference date of 30 June 2015
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Fig. 5.16: Water level registered by piezometer located at 13 m depth and local displacement at 16.25 m depth, recorded by MUMS
DT0007 during the period of monitoring

It is possible to observe (Fig. 5.16) the relationship between the variation of water level along time (recorded
by the absolute piezometer at 13 m of depth along DT0007 chain) and displacement in correspondence of the
sliding surface (registered along the same vertical of the piezometer). A first event, occurred between 14
October and 05 November 2015, activated the movement at 16.25 m depth, resulting in 6.7 mm shift in three
weeks of observations (displacement rate of 0.3 mm/day, with a maximum of 1 mm/day). A second event took
place during March 2016 with about 7 mm of displacement at the same depth, during one month of
observations (displacement rate of 0.2 mm/day, with a maximum of 1 mm/day). A third event occurred in two
different time intervals, between 18 September and 22 October 2016 and between 04 November and 30
November 2016 (displacement rate of 0.2 mm/day and 0.3 mm/day, with a maximum of 1 mm/day and 1.2
mm/day respectively). Finally a continuous constant displacement occurred between 03 January and 17 March
2017, for a total amount of 20 mm.

In particular, the trends and durations of the movements (Tab. 5.4) could suggest the presence of a creep
behaviour, marginally influenced by seasonal oscillations of water level. This hypothesis needed a verification
with a numerical model able to reproduce the site conditions.
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Tab. 5.4: Periods of major displacements and displacement rates recorded by tilt sensor at 16.25 m depth

Date

Period

Displacement

Displacement rate

Maximum displacement rate

[dd/mm/yyyy] [days] [mm] [mm/day] [mm/day]
14/10/2015 + 05/11/2015 23 6.7 0.29 1.0
23/02/2015 + 02/04/2015 40 7.2 0.18 1.0
18/09/2016 + 22/10/2016 35 7.0 0.20 1.0
04/11/2016 + 30/11/2016 27 7.6 0.28 1.2
03/01/2017 + 17/03/2017 74 20.0 0.27 0.9

Fig. 5.17 shows the differential local and cumulative displacements at the end of March 2017 recorded by
DT0008 MUMS chain starting from the reference reading. In this particular case, the situation is slightly
different, since movements are concentrated on an area between 17.25 and 13 m depth, with a major sliding
surface at 16.25 m below ground level (24.7 mm displacement at the end of March 2017, Azimuth 115°). The
piezometer placed at 13 m depth broke at June 2016, for unknown reasons, while the instrumentation has been
inactive since 20 March 2017, due to unknown causes that damaged the chain irreversibly.
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Fig. 5.17 Differential a) Local and b) Cumulative displacements, recorded by DT0008 MUMS inclinometer at the end of March 2017,
starting from the zero reference date of 30 June 2015

Hydrogeological and meteorological investigations
Fig. 5.18 shows the relationship between the water level recorded by the piezometer of DT0007 chain (located
at 13 m depth) and rainfall.
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Fig. 5.18: Rainfall and water level recorded during the period of monitoring. After the first year, data have had to be retrieved from the
stations in Greci and Flumeri
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In particular, from July 2015 to July 2016 the rainfall was recorded by the meteorological station installed on
site. Starting from 14 July 2016 data have had to be retrieved from literature. Notably, from July 2016 to
January 2017 the nearest data available were from the meteorological station of Greci, 18 km far from the site,
while data from Flumeri station (6 km far from the area) have been available since 02 January 2017. It is quite
difficult to establish a valid and repeatable correlation between these two physical entities. This could be
related to malfunctioning of the pluviometer installed on site or lack of direct evidences, which could suggest
that there is not a direct relationship between rainfall and water level in the area.

Numerical Model

First year of monitoring
The numerical model described in the paragraph 6.2.6 was calibrated using the data related to the first three

months of monitoring and was part of a preliminary study proposed at the 4™ World Landslide Forum (Carri
et. al. 2017). In particular, various simulations regarded the position of the water table, accordingly to the data
registered by the piezometers. This was initially located at 17 m depth below ground level and then gradually
raised up to 11 m depth. Fig. 5.19a shows the comparison between the displacements provided by the model
and those recorded by DT0007 inclinometer, for a water level located at 17, 15, 13 and 11 meters below ground
level. The highest level is the one recorded by the instrumentation at the end of October 2015. The same results

were represented for DT0008 inclinometer (Fig. 5.20a).
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Fig. 5.19: a) Displacements recorded by DT0007 inclinometer and provided by the 2D FDM model at the end of October 2015 and b)
Displacements provided by the 2D FDM model and recorded by MUMS at the end of the first year of monitoring (July 2016)

The data appeared to be in good agreement, and the sliding surface was correctly identified. Moreover, the
computed displacements were comparable with the ones obtained from MUMS chain. Starting from November
2015, the landslide started to show a different behaviour, with relevant displacements occurring without
appreciable variations of the water level. In particular, Fig. 5.19b and Fig. 5.20b show the comparison between
the displacements provided by the model with water level at 11 m of depth and movements recorded by
DT0007 and DT0008 respectively with the same water level (related to the date of 15 October 2015) and after

one, three and six months.

The results do not agree with the hypothesis of an elastoplastic constitutive model, in particular for DT0007
inclinometer. Furthermore, the displacement rate (previously discussed) remained constant over long periods,
being only slightly influenced by the variations in pore pressure. At the end of the first year of monitoring it
became clear that the assumption of elastoplastic behaviour was not correct. Such displacements could be
ascribed to secondary creep behaviour of the material surrounding the sliding surface, located at 16.25 m of
depth. The new assumption needed to be verified with a time dependent numerical model, able to reproduce
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the observed mechanical behaviour. For this reason, the model was changed assigning the Burgers constitutive
model to the layer corresponding to the sliding surface (Layer I11).
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Fig. 5.20 a) Displacements recorded by DT0008 inclinometer and provided by the 2D FDM model at the end of October 2015 and b)
Displacements provided by the 2D FDM model and recorded by MUMS at the end of the first year of monitoring (July 2016)

Burgers model (Fig. 5.21) combines Kelvin and Maxwell models acting in series (FLAC Version 8.0 Creep
Material Models 2016). Kelvin model is represented by a linear spring and a dashpot in parallel, while Maxwell
model shows the same elements in series. It was then necessary to define four parameters (Kks, Cks, Kms, Cwms)
corresponding to stiffness K of the linear spring and viscosity C of the dashpot for Kelvin (K;) and Maxwell
(Ms) models (Tab. 5.5). Fig. 5.21 reports the same parameters defined as Kkn, Ckn, Kmn, Cwmn respectively.
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@ T |
Ball-Ball Ball-Wall Ball-Ball Ball-Wall
Normal Direction Shear Direction

Fig. 5.21: Burgers model (source: FLAC website)

Laboratory tests are generally required to determine these parameters. This tests could last up to several months
or years and were not possible in this specific case study, due to budget and time available. For this reason,
data derived from similar case histories, where dynamics and materials involved were similar (Segalini 2001),
were first introduced in the study. This assumption brings uncertainty into the model, because creep parameters
are influenced by temperature and other site factors. As a consequence, the model required a calibration and a
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validation through back analysis and comparison with monitoring data. In particular, expected values should
have an order of magnitude of 10"+10° Pa for parameters C, and 10'°+10" for parameters K, which have higher
variability (Lin et al. 2017, Segalini 2001).

The new 2D Time-Dependent FDM model considers the reference reading of MUMS inclinometers as its own
starting time (t=0) and then simulates all the main variations of the water level recorded for both boreholes.
During the monitoring, piezometers did not measure the pore pressure during most of the surveyed time. This
means that the water table was at a higher depth that is over 13 m. Due to the low permeability of the materials
involved and the pore pressure fluctuation recorded by the sensors, it was deemed appropriate to consider the
starting position of the water table at 14 m below ground level. The small rapid increase of the water table
during the 15 October event, which reached 11.5 depth in one day only, could also confirm the hypothesis.
Tab. 5.5 reports the model mechanical parameters, while Fig. 5.22 shows the comparison between
displacements provided by the Time-Dependent FDM model and instrumental data of DT0007 and DT0008
MUMS Vertical Arrays at the end of the first year of monitoring.

Tab. 5.5: Mechanical parameters and failure criterion — model used

" Layer | Clayeysilt | Layer Il Softclay = Layer Il Marlclay  Layer IV Marl Flysch

Model Elastoplastic Elastoplastic Burgers Elastoplastic
Failure criterion Mohr-Coulomb Mohr-Coulomb - Modified Hoek-Brown
Elastic modulus [MPa] 1.857 4.725 - 12000.000
Poisson’s ratio [-] 0.30 0.33 - 0.30
Unit weight [KN/m?] 20.19 20.85 - 26.00
Friction angle [°] 28.00 33.60 - -
Cohesion [kPa] 9.30 9.30 - -
my [-] - - - 2.005
s [-] - - - 0.007
a[-] - - - 0.504
oci [MPa] - - - 2.413
ot [MPa] - - - 0.100
Kks [MPa] - - 16.20 -
Cks [P1] - - 4.00 e* -
Kws [MPa] - - 84.60 -
Cuws [PI] - - 1.50 et -
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Fig. 5.22: Comparison between displacements provided by time-dependent FDM model and a) DT0007 and b) DT0008 data

Data of DT0007 are in good agreement with the model outcomes, while DT0O008 displacements are
overestimated. This result could suggest a different behaviour of the landslide above and below the highway.

127



Chapter 5 — Case studies

This could be related to the position of DT0008 inclinometer, placed in a zone which is less steep and more
lateral with respect to the active movement, close to the left side of the landslide. This hypothesis could be
confirmed by the difference in azimuth between two inclinometers, with DT0O008 that presents an azimuth
towards the centre of the accumulation area (Carri et. al. 2017).

Second year of monitoring

Starting from the beginning of the second year of monitoring, the model began to underestimate the amount
of movements related to the DT0007 inclinometer (Fig. 5.23), probably due to the acceleration observed in the
displacement rate after the date of 13 November 2016. Some scholars have studied the terrain at a microscopic
level identifying that micro-cracks could reduce the friction resistance along the sliding surface (Colleselli and
Colosimo, 1977). Some examples of constitutive models which describe the progressive damage of the soil
related to deformation phenomena are reported in literature (Singh and Mitchell 1968, Vyalov 1986).
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Fig. 5.23: Comparison between displacements provided by time-dependent FDM model and DT0007 inclinometer during the second
year of monitoring

According to the hypothesis of a mechanical resistance degradation caused by the aforementioned progressive
damage, Burgers model parameters were reduced, starting from the beginning of the second year of monitoring
(t = 365 days). Tab. 5.6 reports the values of Kkn, Ckn, Kmn, Cmn Obtained after the calibration of results with
monitoring data at the end of the second year.
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Fig. 5.24: Comparison between displacements provided by time-dependent FDM model, with reduced Burgers parameters, and a)
DT0007 inclinometer at November 2017 and b) DT0008 inclinometer at March 2017
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Tab. 5.6: Mechanical parameters adopted for Layer Il of Burgers model in the simulation of the second year of modelling

Kis [MPa]  Cws[Pl] | Kws[MPa] | Cwms[PI]

9.23 2.28 ™ 48.22 8.55 e?

As in the previous simulation, data of DT0007 are in perfect agreement with the model outcomes at November
2017, both from qualitative and quantitative points of view. DT0008 displacements are overestimated, but the
model anticipates the behaviour between 15 and 17 m depth registered by the instrumentation at March 2017.
It appears evident what already stated about the different behaviour of the landslide above and below the
highway.

Forecasting analysis
Thanks to the knowledge achieved during two years of monitoring, two forecasting numerical simulations
were carried out for the year 2018, based on the following hypotheses:
e The position of the water table was based on the observations of past events, with the water level below
13 m of depth;
e The first simulation considered the mechanical parameters of Layer Ill, reported in Tab. 5.6, which
are the same used for the simulation of the second year of monitoring;
e The second simulation was carried out reducing stiffness and viscosity (Tab. 5.7) of the same trend
observed between the first and the second year of monitoring;
e Due to the fact that the DT0008 chain has been inactive since March 2017, a comparison between
forecasting analysis carried out at the end of 2017 and monitoring outcomes was possible only for
DTO0007 inclinometer.

Tab. 5.7: Mechanical parameters adopted for Layer 111 of Burgers model in the forecasting simulation for year 2018

Kks MPa Cks || Kwvs MPa Cwms ||
5.26 12.99 e° 27.49 48.73 e?

The first simulation (Fig. 5.25a) highlighted a constant deformation that reached 8.7 cm in November 2018,
while the second simulation (Fig. 5.25b) showed 11.4 cm. The same analysis applied at DT0008 vertical
forecasted 8.7 and 11.4 cm of displacements, respectively. During 2018 it was possible to compare DT0007
inclinometer results with the model forecasts.

Unfortunately the MUMS array was interrupted at 16.75 m depth on 01 January 2018, probably due to
displacements that regarded the sliding surface placed at 17 m depth. Starting from that date, data are available
only for the upper part of the tool, over 16.25 m depth. For this reason, differential cumulative displacements
are underestimated. MUMS inclinometer resulted permanently compromised on 5 June 2018 and monitoring
came to an end due to excessive deformations. The comparison between the inclinometer readings at the end
of February and May 2018 endorses the first model hypothesis, with a 9% and 17% difference at the top
respectively (Fig. 5.25a). The difference could be related to the lack of instrumental information under the
depth of 16.75 m and the position of the water table. As shown in Fig. 5.16, water table showed significant
variations with respect to the simulation hypotheses, in particular at March 2018.

Further studies should involve the integration of other piezometers data, together with the restoration of
weather station and inclinometer systems functionality. The installation of new instrumentations could lead to
an automation of the numerical model, continuously validated through monitoring data, and consequent alert
procedures to the authorities in charge.
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Fig. 5.25: Forecasting analysis for year 2018 a) with no degradation of mechanical resistance and b) reducing stiffness and viscosity
with the same trend recorded between the first and the second year of monitoring
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5.2.8. Conclusions

The case study focuses on understanding the landslide mechanism with the near real-time monitoring of
displacements, pore pressures and rainfall, together with the development of a series of numerical models,
calibrated and validated through site outcomes. The knowledge obtained is of primary importance in the risk
management process and could vary along time, requiring a continuous verification of the hypothesis and
updating of the results. In particular, this study started with the definition of a 2D FDM elastoplastic model,
converted to a Time-Dependent FDM model at the end of the first year of monitoring. After the second year,
mechanical parameters needed a reduction due to progressive degradation observed. The new validation
permitted a forecasting analysis, partially verified through monitoring data. The results obtained could be used
by the authorities in charge to evaluate the landslide possible behaviour and the compatibility of the forecasted
deformations on the structural work, assessing the potentially required mitigation measures or implementing
alert procedures. Finally, this study underlines the importance of a properly designed and timed monitoring
system, coupled with appropriate and proactive numerical modelling to understand and safely manage
landslide hazard. Further evolution of this conceptual approach should involve the objective and automated
recognition of variations in landslide dynamics, and the related autonomous correction of the numerical model
input parameters. This would allow a near real-time and continuous update of the landslide hazard assessment
forecast, and the self-learning redefinition of the thresholds used to trigger the activation of each different
management alert level.

5.3.5S652 Fondovalle Sangro Landslide, laly
The third case study is about the monitoring of a landslide that insists on the construction site of State Road
652, an important infrastructure that connects Adriatic and Tyrrhenian Sea, through Abruzzo and Molise
regions (Fig. 5.26). The results of the case study were included in Segalini et al. (2019)

T Al

Fig. 5.26: SS652 Fondovalle Sangro site (41°53736.50 N, 14°15°14.90 E)
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The realization of the road started in the first 60s and now the completion of the last 5.3 km is ongoing. The
works have undergone several delays due to numerous landslides, the collapse of the viaduct Le Barche near
the town of Bomba (Fig. 5.27) and bureaucratic problems. The completion works have a cost of 190,433
million euros for a period of 30 months (Strade & Autostrade 2018).

Fig. 5.27: Le Barche viaduct

During the preliminary surveys, a series of MUMS systems (Fig. 5.28) have been installed (Tab. 5.8). In
particular, this discussion focuses on DT0014 inclinometer and the event of March 2017.
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Fig. 5.28: Location of MUMS inclinometers
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Tab. 5.8: MUMS inclinometers installed on SS652 construction site at September 2018

ID DT0014 | DT0065 | DT0094 DT0095 DT0096 | DT0097
Installation date 18/11/2016 | 07/09/2017 19/09/2018 18/09/2018 | 20/09/2018 19/09/2018
Reference reading 19/11/2016 | 09/09/2017 | 22/09/2018 | 22/09/2018 | 22/09/2018 22/09/2018
End of monitoring 13/03/2017 Ongoing Ongoing Ongoing Ongoing Ongoing
Array typology Vertical Vertical Vertical Vertical Vertical Vertical
Array Array Array Array Array Array
Length [m] 35 35 69 95 111 66
SresTE ey Tilt Link | Tilt Link HR | Tilt Link HR | Tilt Link HR | Tilt Link HR | Tilt Link HR
HR 3D V 3DV 3DV 3DV 3DV 3DV
Number of sensors [-] 50 48 34 47 55 28
Interspace between 0.70 0.70 2.00 2.00 2.00 2.00
sensors [m]

5.3.1

Introduction

DTO0014 inclinometer was installed on 18 November 2016 (Fig. 5.30) and the following day was considered
as the elaboration reference date. The sample period was set to 1 hour, sending data to the elaboration centre
once a day. The monitoring came to an end on March 13", 2017 due to excessive deformations. The borehole
was filled with cement at the bottom for about 1 meter, in order to fix the anchor to the stable portion, and a
mixture of bentonite for the remaining part of the vertical, using the Spaggiari method described in Chapter
3.3. The installation required a couple of hours. Data logger was powered through 12 V lead-acid battery and
5 W solar panel. Fig. 5.29a shows the battery level for the whole period of monitoring, highlighting the correct
functionality of the powering system, while Fig. 5.29b represents the temperature of the data logger.

a)

Fig. 5.29: a) Battery level and b) data logger temperature for the whole period of monitoring

Sensors used were Tilt Link HR 3D V, equipped with MEMS 2.0 and Electrolytic Cells, calibrated through
the procedure described in Chapter 3.2. The Array was 35 m long, with nodes every 70 cm.

Fig. 5.30: MUMS DTO0014 after installation on site
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5.3.2. Description of the Area

The site is characterized by the presence of clayey and sandy silt and Flysch, with several landslides that show
fast kinematics and sliding surfaces between 8 and 10 m depth. The area has been analysed through seismic
tests, geophysics and geo-mechanical surveys that permitted to define the soil category E, accordingly to vy,
seismic classification, the Poisson coefficient, the shear strength, the elastic and the compressibility modules.

During preliminary surveys that anticipated the installation of MUMS, some instability events were recorded:
- Aninclinometer casing was interrupted at 8 m depth, with 40 cm of settlements of the surrounding

soil;
- Two landslide bodies invaded an old railway line.
5.3.3. Results

During the period of monitoring, the automatic inclinometer recorded the displacements reported in Fig. 5.32.
In particular, the instrumentation showed two significant changes in displacement rate starting from the 23"
of January 2017 and the 7" of March 2017 respectively that interested the first 6 m of soil (Fig. 5.34a). The
phenomenon led to the progressive breaking of the Array, as reported in Tab. 5.9. For this reason, the
cumulative movements at the end of monitoring, reported in Fig. 5.32b, are underestimated after the 27 of
February 2017, while the local ones over 5.65 m depth could be considered as correct. Moreover, sensor at
0.75 m depth registered a settlement, which is observable in Fig. 5.33 as a negative displacement (the node
moved on the opposite direction with respect to the landslide, realigning itself to the vertical).

0 0 —

Depth [m]
Depth [m]

-20 -20 —

25 -25 —

a) - b)

-35 -35
[ ! I ' I ' I ’ I ' I ! | ' | ! [ ' \
0 0,02 0.04 0.06 0.08 0.1 0 0,04 0,08 012 0,16
Displacement [m] Displacement [m]

Fig. 5.32: a) Local and b) Cumulative displacements recorded by DT0014 inclinometer during the period of monitoring
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Tab. 5.9: Progressive damage of the array with related last raw data available

Links Date and hour of the last raw data available | Date and hour of the first inactive reading  Depth [m]
1+84 27/02/2017 12:45 27/02/2017 13:45 -5.65
85+86 08/03/2017 20:32 08/03/2017 21:32 -4.95
87+100 13/03/2017 13:56 13/03/2017 14:56 0.00
—  565mdepth ———— 565 mdepth
7 4,95 m depth b — 485 mdepth
S T Shameen
0.08 — 285 m depth . e
. e
T  075mdepth i ——————— 0.75 m depth
——————— O mdepth ————— 0 mdepth
. 0,06 — = 0,06 —
0,02 — 0,02 —
* ] 1 ° T | | ‘ \

Time [mnv/dd/yy] Time [mm/dd/yy]

Fig. 5.33: Local displacements versus time starting from 5.65 m depth for a) the whole period of monitoring and b) starting from the
15 of January 2018
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Fig. 5.34: a) Displacement rates and b) accelerations versus time starting from 5.65 m depth recorded after the 15 of January 2018

MUMS inclinometer resulted completely inactive on March 13", 2017. During the last days of monitoring,
Fukuzono method (described in Chapter 4.1.2) was activated several times through IVM activation criterion
(Chapter 4.2.3) and an alert procedure was processed reporting the ongoing event to the responsible of
monitoring. After an on-site inspection (Fig. 5.35), a landslide event was clearly identified, with a complex
dynamic characterized by several breakings, major and minor events, settlements and displacements. Fig. 5.36
shows the area surrounding MUMS Vertical Array. During the inspection, all the traditional inclinometer
casings were inaccessible. Moreover, any traditional measure resulted impossible, giving no information at all.
In particular, some vertical boreholes were drilled recently and never read, resulting in a loss of money and
time. MUMS has been the only instrumentation able to identify and report the landslide event, also providing
a measure of its magnitude. This to demonstrate, if necessary, the importance of an automated tool in the
detection of hazardous phenomena instead of traditional manual technologies.
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Fig. 5.36: Area surrouning MMS Vertical Array as observed during on-site inspection

Tab. 5.10 summarizes all the Alarms and False Alarms detected during the period of monitoring, based on
IVM activation criterion described in Chapter 4.2.3 and application of Fukuzono method. In particular, it is
important to remind some concepts:
e The sampling period was set to 1 hour. For this reason, the sensibility of the T definition is +1 hour;
o Datareached the elaboration centre once a day, at 12:00;
e As previously reported, MUMS EWS is designed to recognize False Positives that may happen under
certain conditions:

o Ty <0 (negative Time of Failure, i.e. date of collapse is in the past, reported in Tab. 5.10 as
reason #1);

o Tf>0&T; < T4, Where T, is the time of the last raw data available represented by a
numerical value. In detail, the date of failure precedes the last instrumental data recorded,
which is not returning an error (i.e. the sensor is working correctly);

o The last dataset value has an inverse velocity which is consistently increasing, referring to
the previous one.

e The activation of Fukuzono method does not imply an automatic alarm to the responsible of
monitoring. This is validated through a series of preliminary analysis that regard:

o The number of points in the dataset (reported in Tab. 5.10 as reason #3). The minimum dataset
considered is composed by 5 points. If this value increases, it means that a consistent trend of
data is respecting the IVM activation criterion;

o RZ the linear regression index points out the ability of the linear model to reproduce the
observed data. Model is activated for R?> > 0.8. Higher values indicates an increasing
confidence level;

o Nature of displacements (Cumulative or Local). The algorithm analyses the number (reported
in Tab. 5.10 as reason #4) and the typology of alarms referring to the presence of cumulative,
local or both cumulative and local displacements (reason #2),

o Number of alarms previously sent (reported in Tab. 5.10 as reason #5): this parameter verifies
the presence of previous alarms during days before and characterizes the so defined
“Conditioned Alarms”.
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Tab. 5.10: Alarms and False Alarms activated during the period of monitoring, based on VM activation criterion and Fukuzono method

Acceleration

e Oyt Do iz TSIl Cotons o s |
ypology [ HIT: TAKX]W HH:MM] [-1 -] response response
99 0.4 Cumulative 24/851:/ fg L 24/221:/3?6(5) & 5 0.8997 | False Alarm #1 & #2
87 | 46 Local Q4I0R20LT | 0alD220LT 6 0.8853 | False Alarm | #1 & #2
97 1.2 Cumulative 05/85:/ i?l? 06/85:/228 & 5 0.9200 | False Alarm #1 & #2
03 | 25 | Cumulative | 07DV | 07082017 5 0.8980 | False Alarm #1
05 | 18 | Cumulative | O7D¥ZOLT | 0703207 5 0.8889 | False Alarm #1
o5 | 18 Local e el 7 0.9441 | False Alarm #1
03 | 25 | Cumulative | OB/O3Z0LT | 09/03/2017 7 0.8515 |  Alarm 43 & #4
05 | 18 | Cumulative | 0OOZOLT | 0870312017 7 09578 |  Alarm #3 & #4
9 | 04 | Cumulative | O8D¥ZOLT | 0970312017 6 0.9675 | False Alarm #1
99 | 04 Local OBI0N/20LT | 090327 5 0.8802 | Coptioned | 4
99 | 04 Local Q0/0S/20LT | 09/D3/20L7 5 0.0127 | Conqtioned 4
o1 | 32 | Cumulative | 09DZOLT | 1070312017 5 0.9081 | Contioned g
03 | 25 | Cumulative | 09DZOLT | 1070372017 5 0.9421 | False Alarm #1
80 | 39 | Cumulative | 'ZD¥ZOL | 120032017 5 0.8350 | False Alarm #1
05 | 18 | Cumulative | 'ZD3ZOL | 120372017 5 0.8301 | False Alarm #1
80 | 39 | Cumulative | '3OIZOLT | 13032017 5 0.0400 | Contioned | g

#1 Date of collapse is in the past;
#2 A single alarm is not significant;
#3 Significant dataset;

#4 Multiple alarms activated at the same time;
#5 Information closely linked to the site history and outcomes of the previous days.

In this particular case, due to the fact that data reach the elaboration centre only once a day, a series of False
Alarms were identified because the date of predicted collapse was in the future, referring to the acceleration
date, but in the past, referring to the transmission date and hour. As an example, the activation of Fukuzono
method, occurred for local displacement of node 95 on 07 March 2017 at 15:26, predicted a potentially
dangerous event on 08/03/2017 at 04:14. The data transmission took place on 08/03/2017 at 12:00 and the
sensor was still reading correctly. If the data transmission had been in real time, the False Alarm would have
not been recognize based on #1 hypothesis. Real time analysis implies a severe cross check validation
procedure.

Condition #2 indicates that a EWS should not refer to a single alarm of a single sensor. In particular, the alert
procedure of DT0014 MUMS application investigates 50 local and 50 cumulative conditions, which are
independent one to each other (remembering that cumulative displacements are related, because they add the
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information at a specific depth to the information obtained for the deeper part of the array). An email is sent
to the responsible of monitoring only if there is an evidence of an event going on, i.e. Fukuzono method is
activated for different nodes and possibly for different displacement typologies (local and cumulative), as in
condition #4.

Condition #3 is about the number of points included in the linear regression model, thanks to IVM activation
criterion (4.2.3). A larger dataset implies that the abovementioned hypotheses are more solid, i.e. the landslide
is accelerating and the linear regression reliability improves. As previously discussed, the minimum dataset
required by the algorithm to detect the Time of Failure is composed by 5 values. Cases defined by 7 points,
like the Alarms identified by cumulative displacements of nodes 93 and 95 activated on 08 March at 02:28,
are more consistent for the analysis and certify an enhanced accuracy in the final result.

Finally, there are some situations that could be classified as not significant if considered alone, which become
worthy of note if analysed together with previous information. For example this is the case of the Alarm
identified by local displacements of node 99 on 09/03/18 05:34. If the result is considered alone, it could be
classified as a False Alarm because it is composed of 5 points (standard dataset), the information related to
cumulative displacements is classified as a False Alarm (for date of collapse in the past) and there are no
further information about other sensors. Considering the series of alarms activated the day before, it is possible
to define a new category, closely related to condition #5, which is defined as “Conditioned Alarm”. A
Conditioned Alarm is an alarm that could be classified as a False Alarm or an Alarm to be ignored if considered
alone, which become a “real” alarm if related to site alarm history.

Thanks to the on-site inspection and a series of back analysis, it was possible to classify two main landslide
events, occurred on 08 March 2017, between 20:32 and 21:32, and on 13 March 2017, between 13:56 and
14:56. The uncertainty that regards the precise time is related to the sampling period of instrumentation: the
first value (for example 20:32) indicates the last available instrumental reading characterized by a numerical
value, while the second one (21:32) the first reading returning an error code (i.e. the breaking of the
instrumentation after landslide event).

Tab. 5.11 reports the comparison between Time of Failure predictions and Time of Failure observed for Alarm
or Conditioned Alarm events. The first activation (Links 93 and 95) resulted in a very comfortable result,
evaluating the Time of Failure only 3 hours and 1 hour later respectively (which could be considered as 2 hours
and 15 minute respectively considering 20:32 as collapse hour). The meaning of the algorithm is not to be a
magical crystal ball that identifies the day & hour of collapse perfectly, but is intended to provide useful
information about potentially dangerous phenomena that are going on and a period where the collapse should
be expected and carefully monitored. The first alert procedure gave a correct response, with a warning time of
10 hours (time between the data transmission & elaboration and collapse) that could have been of 19 hours in
case of a real-time data transmission. The operator that received the notification assumed that the warning time
was of 11 hours (time between the data transmission & elaboration and predicted time of failure) which is very
close to the observed one. After this event, two conditioned alarms were activated on 09 March at 12:00,
predicting a possible collapse some hours later. This second alert procedure, like the following one (10 March
12:00), is quite difficult to evaluate, because it could refer to the collapse observed on 08 March or it could
express the first symptoms of the following collapse, occurred on 13 March. In any case, the information
should be considered as “you observed a collapse and something is still going on, be careful and monitor the
situation”. Finally, the last alert procedure (Conditioned Alarm) was activated on 13 March at 12:00,
forecasting a potentially collapse 4 hours later. A main landslide event was effectively observed 3 hours later,
with the breakout of all the instrumentations on-site. The forecasting error was of only 1 hour, giving the
necessary time for a risk management procedure.
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Tab. 5.11: Comparison between predicted and observed T, and related warnings time

Acceleration

Observed

e ogn | Tl | o ety Tt onret
L ml [d:/:; TA/W HH:MM] HH:MM] [h] [h] [h]
[ 2o | A | o | wenn S g | ur
95 | 18 08/823:/22:17 08/5;’;217 Oslgf:/;g” 1hour later | 11 (20%) 10 (19%)
postponed
A o v R e
o | o | o | T | W | ot |y | ance
91 3.2 09/;;’::” 10/3/5217 ? not clear 0 (12%) ?
o | 30 | Plee | Tieos | s | e | ‘® | @

* value that indicates the warning time if the data transmissions were in real-time

During the alert procedures, the responsible of monitoring received information about the Link, depth,
displacement typology, acceleration date and Time of Failure prediction, together with two graphs for each
sensor. In particular, the first one shows the Inverse of Velocity (expressed as day/mm) versus Time, together
with the Index of Linear Regression, while the second reports the Velocity (mm/day) versus Time. The purpose
of the figures is to help the decision maker in his final evaluation, which is always required. By observing the
graphs of the first alert (Fig. 5.37 and Fig. 5.38) two main information are available: the dataset is consistent
(7 points for both Links) and the Indexes of Linear Regression show a reliable fitting, in particular for node 95
(0.95779). Last point of Node 95 dataset seems to slightly diverge from the linear trend evidenced by the
previous ones, and probably this is the cause of the 1 hour delay in the Time of Failure prediction. The
displacement rate is consistent (Node 95 has a final velocity of 43 mm/day) and the average acceleration (lasted
7 hours) ranges between 24 and 45 mm/day?. In particular, the displacement rate clearly indicates that a
potentially dangerous phenomenon is going on, if compared to standard quantities recorded between the
installation date and the end of February, which have a value of 0.093 mm/day and 0.025 mm/day respectively.
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Fig. 5.37: a) Inverse Velocity vs Time and b) Velocity vs Time for cumulative displacements of node 93 with acceleration date on 08
March 2017 02:28 and Time of Failure forecasted on 09 March 2017 00:55
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Fig. 5.38: a) Inverse Velocity vs Time and b) Velocity vs Time for cumulative displacements of node 95 with acceleration date on 08
March 2017 02:28 and Time of Failure forecasted on 08 March 2017 22:48

Finally, considering the distances between Links, it is possible to state that the movement has not a single shear
plane but interests a zone where different sliding surfaces are present. This could be identified observing the
values of displacement rate and acceleration.

The second alert (Fig. 5.39 and Fig. 5.40) shows a lower dataset (5 points) with good Indexes of Linear
Regression (0.88 and 0.92) related to local superficial displacements (node 99).
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Fig. 5.39: a) Inverse Velocity vs Time and b) Velocity vs Time for local displacements of node 99 with acceleration date on 08 March
2017 21:32 and Time of Failure forecasted on 09 March 2017 23:59
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Fig. 5.40: a) Inverse Velocity vs Time and b) Velocity vs Time for local displacements of node 99 with acceleration date on 09 March
2017 05:34 and Time of Failure forecasted on 09 March 2017 16:48
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The concavity that characterizes the last part of the dataset tends to a horizontal asymptote for both cases and
this could be an index of a decelerating movement. The information obtained is only related to a single portion
of the vertical (the superficial one) and indicates a dynamic that interests the ground level, probably caused by
the adjustment of soil after the landslide event occurred on 08 March. Displacement rate is very high and this
confirms that the situation has not stabilized yet.

The third alert procedure features 5 points, with R? = 0.91, and an increasing concavity for cumulative
movements at 3.2 m depth. This outcome should not be underestimated, even if associated with a single event.
It probably does not indicate a collapse, but highlights the predisposing factors for a subsequent event.
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Fig. 5.41: a) Inverse Velocity vs Time and b) Velocity vs Time for cumulative displacements of node 91 with acceleration date on 09
March 2017 23:38 and Time of Failure forecasted on 10 March 2017 12:05

Finally, the fourth and last alert procedure leads to the final collapse of the slope. It is characterized by 5 points,
with R? = 0.94. The most important information about this event is the constant increasing of acceleration
(i.e. the increasing concavity of the velocity vs time curve) that regards the last part of the dataset, resulting in
58 mm/day?, which is the higher value registered for the whole period of monitoring. This result, even if
associated with the cumulative displacements of a single point, should activate every risk management
procedure necessary for the site.
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Fig. 5.42: a) Inverse Velocity vs Time and b) Velocity vs Time for cumulative displacements of node 89 with acceleration date on 13
March 2017 06:54 and Time of Failure forecasted on 13 March 2017 16:06

In this case study, VM activation criterion and Fukuzono method showed high performances. Nevertheless,
could the algorithm work even better? In order to answer this question, a back analysis has been performed,
analysing the results after the event (i.e. conditioned by the knowledge about date & hour of collapse). In
particular, the back analysis was executed using Microsoft Excel® and selecting the best dataset of cumulative
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displacements available for the application of Fukuzono method. This procedure reproduces what is usually
done manually by an operator, as reported in literature.

Tab. 5.12 shows the results of the back-analysis procedure. The landslide event occurred on 08 March is
identified by three sensors placed at 2.5, 1.8 and 0 m depth respectively. In particular, the datasets are
composed by 8 points for Links 95 and 99 and 16 points for Link 93. The acceleration dates are estimated
during the night between 07 and 08 March (nodes 93 and 95) or the morning of 08 March. Time of Failure
predictions are very consistent, with a mean estimation error of 24 minutes in advance. In particular, combining
the three information in a unique representation (Fig. 5.43) they lead to a consistent result where a collapse
should be expected between 20:50 and 21:20 (collapse effectively observed between 20:32 and 21:32).

Tab. 5.12: Comparison between T predicted with a back-analysis and observed, with related warning time

Acceleration
date
[dd/mm/yyyy

Theoretical
warning time

Tf observed
[dd/mm/yyyy

T prediction
[dd/mmlyyyy

Node

Depth
[-] [m]

Real warning
time [h]

Forecasting
error [h]

HH:MM]

HH:MM]

HH:MM]

(h]

s | 2o | T | et | et | et | oguz | oo
o | 1o | oumT | woumT | WOURT | Smiie | o | ooy
o [ op | WoumT | MR | WU | Sminie | o0 | ooy
o | op | Toum | woumT | oI | ithar | gy | e
o | o2 | Moo | w0 | zhans | o | sy
93 25 13/(())3:/52217 13/](-);/]?217 13/](-32:/52((5)17 18 rlr;ir;:Jtes 3 (8%) 3(8%)
o | 1a | Toumr | ouT | T [ mink |3y | 3

* value that indicates the warning time if the data transmissions were in real-time
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Fig. 5.43: Time of Failure evaluation using Excel® for the event occurred on 08 March 2017
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The landslide event occurred on 13 March is identified by four sensors (Tab. 5.12) placed at 3.9, 3.2, 2.5 and
1.8 m depth respectively, with a dataset of 5 points each. Link 89 was correctly included also by the IVM
activation criterion (Tab. 5.15) and the time prediction was exactly the same. The back analysis highlights also
some interesting results provided by Links 91, 93 and 95. Node 91 shows a forecasting error of 2 hours, while
nodes 93 and 95 evaluate the Time of Failure with only 18 and 10 minutes of error respectively, with a warning
time of 3 hours (8 if the data transmission was in real-time). As for the event occurred on 08 March, a collapse
is expected in a time window that ranges between 15:00 and 17:00 (collapse observed on site between 13:56
and 14:56).

Time of Failure evaluation

90

[ ] [ ]
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70
T 5
'§. 60 '.:;..._' o I
£ P .
£ 50 .
[ *oe,
= C . —
5 Y Sl 13/03/2017 15:14:00 | a7 16:56:00
Q ¥ .,
£ a0 ¥
z ‘0" l.-
- ° 8 @, . 13/03/2017 16:06:00 |
@ 91 "-_':.. %, -
o \
93 . |
e, "o \
¢ % \ |
20 e Linear (89) el
..... Linear (91) .:::.‘.-....v \ |
10 Linear (93) 13/03/2017 15:06:19 O TR \
""" Linear (95) LT \
.-.-:' Pl ey

0

13/3/17600  13/3/177.142  13/3/17824  13/3/17936  13/3/1710.48 13/3/1712.00 13/3/1713.12

Time [dd/mm/yy HH.MM]

13/3/1714.24  13/3/171536  13/3/1716.48  13/3/17 18.00

Fig. 5.44: Time of Failure evaluation using Excel® for the event occurred on 13 March 2017

Tab. 5.13: Comparison between algorithm and Microsoft Excel® T, analysis of the event occurred on 08 March 2017

Acceleration

Tf prediction | Ty observed Theoretical

Analysis

date

[dd/mm/yyyy

HH:MM]

[dd/mm/yyyy

HH:MM]

[dd/mm/yyyy

HH:MM]

Forecasting
error [h]

warning
time [h]

Real warning
time [h]

o | e | OIS OSSO [ e T oy | o
oo | o | ST | OO | OSOT |IS e | gy | o
93 Algorithm 08/(?2:3:/22g17 09/8;/525017 08/213:/5317 3 hours later | 13 (22%) 10 (19%)
95 Algorithm 08/5)23:/22é)17 08/223:/5317 08/313:/5217 1 hour later 11 (20%) 10 (19%)
0 | o | ST | WO | OO | IO |y | oo

Tab. 5.13 reports the comparison of Time of Failure evaluation regarding the 08 March event using Excel® or
algorithm developed during this thesis. In particular, Link 93 was activated by both methods, with Excel®
estimation that starts 5 hours in advance, resulting in a more complete dataset and prevision. The algorithm
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dataset is lower due to the parabolic criterion (as in Tab. 5.14). Analysis of Link 95 made with the algorithm
has a forecasting error of only 1 hour, which improves with Excel® back analysis up to 15 minutes in advance.
As in the previous case, differences in the number of points considered are related to parabolic criterion. The
minimum dataset condition (5 points are required to activate the Time of Failure estimation) caused a 1-hour
delay in the first application of Fukuzono method. Finally, node 99 is not considered by Tilt software, as
evidenced in Tab. 5.14, due to increasing concavity criterion.

Tab. 5.14: Application of IVM activation criterion at the event occurred on 08 March 2017. Dates in red correspond to the Acceleration
Date highlighted by Tilt software, related to the alert activation (last column) in red.

Alert system

Criterion 2 criterion 3 1 i activated]

[=1if verified] = [=1if verified]

Criterion 1
[=1 if verified]

[dd/mml/yy Criterion 0
HH:MM] [=1 if verified]

Date Activation Activation Activation Activation

07/03/17 20:27 1 1 1 0 0
07/03/17 21:27 1 1 0 0 0
07/03/17 22:27 1 1 0 0 0
07/03/17 23:28 1 1 0 0 0
08/03/17 00:28 1 1 0 0 0
08/03/17 01:28 1 1 0 0 0
08/03/17 02:28 1 1 0 0 0
93 08/03/17 03:29 1 0 0 0 0
08/03/17 04:29 1 0 0 0 0
08/03/17 05:29 1 1 1 1 0
08/03/17 06:29 1 1 1 1 1
08/03/17 07:29 1 1 1 1 1
08/03/17 08:30 1 1 1 0 1
08/03/17 09:30 1 0 0 0 0
08/03/17 10:30 1 0 0 0 0
08/03/17 11:30 1 1 0 0 0
08/03/17 01:28 1 1 0 0 0
08/03/17 02:28 1 1 0 0 0
08/03/17 03:29 1 1 0 0 0
95 08/03/17 04:29 1 1 0 0 0
08/03/17 05:29 1 1 1 1 0
08/03/17 06:29 1 1 1 1 1
08/03/17 07:29 1 1 1 1 1
08/03/17 08:30 1 1 1 0 1
08/03/17 11:30 1 0 0 0 0
08/03/17 12:30 1 0 0 0 0
08/03/17 13:30 1 1 1 1 0
99 08/03/17 14:31 1 1 1 0 0
08/03/17 15:31 1 1 1 0 0
08/03/17 16:31 1 1 0 0 0
08/03/17 17:31 1 1 0 0 0
08/03/17 18:32 1 1 0 0 0

Tab. 5.15 reports the comparison of Time of Failure evaluation regarding the final collapse occurred on 13
March. Link 89 was activated in the same way with both methods. This information confirms the validity of
“Conditioned Alarm” concept, together with the IVM activation criterion hypothesis. The Excel® back analysis
regards also nodes 91, 93 and 95. These sensors are not considered by Tilt software, as evidenced in Tab. 6.15,
due to positive displacement rate (91) and increasing displacement rate (93 and 95) criteria. In particular,
displacement occurred on 13 March is too rapid if related to the sampling period to respect the proposed model
activation hypothesis.
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Tab. 5.15: Comparison between algorithm and Microsoft Excel® T, analysis of the event occurred on 13 March 2017

Acceleration

Ty prediction | Ty observed Theoretical

date Forecasting warnin Real warning
[dd/mm/yyyy ety | |l error [h] . g time [h]
HH:MM] HH:MM] HH:MM] time [h]
13/03/2017 13/03/2017 13/03/2017
® * *
89 Excel 0654 16:06 14'56 1.5 hour later 4 (9%) 3 (8%)
. 13/03/2017 13/03/2017 13/03/2017 " .
89 | Algorithm 0654 16:06 14'56 1.5 hour later 4 (9%) 3 (8%)
13/03/2017 13/03/2017 13/03/2017
® * *
91 Excel 0654 16'56 1456 2 hours later 5 (10%) 3 (8%)
13/03/2017 13/03/2017 13/03/2017 18 minutes
® * *
9 | Excel 06:54 15:14 14:56 later 3(8%) 3(8%)
13/03/2017 13/03/2017 13/03/2017 10 minutes
® * *
% | Excel 06:54 15:06 14:56 later 3(8%) 3(8%)

Tab. 5.16: Application of VM activation criterion at the event occurred on 13 March 2017. Dates in red correspond to the Acceleration
Date highlighted by Tilt software, related to the alert activation (last column) in red.

Alert system

Criterion 2 criterion 3 1 if activated]

[=1if verified] = [=1if verified]

Criterion 1
[=1 if verified]

[dd/mm/yy Criterion 0
HH:MM] [=1 if verified]

Date Activation Activation Activation Activation

13/03/17 06:54 0 0 0 0 0
13/03/17 07:54 0 0 0 0 0
89 13/03/17 08:55 0 0 0 0 0
13/03/17 09:55 1 1 1 1 0
13/03/17 10:55 1 1 1 0 1
13/03/17 06:54 0 0 0 0 0
13/03/17 07:54 0 0 0 0 0
91 13/03/17 08:55 0 0 0 0 0
13/03/17 09:55 1 1 1 0 0
13/03/17 10:55 1 1 1 0 0
13/03/17 06:54 1 0 0 0 0
13/03/17 07:54 1 0 0 0 0
93 13/03/17 08:55 1 0 0 0 0
13/03/17 09:55 1 0 1 0 0
13/03/17 10:55 1 0 1 0 0
13/03/17 06:54 1 0 0 0 0
13/03/17 07:54 1 0 0 0 0
95 13/03/17 08:55 1 0 0 0 0
13/03/17 09:55 1 0 1 0 0
13/03/17 10:55 1 0 1 0 0

Finally, Tab. 5.17 shows displacement rate, acceleration, a coefficient, the variation of a coefficient and the
inverse of velocity for nodes 93, 95 and 99, related to the event occurred on 08 March 2017, and sensors 89,
91, 93 and 95, related to the collapse observed on 13 march 2017.

Further studies should investigate these parameters in detail, concentrating on their application in the analysis
of IVM activation criterion.

144



Chapter 5 — Case studies

Tab. 5.17: Displacement rate, acceleration, a coefficient, 4a and 1/v for back analysis with Excel®

Date Displacement

Acceleration a coefficient Aa 1/v
L [m;?/tgay] [mm/day?] [mm/day?] [mm/day?] [day/mm]
07/03/17 20:27 0.014 0.002 -0.037 -0.099 71.429
07/03/17 21:27 0.014 0.000 20.110 0.000 71.429
07/03/17 22:27 0.017 0.002 20.119 0.000 58.824
07/03/1723:28 | 0.017 0.000 20.026 0.000 58.824
08/03/1700:28 | _ 0.019 0.002 20.011 0.000 52.632
08/03/1701:28 |  0.017 20.002 20.062 0.000 58.824
08/03/1702:28 | 0.022 0.005 20.010 0.052 45.455
o3 | 0BI03/1703:29 0.022 0.000 0.005 0.016 45.455
08/03/17 04:29 0.024 0.002 0.016 0.011 41.667
08/03/17 05:29 0.024 0.000 0.021 0.005 41.667
08/03/17 06:29 0.029 0.005 0.052 0.031 34.483
08/03/17 07:29 0.026 20.002 0.026 20.026 38.462
08/03/1708:30 | 0.029 0.002 0.000 20.026 34.483
08/03/1709:30 | 0.029 0.000 20.025 0.000 34.483
08/03/1710:30 | _ 0.033 0.005 20.020 0.000 30.303
08/03/1711:30 | 0.036 0.002 0.051 0.000 27.778
08/03/1701:28 | 0.029 0.000 0.000 0.000 34.483
08/03/1702:28 | 0.03L 0.002 20.021 20.021 32.258
08/03/17 03:29 0.033 0.002 0.000 0.021 30.303
o | 0BIO3/L704:29 0.036 0.002 0.021 0.021 27.778
08/03/17 05:29 0.038 0.002 0.031 0.010 26.316
08/03/17 06:29 0.041 0.002 0.021 20.010 24.390
08/03/17 07:29 0.043 0.002 0.036 0.016 23.256
08/03/1708:30 | 0.043 0.000 0.010 20.026 23.256
08/03/1711:30 | 0.019 0.012 0.286 0.045 52.632
08/03/1712:30 | 0.024 0.005 0.297 0.011 41.667
08/03/1713:30 | 0.022 20.002 0.120 0177 45.455
oo | 0BI03/17 14:31 0.031 0.010 0.063 20.057 32.258
08/03/17 15:31 0.038 0.007 20.015 20.078 26.316
08/03/17 16:31 0.043 0.005 20.049 0.000 23.256
08/03/17 17:31 0.053 0.010 20.011 0.037 18.868
08/03/17 18:32 0.060 0.007 0.041 0.052 16.667
13/03/1706:54 | 0.017 0.019 0.098 0.098 58.824
13/03/1707:54 | 0.017 0.000 0.103 0.005 58.824
89 | 13/03/1708:55 |  0.022 0.005 0.124 0.020 45,455
13/03/17 09:55 | 0.024 0.002 0.072 -0.052 41.667
13/03/17 1055 | 0.029 0.005 0.036 20.036 34.483
13/03/17 06:54 | 0.017 0.019 0.124 0.124 58.824
13/03/17 0754 | 0.019 0.002 0.119 -0.005 52.632
o1 | 13/03/170855 |  0.019 0.000 0.077 20.042 52.632
13/03/17 0955 | 0.024 0.005 0.083 0.005 41.667
13/03/17 10:55 | 0.029 0.005 0.031 -0.052 34.483
13/03/17 0654 | 0.014 0.017 0.104 0.104 71.429
13/03/1707:54 | 0.017 0.002 0.088 20.016 58.824
93 | 13/03/1708:55 |  0.022 0.005 0.114 0.026 45.455
13/03/17 09:55 | 0.024 0.002 0.067 -0.047 41.667
13/03/17 1055 | 0.026 0.002 0.010 20.057 38.462
13/03/17 06:54 | 0.012 0.017 0.130 0.130 83.333
13/03/17 0754 | 0.012 0.000 0.093 20.036 83.333
95 | 13/03/170855 |  0.017 0.005 0.067 20.026 58.824
13/03/1709:55 | 0.019 0.002 0.020 -0.047 52,632
13/03/17 1055 | 0.022 0.002 20.016 20.036 45.455
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5.3.4. Conclusions

SS652 case study represents the first real-time application of proposed VM activation criterion and Fukuzono
method, as described in Chapter 5. In particular, the algorithm is aimed to substitute the manual check for a
preliminary analysis and alert procedure, especially if related to the real time monitoring of several landslides,
like for example the work of regional authorities. In this specific case, two landslide events were automatically
identified and related alert procedures activated by the software. After on-site inspection, the previsions
resulted effective with only some minor inaccuracies (with a mean value of one hour) related to the exact time
of collapse. The application should be considered as a great result, if thinking about the warning significance
of the method. A back analysis executed through Excel® software confirms the outcomes, improving the
information related to the exact date & hour of collapse. The differences between two methods are related to
the definition of IVM activation criterion versus the manual check executed by an operator. Further studies
should investigate and improve this final topic.

5.4.French Alps, France
The last case study is about the stability monitoring of a reinforced soil wall placed on the French Alps at 1263
m a.s.l. The wall is about 12 m height and has shown instability phenomena since its construction. The site
location could not be specified due to the sensitive nature of the data.

The site has been investigated through topographic readings, Casagrande piezometers, traditional inclinometer
surveys and MUMS system. In particular, two 15 meters long Vertical Arrays are installed on the soil wall, 3
m far one from each other and with a sensor interspace of 1 m. Both Arrays are equipped with 15 Tilt Link HR
3D V (MEMS 2.0) and 1 Piezo Link (model 2.0, at 13 m depth) sensors, while the first one (DT0080) has a
barometer installed inside the data logger case and the second one (DT0081) has a High Resolution
Thermometer, located 1 m below the top margin of the wall.

Both MUMS systems were installed on 29 August 2017 (Fig. 5.45) using the new installation method described
in Chapter 3.3. In detail, a 16 m long PVC pipe with a diameter of 60 mm was inserted in the borehole and
then MUMS plastic pipe placed inside. The borehole was filled with cement at the bottom for about 1 meter,
in order to fix the anchor to the stable portion, and gravel with small diameter for the remaining part of the
vertical, using sand for the piezometer portion. The installation required less than one hour.

el “~.-
Fig. 5.45: Installation of DT0080 and DT0081 MUMS Vertical Arrays
The zero-reference date has been set on the 30 of August 2017 and the sample period to 2 hours, sending data
to the elaboration centre once a day. The monitoring is still ongoing. Data logger is powered through 12 V
lead-acid battery and 5 W solar panel. Fig. 5.46a shows the battery level for the whole period of monitoring,
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highlighting the correct functionality of the powering system, while Fig. 5.46b represents the temperature of
the data logger.

L J——
Very High

Battery level [Volt]

b)

P oct'17 an'18 Apr'18 Jul'18
Date Dat

Fig. 5.46: a) Battery level and b) data logger temperature for the whole period of monitoring

5.4.1. Results
During the monitoring, atmospheric pressure has showed a mean value that ranges between 0.95 and 0.96 atm,
according to the seasons (Fig. 5.47a). In particular, Tab. 5.18 reports the standard deviation evaluated over
summer, autumn, winter and spring periods. This result is influenced by many factors and could be a gross
interpretation of sensor repeatability. Fig. 5.47b shows the temperature recorded 1 m below the top margin of
the reinforced soil wall. This value is quite constant over time.

98000 1C
97000
96000

95000

Pressure [kPa]

94000

Temperature [°C]

93000

a) b)
S0 Oct '17 Jan'18 Apr 18 Jul'18 Oct 17 an '18 Apr 18 Jul '18
Date [mm ‘yy] Date [mm ‘yy]
Fig. 5.47: a) Atmospheric pressure on site and b) Temperature 1 m below the top margin of the reinforced soil wall
Tab. 5.18: Standard deviation of atmospheric pressure recorded by the Baro Link, calculated over season periods
Season 6 atmospheric pressure [Pa]
Summer 2017 504
Autumn 2017 773
Winter 2017 956
Spring 2018 616
Summer 2018 225
DTO0080

DTO0080 Vertical Array is the upstream inclinometer that has started to record data the day after the installation.
Due to the fact that preliminary displacements are influenced by the adjustment of filling material, it was
necessary to define the reference date, as in Fig. 3.26. This was set on 11/09/2017, according to Fig. 5.48. Fig.
5.49a shows the local displacements starting from the reference date, while Fig. 5.49b reports the cumulative
ones. A sliding surface is clearly identifiable at a depth of 5 m, resulting in 11 mm of movements over the
period. The cumulative displacement at the top equals 31 mm. Fig. 5.50 shows the local (a) and cumulative
(b) displacements over time. It is clearly identifiable the oscillation of the structure, bound to weather
conditions. In particular, the major displacement occurred during May 2018 (55 mm at the top), followed by a
relaxation which is still in progress.
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Fig. 5.48: Zero reading, baseline measure and reference date evaluated using Link 1, 3 and 11 of DT0080 MUMS Vertical Array

Displacement [mm] Displacement [mm]
0 25 5 75 10 125 15 175 20 0 5 10 15 20 25 30 35 40
0 0
—
E £
2 =
D <3
[a} [a}
Q 5]
-10
-10
a) b)
-15
2018-09-19 2018-09-19

Fig. 5.49: a) Local and b) Cumulative displacement recorded by DT0080 MUMS inclinometer on 19/09/2018 starting from the
reference reading
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Fig. 5.50: a) Local and b) Cumulative displacements over time, recorded by DT0080 inclinometer starting
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Displacement rate (Fig. 5.51a) and acceleration (Fig. 5.51a) registered during the period of monitoring
highlight a major event occurred on 11 December 2017, with a speed up to 6.3 mm/day and a rapid acceleration
of 6.4 mm/day?, followed by a deceleration of 5.7 mm/day?. The analysis of pore pressure (Fig. 5.52) shows a
primary maximum at that date, repeated on 04 and 05 of May 2018. The second event did not cause
displacements, probably due to the realization of drains on the wall.
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DT0080
— 14m
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eMan7 922017 1208117 410018 7119118 10/27118 6/14i17 922117 12131117 41018 7Mana 10/27118

Date [mm/dd/yy] Date [mm/dd/yy]
Fig. 5.51: a) Displacement rate and b) Acceleration recorded by DT0080 inclinometer starting from the reference reading
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Fig. 5.52: a) Water level and b) Pore pressure recorded by the Piezo Link of DT0080 inclinometer starting from the reference reading

As in Fig. 5.53, the first rapid increasing of pore pressure clearly triggered the movements at 10 and 5 m of
depth. The second event, occurred on May, did not cause displacements, as well as the event of March. This
fact could be related to a more stable configuration of the wall, related to maintenance works. This
representation emphasizes the importance of automated tools in the detection of cause-effect relationships and
efficacy control of works related to geotechnical field, as well as the definition of triggers. Tab. 5.19 reports
the standard deviation of pore pressure and water level evaluated over summer, autumn, winter and spring
periods. This result is influenced by water circulation and other factors. It could be interpreted as an indicative
index of sensor repeatability, as for the Baro Link.

Tab. 5.19: Standard deviation of pore pressure recorded by the Piezo Link, calculated over season periods

Season o pore pressure [Pa] o water level [m]
Summer 2017 1524 0.00
Autumn 2017 5006 0.25
Winter 2017 2868 0.27

Spring 2018 2661 0.28
Summer 2018 1905 0.16
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Fig. 5.53: Displacements recorded at 10 and 8 m depth and water level versus time

Azimuth of displacements (Fig. 5.54) equals 198° (South South-West direction). This information is quite
coherent with the maximum grade direction of the slope (South). Finally, Fig. 5.55 shows the temperatures
recorded during the period of monitoring and their variations along time.
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Fig. 5.54: Azimuth of displacements recorded by DT0080 inclinometer starting from the reference reading
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Fig. 5.55: a) Minimum, maximum and actual temperature and b) temperature over time recorded by thermometer sensors of DT0080
inclinometer, starting from the reference reading

DT0081

DTO0081 Vertical Array is the downstream inclinometer that has started to record data the day after the
installation, as DT0080 one. As in the previous case, the reference date was set on 11/09/2017. Here the
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situ

ation is quite different, with a rapid and huge displacement (18.6 mm) occurred on 05 July 2018 at 14 m

depth (Fig. 5.56a, Fig. 5.57), which was considered as a stable zone.
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Fig. 5.56: a) Local and b) Cumulative displacement recorded by DT0081 MUMS inclinometer on 19/09/2018 starting from the
reference reading
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Fig. 5.57: a) Local and b) Cumulative displacements over time, recorded by DT0081 inclinometer
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Fig. 5.58: a) Displacement rate and b) Acceleration recorded by DT0081 inclinometer starting from the reference reading
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Fig. 5.58a shows a speed and an acceleration of about 19 mm/day and 19 mm/day?, followed by a rapid
deceleration of the same value. The cumulative displacement at the top equals 29 mm (Fig. 5.56b), while the
inclinometer did not register the structure oscillation as in the previous case.

The analysis of pore pressure (Fig. 5.59) highlights a behavior which is very different if compared to data of
DTO0080 inclinometer, despite the distance of 3 m one to each other. In particular, water level reached 4.64 m
of depth on November 2017, causing 2 mm of displacement at ground level (and generally along the whole
vertical). Then, secondary maximums were registered on April (6.48 m depth) and July (6.86 m) 2018. This
last one caused the observed rapid displacement at 14 m of depth, as in Fig. 5.53. The situation is quite complex
and interesting, because apparently it is not the water level that triggers the displacements, but the rapid
increase of water level: in fact this is the main difference between the two secondary maximums. Nevertheless,
the primary maximum has a rapid increase too and caused lower displacements.
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b) 100
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Fig. 5.59: a) Water level and b) Pore pressure recorded by the Piezo Link of DT0081 inclinometer starting from the reference reading
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Fig. 5.60: Displacements recorded at 10 and 8 m depth and water level versus time

Taking into account the strange behavior of the displacement, occurred for a secondary maximum of the water
level and in a portion which was considered as stable, and the fact that the upwards inclinometer did not record
a movement, the responsible of monitoring could have doubts about this information. For this reason Tilt Link
HR 3D V sensors are very useful and innovative, because they provide a double independent information at
the same depth. Having a look at the local displacements data of electrolytic cell (Fig. 5.61a), it is possible to
find a behavior which is exactly the same recorded by MEMS (Fig. 5.61Db) for the whole period of monitoring,
with slight differences related to the sensibility of sensors. Moreover, focusing on 06 of July event, both Links
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(Fig. 5.62) highlight a rapid movement, started at about 10 AM and ended at about 7 AM on the day after. The
amount of displacements is of 18.6 mm and 16.9 mm respectively, with a difference of 1.7 mm. The result
gives a positive feedback about data interpretation and delete any doubt related to sensors functionality.
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Fig. 5.61: Local displacements recorded by a) 3D MEMS and b) 2D electrolytic cell of DT0081 during the period of monitoring

Displacement [mm]

Local Local

10 " a.)

Displacement [mm]

5. Jul 6. Jul 7.Jul 2. Jul 9, Jul

Date [dd. mm] Date [dd. mm]

4. Jul 5. Jul 6. Jul 7 Jul 8. Jul

Fig. 5.62: Local displacements versus time recorded by a) 3D MEMS and b) 2D electrolytic cell of DT0081 between the 4™ and the 91

of July 2018

Tab. 5.20 reports the standard deviation of pore pressure and water level for DT0081, as in Tab. 5.19 (related
to DT0080)

Tab. 5.20: Standard deviation of pore pressure recorded by the Piezo Link, calculated over season periods

Season o pore pressure [Pa] o water level [m]
Summer 2017 5656 0.56
Autumn 2017 15904 1.61
Winter 2017 4014 0.42

Spring 2018 6692 0.65
Summer 2018 5921 0.60

Fig. 5.63 shows the azimuth of displacements, which is South (181°), corresponding to the maximum grade
direction, which differs of 17° from the DT0080 one.

Depth [m]

0° 45° 90 1357 180° 225° 270° 3157

180°

Azimuth [°]

Fig. 5.63: Azimuth of displacements recorded by DT0081 inclinometer starting from the reference reading
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Fig. 5.64: a) Minimum, maximum and actual temperature and b) temperature over time recorded by thermometer sensors of DT0081
inclinometer, starting from the reference reading

Finally, Fig. 5.64 reports the minimum, the maximum and the last temperatures recorded by MEMS sensor of
DTO0081 Vertical Array, which are about the same reported by DT0080, remembering the £0.96 °C sensibility
of the thermometers that equip Tilt Link HR 3D V.

5.4.2. Conclusions

The applications of two MUMS systems inside a reinforced soil wall in the French Alps highlighted the
importance of high frequency automated tools in the detection of cause-effect factors. In particular, the two
inclinometers showed different behaviours of displacements and pore pressure regimes, despite the distance
of only 3 meters one to each other. The case study points out the importance of Tilt Link HR 3D V nodes,
related to the redundancy of information at the same depth, provided by two independent sensors. An indicative
tentative has been performed in order to reconstruct the repeatability of Piezo Link 2.0 on-site, highlighting a
mean value of 19 cm for DT0080 and 77 cm for DT0081. This measure is influenced by many factors, like the
natural oscillations of water level, the water circulation, infiltration and the weather conditions.
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Chapter 6

CONCLUSIONS

6.1. Summary and conclusions
This work concentrates on the development of a new innovative multi-parametric monitoring system, whose
application regards landslides, civil and geotechnical structures as well as underground excavations. The tool
starts from traditional and innovative instrumentations present in literature, improving some fundamental
characteristics and reducing uncertainties. In particular, it removes the presence of an operator on-site, it saves
time and money and it permits a high-frequency sampling, disconnected from site accessibility conditions,
consequently allowing a meaningful statistical validation. In addition, it collects multi-parametric data and acts
as an Early Warning System. Other characteristics are related to the removal of any rigid mechanical
connection between sensors, creating a more flexible and cheaper instrument, with low electrical consumption.
The aim of the new tool was to increment the knowledge about evolution of slopes, both for natural conditions
and artificial changes.
Then, the thesis describes the introduction of software filters, which is an innovative elaboration philosophy,
in opposition to hardware filters, which characterizes the tool available on the market. Software filters permit
to control malfunctions, spike noises, inaccuracies and every disturbing factor which could influence the
elaboration, together with a complete knowledge of instrumentation performance on-site. The new philosophy
allows to establish “real” sensibility and repeatability characteristics, together with the discharge of
instrumental noise. The SW is implemented with a self-learning philosophy: after a training period, the
algorithm knows how to elaborate the raw data. A calibration procedure has been defined for every sensor,
together with his related calculation algorithm.
Part of the work presents a new installation method, with related encouraging results. This method has been
defined in order to simplify the whole procedure, reducing time and sources of error.
The study concentrates also on the creation of a new redundant double sensor exploiting different technologies,
able to be installed at the same depth and independently calculate the resulting displacement.

The 10T approach is applied, in order to facilitate and speed up the result accessibility, in particular for big
data management. Through a specifically designed dynamic web platform it is possible to view all the main
sensors outcomes using any device with an internet connection.

The last part of the work investigates the evaluation of Time of Failure prediction. In particular, starting from
methods described in literature and in particular the Fukuzono-Voight model, a new generalized criterion has
been proposed. The new theory overcomes the site-specific applicability and evaluates landslide Time of
Failure for a wide range of landslide behaviors and characteristics, allowing to compare the behaviours of
landslide of very different nature, materials, mechanisms, displacement rates, etc. The study permitted the
creation of an abacus which reports the expected landslide behavior approaching failure, starting from the
definition of the governing parameter. Then, the thesis investigates the real time applicability, with the
implementation of the method within a self-learning algorithm and the automatic definition of the point of
activation. For this purpose, a multi-criteria activation procedure is proposed. The literature concentrates on
cumulated slope surface displacements, while the new method analyses both local and cumulative underground
movements along the whole vertical direction.

Finally, the tool has been applied to numerous case histories. Four of them are reported in this thesis.

The first one regards the application to a geotechnical structure and the comparison between MUMS, GPS and
traditional inclinometer data. The new instrument permitted to recognise the excavation stages and the
deformations related to seasonal oscillations and changes of boundary conditions. The evaluation of GPS
results highlights the thermal influence on MEMS sensors and the necessity to compensate them with a specific
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calibration procedure. The traditional inclinometer identifies deformations which are very similar in the stable
zone and quite different in the excavation area. In this case MUMS displays larger movements, also related to
seasonal oscillations and changes of boundary conditions, which the Manual Probe did not record at all. The
result has permitted an evaluation and validation of design assumptions. Despite the encouraging outcomes,
the application of more precise and sensible sensors could improve the measure and reduce the complexity of
post processing. For this reasons, a 2D electrolytic cells coupled with a new version of MEMS has been
developed, improving the sensibility, repeatability and general applicability of the Vertical Array Structure.

The second case study is aimed to study the landslide mechanism through the near real-time monitoring of
displacements, pore pressures and rainfall, together with the development of a series of numerical models. In
particular, after the definition of a 2D FDM elastoplastic model, it has been necessary to convert it to a Time-
Dependent FDM model at the end of the first year of monitoring. Then, mechanical parameters needed a
reduction due to progressive degradation observed during the second year. This permitted a preliminary
forecasting analysis for the upcoming year that requires a verification through monitoring data. The results
obtained are very useful in the assessment of potentially required mitigation measures, related to the landslide
possible behaviour and the compatibility of the forecasted deformations on the structural work. The study also
highlights the necessity to automatically recognize the variations in landslide dynamics and correct the input
parameters of FDM numerical model, allowing a continuous update of the alert levels.

The third case study is about the first real-time application of the new IVVM activation criterion and Fukuzono
method. In particular, it is stressed the efficiency of the algorithm in the preliminary analysis and detection of
potentially hazardous events. Software was able to automatically identify two landslide events and activate
related alert procedures. The subsequent on-site inspection confirmed the previsions, evidencing some minor
inaccuracies related to the exact evaluation of Time of Failure. The execution of a back analysis through Excel®
software confirmed the results, further refining the collapse prevision. The variances between two methods are
related to the automatic recognition of acceleration date. Further studies should investigate and improve this
topic.

Finally, the fourth case history regards the applications of two MUMS systems inside a reinforced soil wall.
The results show the importance of high frequency automated monitoring in the detection of trigger factors. In
particular, the two instrumentations presented diverse displacements and pore pressure behaviours, despite the
difference in position of only 3 meters. The significance of redundant Tilt Link HR 3D V results is evidenced
in correspondence of an unexpected movement that occurred in a “stable” zone.

6.2. Future researches
Future researches should involve the range of applicability of the new tool, extending its use to other sectors
like, for example, the monitoring of environmental quality, concentrating on physical entities (e.g. pollution,
dusts and noise). Therefore, already designed tools, like the RockFall Safety Network, should be tested and
applied on-site.

The Vertical Array could implement new kind of sensors, such as tensiometers or humidity sensors.

A possible innovation could regard the web platform, where new sensors could be represented, together with
new dynamic graphs. The self-learning algorithm should automatically recognize increasing displacement
rates and consequently reprogram the control unit sampling period through the web platform, also in case of
atypical water levels or rainfall heights. At the end of the alert period, the sampling should be reprogrammed
to previous standard settings.

Due to market reasons, it could be interesting to study a method to recover the Vertical Array and make it
reusable.

The calibration procedure should be evolved in order to define the absolute position of sensors.
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An interesting task could be the automatic integration of MUMS results inside commercial or scientific
numerical models, in order to re-calibrate and validate them in real-time.

Further studies should involve the Time of Failure method, firstly improving the IVM activation criterion.
Moreover, the collapse estimation could involve a time window assessment, instead of a specific date & time,
simulating different possible behaviours of displacement rates starting from monitoring data. Other
methodologies and models should be investigated and the analysis could recognize the landslide typology
starting from displacement data and apply the corresponding model which best reproduces the site outcomes.
Finally, a new criterion could be evaluated, putting together information about displacements, displacement
rates, water level, rainfall height and consider them all together with a weighted approach.
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