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Executive Summary

This document constitutes a deliverable for the project MULTICLIMACT , MULT}faceted CLIMate
adaptation ACTions to improve resilience, preparedness, and responsiveness of the built environment
against multiple hazards at multiple scales , which aims to enhance resilience preparedness and
responsiveness of the built environment against multiple hazards at multiple scales.

The objective of this document is to describe the methodology and the outcomes of Task 3.1: dDesign
of materials and technologies for improving the resilience at territorial level &6 .This deliverable
ent i tReeia@v, désign and specifications of Fiber optic -based monitoring systems for flood
defencesot focuses onthe development and design of advanced fibre optic sensor monitoring systems
for flood defences and movable barriers. In this phase of the project, a comprehensive review of fiber
optics based existing technologies, failure mechanisms, and modeling techniques was done. Later,
Finite Element Models (FEM) were used to simulate the behavior of dikes a nd movable barriers under
various loading and environmental conditions. This last step was used to determine the minimum
specifications for the monitoring systems, such as sensor spatial resolution, data collection frequency
and minimum gauging capacity.

Objectives

The main objectives of this task include reviewing the state -of-the-art in fiber optic distributed
sensing systems for structural health monitoring of the built environment , understanding what failure
mechanisms of dikes and movable barriers can be monitored , developing and simulating FEM models
for dikes and movable barriers to determine monitoring system specifications  and finally p roposing a
prototype for fiber optic monitoring system for flood  defences and movable barriers.

Key Findings

The report identifies various failure mechanisms for flood defences, categorized as stress-driven
(e.g., desiccation, settlement) and shock -driven (e.g., overtopping, piping). Based on the system
conceptualization, desiccation and slope stability are the failure mechanisms to be monitored for
dikes based on temperature c hanges. For the movable barriers, tilting, sliding and leakage are the
failure mechanisms to be monitored based on strain changes along the cable sensor.

Fiber Optic Sensing Technology provides a reliable method for quasi real -time monitoring of flood
defences given their longitudinal nature. Based on the literature review, the key technology chosen
for the development of the system is Brillouin Optical Frequency Domain Reflectometry (BOFDA).
FibrisTerre, partner of MULTICLIMACT project, has significant expertise on this type of technology.
The proposed monitoring systems integrate fiber optic sensors to detect temperature and strain
changes which are indicative of potential failures in flood defences using sensor spatial resolution and
measurement frequency. These measurements are later used to estimate the state of the system.
FEM models of boththe d emonstrator dike and the demonstrator movable barrier were used to define
the minimum specifications in terms of spatial resolution and measurement frequency.

Main Results

Design Specification for the fiber optic monitoring systems were designed to provide high spatial
resolution and frequent data collection to detect early signs of failure. The systems were tailored for
specific types of flood defences, with detailed requirements for sensor placement and data
processing.

A conceptual prototype of the fiber optic monitoring system was developed, ready for further
construction and testing in the next phase of the MULTICLIMACT project.

For prototype Minimum specifications, the sensorplacement, sensor accuracy and frequency are key
elements of a monitoring system and highly determine their impact in the flood resilience
enhancement of a flood protected area. FEM models allowed to determine these key aspects for both
dikes and movable barriers while leveraging on their physical response to different environmental
hazards.

’

Co-funded by
the European Union




||I””{

D3.1 8 Review, design and specifications of Fiber optic -based monitoring systems for flood 3
defences {

Q

A

1. INTRODUCTION

The primary purpose of this document is to present the conceptualization and design of advanced
fiber optic sensor monitoring systems for flood defences and movable barriers. These systems aim to
improve the resilience and reliability of critical infrastructure, ensuring better preparedness,
responsiveness, and overall safety in flood -prone areas. Traditional flood defence monitoring systems
often rely on point sensors, which provide limited data and require significant manual inspection. In
contrast, fiber optic sensor monitoring systems offer continuous, real -time data across extensive
areas, providing a more comprehensive understanding of the state of flood defences. These systems
can detect minute changes in temperature, strain, and acoustic signals, which are indicative of
potential structural failures.

The document is composed of 10 main chapters in which Chapter 1 corresponds to the introduction
and motivation of the technology and a short description of the main activities carried out. The second
chapter describes the objective of the task 3.1. The third chapter describes the overall approach of
the technology in the MULTICLIMACT project context. In Chapters 4 and 5 a general overview of the
background of flood defences and a comprehensive literature review regarding flood defence, fiber
optics sensing and monitoring applications are thoroughly described. In addition, the description of
the models used to determine the specifications is also included in Chapter 5. From these results , a
conceptualization of the systems is also described. Later in Chapter 6 the results from the model
simulations are used to determine the minimum specifications for the 2 different monitoring systems
(Dikes and movable barriers). Finally , in Chapter 7, the summary of specifications is reported which
will become the main input for the next phase of the proposed solutions. Finally, on Chapter 8, 9 and
10, the relations with future activities, deviations  from the plan and the references included in the
document are also included.

The motivation behind utilizing fiber optic technology includes:

1 Enhanced Detection Capabilities : Fiber optic sensors can detect early signs of failure, such
as changes in moisture content, temperature fluctuations, and structural  strain. This early
detection allows for timely interventions, preventing catastrophic failures.

I High Spatial Resolution : These sensors provide high spatial resolution, enabling detailed
monitoring over long distances. This is particularly useful for extensive flood defences like
dikes and levees.

1 Quasi-Real Time Monitoring : The ability to monitor in time short intervals of time, enhances
the responsiveness of flood defence systems, providing immediate data that can inform
decision-making during critical events.

1 Durability and Reliability : Fiber optic cables are robust and can withstand harsh
environmental conditions, ensuring long -term reliability and reduced maintenance needs.

1 Improve Asset Management Practices : Timely deterioration detection reduces maintenance
costs in the long term. Managers can improve decision making for repair and inspection.

The main objectives of this task include:
1. Reviewing the state -of-the-art in fiber optic distributed sensing systems.
2. Understanding what failure mechanisms of dikes and movable barriers can be monitored.

3. Developing and simulating Finite Element Models (FEM) for dikes and movable barriers to
determine monitoring system specifications.

4. Proposing a prototype for fiber optic monitoring system for flood defences and movable
barriers.

The above 4 points cover the entire planning and design phase for the achievement of Key Exploitable
Result M#10Fiber optics monitoring systems for flood barriers 6 within the project.

;
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The implementation of advanced fiber optic monitoring systems is expected to significantly%;
the resilience of flood defence structures. By providing precise and actionable data, these sy S
enable better maintenance practices, timely interventions, and enhanced emergency response
strategies. The ultimate goal is to protect human lives, property, and essential economic activi  ties
from the devastating effects of flooding. This document also highlights the collaborative efforts of
various partners fro m the MULTICLIMACT project. The task and document were led by Delft University
of Technology and was written in collaboration with Fibris Terre and Rina Consulting S.p.A. Each
partner brings specialized expertise, ensuring a multidisciplinary approachtod eveloping cutting -edge
fiber optic -based monitoring systems.

1.1. PURPOSE AND TARGET GROUP

New shocks and stresses (e.g. droughts) out of the design conditions of the system require innovative
solutions to enhance the durability and adaptability of the built environment. The challenge then is

to develop better monitoring systems for flood defenc es capable of detecting abnormalities during
heat waves or flood events. This challenged is amplified by the fact that flood defence systems are
often very extensive and consequently very heterogeneous in their response to natural hazards which
makes them as strong as their weakest element. This work package and document aims to tackle the
need for robust design and testing of these types of systems which help to adapt flood protected
urban and rural areas to the constantly evolving conditions derived from climate change. In the
MULTICLIMACT project, specifically within work package 4 (WP4-D4.4), an early warning system was
also conceptualized and designed as part of the digital solution element. This system will manage the
recorded signals of the fiber opti cs system developed in the present task . The results from the current
product will then act as a foundation for the development and testing phases of the monitoring
systems in the MULTICLIMACT project (WP9r9.1 and WP10T10.4).

The present work is a comprehensive report developed by the MULTICLIMACT project WP3, detailing
the conceptualization and design of advanced fiber optic sensor monitoring systems for flood defences
and movable barriers. It provides an in -depth review of current state -of-the-art technologies, failure
mechanisms of flood defences, and the methodologies used to develop robust monitoring systems.
This document serves a wide range of audiences such as designers, managers, policy makers and
academics related to the water management world by providing detailed insights, technical
specifications, and innovative approaches to improving flood defence systems. Its comprehensive
coverage ensures that various stakeholders, from government agencies to local communities, can
benefit significantly from innovative knowledge on resilience and safety against flooding.

1.2. CONTRIBUTIONS OF PARTNERS

The following table ( Error! Reference source notfound. ) depicts the main contributions from project p
artners in the development of this deliverable.

Table 1. Contributions of Partners

PARTNER S
NAME

CONTRIBUTIONS

Finite element models construction and results. Report writing of Chapters 1,2,3,4

TUDELFT and sections 5.1.1, 5.1.2, 5.4,5.5,6 and 7

FIBRISTERRE Specification evaluation and report writing of sections 5.2.2, 5.2.3, 5.6, 6 and 7

RINAC Literature review evaluation and report writing on sections 5.2, 5.3, 6 and 7

;

Co-funded by
the European Union




,nIH{{

D3.1 8 Review, design and specifications of Fiber optic -based monitoring systems for flood
defences

Q

S

2 ’I

%

2. OBJECTIVES AND EXPECTED IMPACT
2.1. OBJECTIVES

The main objective of this Task 3.1 (Design of materials and technologies for improving the resilience
at territorial level) was to conceptualize and design an advanced fiber optics -based monitoring system
for longitudinal flood defence structures, such as dikes and movable barriers.

With this objective in mind, the present deliverable aimed at:

1 Finding what is the state of the art in terms of fiber optics distributed sensing systems

1 Finding what is the state of the art in terms of failure mechanisms to be monitored in both
dikes and movable barriers.

1 Finding what is the state of the art in terms of monitoring of flood defences based on fiber
optics distributed sensing.

1 Building and simulating (Finite element models) for both dikes and movables barriers to
evaluate their performance during hazard driven loading events to determine the minimum
specifications of the proposed monitoring system.

1 Producing a final specification sheet and conceptualized prototype of the  quasi-real time
monitoring system (Plan and Design to be further developed and constructed in the next
phase (Develop) of the MULTICLIMACT project.

2.2. EXPECTED IMPACT

The development of quasi real time flood defence monitoring systems will have a positive impact in
the flood resilience components of preparedness and response of flood-prone protected areas. The
importance of enhancing the resilience against natural hazards and reliability of the built environment
(critical infrastructure) through innovative sensor technologies is here presented by offering detailed
specifications, simulation results, and prototype designs. It aims to serve as a valuable resource for
government agencies, engineers, researchers, and other stakeholders involved in flood risk
management and infrastructure resilience. The audience can utilize the detailed design
specifications, methodologies, and simulations provided in the document to implemen t fiber optic
sensor monitoring systems and to learn how to derive their minimum specifications for new and
existing flood defence structures. It is expected that from a resilience point of view, the development
of such materials and technologies increasesthe flood resilience of systems in their preparedness and
response components and opens a new window of opportunity for the private sector in terms of market
development and innovation.
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3. OVERALL APPROACH

This involved conducting a comprehensive review and evaluation of the current state -of-the-art in
fiber optic sensing state technologies and their applications for the built environment. The focus was
placed on assessing the applicability and implementatio n of spatially distributed sensing
technologies, including temperature, strain, and acoustics response, for quasi-real time monitoring
and deterioration quantification  of two types of flood defences; dikes and movable barriers. In this
part, RINAC has specific experience in the implementation of fiber optics systems in monitoring
systems which allowed to better produce and refine the chapter of the state of the art in terms of
monitoring. Later on and based on their findings, innovative fiber optic sensing implementations fo r
both dikes and movable barriers could be proposed by TU Delft given their experience in flood defence
system modelling, design and testing; especially under the knowledge framework developed in
previous European projects such as Brigaid (BRIdges the GAp for Innovations in Disaster resilience
www.brigaid.eu ) with the aim to enhance the prediction and monitoring of some specific failure
mechanisms of each of the flood defence systems. These implementations aim to improve the
resilience of flood defence systems by increasing their preparedness capacity, absorp tion capability,
and redundancy against natural hazards such as floods and heat waves. It is expected that these
capacities are possible to express in terms of key performanc e indicators (included in D4.4) of the
system so that decision makers can be better informed.

It is also expected that the development , future testing and implementation of these systems will
further enhance the resilience of the flood-prone protected areas due to their increase in flood
protection capacity. To do this, FibrisTerre, a fiber optics interrogation manufacturer and partner of
the MULTICLIMACT project will aim to improve and taylor their own technology with the aim of making
it as specific as possible for the monitoring of dikes and movable barriers. It is their task to push the
boundaries of their know -how to achieve key specifications of the monitoring systems, such as spatial
resolution, frequency, cable specifications, interrogation technology and post -processing
requirements for quasi-real time assessment. Based on the conditions and model response produced
by the experts at TU Delft, these specifications will be evaluated and defined in collaboration
between the three partners ( RINAC, TU Delft, FibrisTerre ) and are the main result of the present
deliverable. These specifications are obtained as an end product based on the literature review of
the state of the art of fiber optics based structural health monitoring (SHM ) systems and a set of Finite
Element Models (FEM) that were built and used to determine monitoring accuracy, minimum spatial
resolution, and optimal sensor placing. Later in the projects, integration of the monitoring system
variables such as spatially distributed temperature, pore pressure data, moisture content, strain,
failure mechanism surrogate models and weather fo recasts will aim to enhance preparedness and
improve asset management practices for both dikes and movable barriers. This will all be managed
via an early warning system also conceptualized and designed as a part of the digital solution element
also addressed in the MULTICLIMACT project in the work package 4 (WP4D4.4). The results from the
present product are later used as a steppingstone for the development and testing phases of the
monitoring systems in the MUTLICLIMACT PROJECT (WH®.1 and WP1GT10.4).
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4. GENERAL BACKGROUND AND CONTEXT

Flood Defences like dikes (also known as levees), play a crucial role in water management and flood
prevention around the world, especially in low -lying deltaic areas susceptible to flooding for example.
They are engineered and designed to contain, control, or divert the flow of water to safeguard human
lives, protect property, and maintain essential economic activities.  This is the main reason they are
most often referred to as Flood Defences. The importance of understanding dike failure mechanisms
stems from the critical need to ensure safety and to estimate their reliability as a fundamental part

of the probabilistic fl ood risk management practice. The failure of a dike and subsequent flood event s
can lead to severe consequences, including loss of life, economic damage, environmental disasters
and spread of airborne diseases and plagues. The consequence of inundation of residential areas,
agricultural lands, and industrial sites that rely on the pro tection of dikes can also lead to
displacement of populations, destruction of crops, and disruption of supply chains. All previously
mentioned elements are vital components of the urban system resilience. Additionally, when dikes
fail, the recovery and repair costs can be significant, not only in terms of financial resources but also

in terms of time and effort required to restore normalcy . The integrity of dikes is also pivotal for
environmental conservation. These structures also help to manage ecosystems that are sensitive to
water levels, such as wetlands and estuaries. A failure of such a system can lead to ecological
imbalances, biodiversity redistribution, deterioration of  the built environment and the health
depletion of aquatic habitats. Therefore, a thorough understanding and monitoring of dike hazard
driven failure mechanisms is essential for improving dike designs, enhancing maintenance practices,
and developing better preparedness and emergency response strategies. However, the challen ge lays
in identifying the most critical ones given the flood defence system in place and to be able to a)
Predict them and b) Monitor them. Same principle applies to the movable flood ba rriers which are
also flood defence systems. These later ones are more prone to failure given their short time span
available for set -up and testing. It is for these reasons that monitoring of these systems is expected
to highly increase the resilience of flood defence systems, with the use of spatially distributed
monitoring such as fiber optics (see Figure 1.).

Figure 1. Picture of dike with fiber optics cable monitoring system and movable flood barrier in the back
(Credits: Juan Aguilar -Lépez)
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5. REVIEW ON STATE OF THE ART ON MONITORING EEOOD DEFE

5.1.1. FAILURE MEGMNISMS OF FLOOD DEFENCES

Flood defences have a large variety of failure mechanisms or ways to deteriorate. From a resilience
theory point of view, some failures occur slowly and in a ductile manner due to environmental
deterioration whereas others occur relatively sudden or in time spans as long as the exerted flood
events. The time to failure allows to categorize the failure mechanisms as  stress driven or shock
driven. Some examples of the main stress driven types of failures are desiccation, settlement,
deformation (see Figure 2). It is expected that these types of failure mechanisms will occur in a time
scale significantly longer than the time required for a high water or extreme precipitation events
(longer than weeks). Normally, are driven by environmental factors but their occ  urrence may or may
not lead to a subsequent failure of the retention capacity. In addition, these types of failures may
increase the likelihood of the shock driven type of failures as the estimated geo -mechanical properties
of the materials used for the co nstruction of the dikes may be deteriorated by the environmental
exposure.

O Dessication Settlement

N\

Deformation
9
\

o]

Figure 2. Stress driven failure mechanisms of soil made dikes.(Credits: Juan Aguilar -L6pez)

Animal burrows

With respect to the shock driven type of dike failure mechanisms, the FLOODSITE project (Morris et
al. 2008), produced an extensive catalogue of plausible and observed failure mechanisms of flood
defences which was compiled to enhance the understanding and improve the design and reliability of
these structures for the engineering practice. Research indicates that, while numerous potential
failure mechanisms exist, only a few of them are responsible for th e majority of historically recorded
failures around the world (Danka and Zhang 2015) These predominant mechanisms are illustrated in
Figure 23 and from a resilience point of view, they are classified as shock driven failure mechanisms
as they occur in a sudden manner and mostly driven during extreme water level, extreme precipitation

or extreme coastal storm event (order of hours to minutes). Mo st of these failure mechanisms are
precursors of a dike breach but do not necessarily translate to a total collapse of the flood defence.
This remanent strength and slow evolving behavior is referred to as ductile dike behavior (Den Heijer
and Kok 2023)
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Figure 3. Shock driven failure mechanisms of soil made dikes. (Credits: Juan Aguilar -L6pez)

Among these various failure mechanisms, only a handful contribute to most of the failure likelihood
when compared to the observed incidents in riverine protected areas. Nonetheless, they often result
in a very large damage. Their probability of occurrence is largely determined in large part by the
uncertainty related to their soil properties and physical process conceptualization, complicating the
processes of their modelling prediction, and monitoring. While the complete understanding of their
physical evolution in time and space is not always well understood, their symptoms before and during
occurrence are often used as monitoring proxies. Especially as most of them are driven by erosion
processeswhich are often triggered by water movement.

From a historical perspective, the inventory presented in  (Van Baars and Van Kempen 2009)ndicates
that storm surges and elevated water levels were responsible for 77% of the dike breach events
documented in the Netherlands from 1134 to 2006. These factors act as catalysts for various failure
mechanisms that potentially lead to dike failure d uring high water events. Furthermore, the same
study delineates that erosion of the dike's slopes and crest, primarily due to wave overtopping, was
implicated in 67% of the documented failures. Meanwhile, the stability issues of the inner, landward
slope contributed to 5%, and internal backward erosion of the foundation, also known as piping
erosion, constituted 1% of the failures. It is important to note that while the f ailure mechanism of
overtopping accounts for a significant large portion of the historical dike breaches, it is only possible
along coastal defences and riverine defences where sufficient fetch length for  the development of
waves is available. The research presented in (Vorogushyn, Merz, and Apel 2009) complements these
findings, identifying similar predominant failure mechanisms in dike breach incidents in Hungary from
1954 to 2004, and in the Saxony region of Germany during the flood event of August 2002. These
observations align with the previous stu dy, as it highlighted that failure mechanisms stemming from
overtoppingfiincluding overflow, wave overtopping, and wave impact fiwere involved in 73% of the
total dike failures analyzed. In the same study for the cases of Hun gary and Germany (Vorogushyn,
Merz, and Apel 2009), piping erosion failure mechanism accounted for significantly higher failure rates
(20%) and German (9.5%) flooddefences compared to Dutch cases (1%), a variance largely due to
enhanced dike heights and misattributed animal -induced damages. According to Danka and Zhang
(Danka and Zhang 2015) global studies confirm similar rates of dike failures due to slope stability as
seen in Hungarian and German scenarios while the Dutch study in (Van Baars and Van Kempen 2009)
attribute s 68% of dike failures to piping erosion and wave overtopping. In the VNK project (Jongejan
and Maaskant 2013) a large study conducted to assess the flood risk of each of the protected Dutch
provinces and their flood defence system, revealed that while piping and overtopping may contribute

to over 50% of failures in the Dutch flood defence system, macro-stability type of failure still requires
monitoring and especially during high water levels as it is not fully controlled and often result in
extremely high costs when strengthening of the system is required due to this type of failure
mechanism.
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Embankment slope stability failure is a critical geotechnical issue that can have severe con%}
for infrastructure and the surrounding environment; especially for dikes as it may lead to an event

dike breach and consequent flood of the protected a rea. Slope instability failure occurs when the
forces acting on a slope exceed the material's shear strength. Hence a mass rotational displacement
of a part of the slope is generated which depending on its size may or may not lead to the inflow of
waterto the protected area. Its occurrence will mainly depend on factors like the material properties,,
for example . It is common practice for embankments and dikes to be constructed from compacted
soil, rock, or other materials which have specific geo -mechanical properties that influence the
resistance of soil against shear such as cohesion, internal friction angle, and density.

Figure 4. 1Jkdijk real scale test of slope stability under extreme loading conditions & The Netherlands The ljkdijk was a
fialure test with embedded sensors used for better undertnaing of dike failure (Source: http://dutchdikes.net/wp
content/uploads/2014/11/best parctice ijkdijk 1600.jpg ).

Also, these structures are often designed as a function of the slope angle, height, and length. These
geometric factors influence the stress distribution within the layering of the soil which will have a
different response depending on the structural loading conditions. Normally, these structures  are
exposed to static loads from their weight and additional dynamic loads such as traffic or
environmental ones such as water loading, rainfall and even drought. This later one is a relatively
new consideration as the desiccation of soils also exerts additional capillary stresses inside the soil
matrix which directly influence the soil resistance to shear in both positive (reduction of effective
stresses) and negative (generation of cracks) ways. Now from a resilie nce point of view, loading
conditions are considered as shock events whereas progressive deterioration of the construction
material is better understood as stresses of the resilient system. Progressive deterioration factors
such a drought may also lead the structure to failure either during an extreme loading condition or
during an extended period of no maintenance. Other divers such as prolonged or intense rainfall
events can also infiltrate larger amounts of water towards the core of the embankment, incre  asing
pore water pressure within the soil. This reduces the effective stress and the soil's shear strength.
This process is normally exacerbated by the eventual presence of cracks. When infiltrating water
increases, inner pore water pressure reduces the fr iction resistance among soils granular structure
reducing the effective stress and the shear strength of the soil. These may eventually result in the so
cal Ited or i ti cal:aslpplamewhere failareiendost likely to occur where the slope is
more susceptible to movement. Other deformations of the soil mas can happen if for example , creep
occurs. Creep is a slow, continuous deformation of the slope materials under constant stress , which
will be evidenced physically over the silhouette of the dike as a gradual displacement. Over time,
this can weaken the material structure and reduce stability until an eventual formation of a slip
surface. All pr evi ously mentioned O6symptomsd of a sl ope st al
inspectors as they can be evidenced between inspections which are often performed on a yearly basis
assuming they do not lead to an eventual collapse. However, small -scale movements and minor slips
can also occur along the potential failure surface. These movements may no t be noticeable initially
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but can progressively weaken the slope which may collapse during water loading events I%ﬁf
the ones assumed during the structural design of the dike. Other external factors such as earth es
can induce additional dynamic stresses and displacements, disrupting the soil structure. Excessive
loads from construction activities or heavy vehicles can also increase the stress on the slope,
exceeding its bearing capacity. However, these lat ter ones can be better control led during the design
process of these structures if assuming no deterioration of the construction materials. All previous
drivers and symptoms are important as they can be used as evidence of the eventual expected types
of failure of these structures. For th e specific case of dike slope stability, there are 4 main failure
mechanisms:

1 Shear Failure : The most common mechanism in slope instability, where the shear stress
along a potential failure surface exceeds the shear strength of the material, leading to a slip.

1 Rotational Slip : Often observed in homogeneous, cohesive soils, where a circular or
cylindrical failure surface forms, and the soil mass above this surface rotates outwards and
downwards.

I Translational Slip : Common in stratified soils or where weak layers are present. The failure
surface is more planar, and the soil mass slides down the slope.

I Toe Erosion: Erosion at the toe of the slope, often caused by water flow, removes support
from the base, leading to increased stress and potential failure higher up the slope.

At the moment, dikes are monitored with the use of point type of sensors like standpipes
(piezometers), tensiometers (moisture content) , inclinometers (angular displacements),
thermometers (temperatures) and larger scale sensors such as infrared radars and remote sensing
among others. These sensors allow to have a better understanding of the dike behavior, but it is often
human-trained inspectors who monitor the dike in the search for symptoms of all the eventual types
of failure of dikes. In the case of sl ope stability, inspectors often search for symptoms which may give
information not only of the type of possible failure but in which stage of the process is the dike failure
located in time. Some of them are :

1 Cracks and Fissures: Development of tension cracks on the slope surface, particularly near
the crest, indicating tensile stress and imminent displacement.

1 Bulging and Settlements : Visible deformation such as bulging at the slope base or
settlements on the crest.

1 Seepage and Piping: Increased water seepage through the slope, indicating internal erosion
and potential piping, which can create voids and weaken the slope structure.

For the case of flood defences directly integrated into the water management systems such as
irrigation, navigation and drainage canals, it has been widely observed that failure mechanisms of
settlement, desiccation and animal burrowing are becoming significantly more important due to the
increase in the frequ ency and extent of occurrence of drought driven water events (see Figure 5.).
This was also pointed out after the study of weakening levees due to extreme drought in California
(Robinson and Vahedifard 2016)
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Figure 5. Drought induced crack over peat dike at Flood Proof mﬁnd dike lab at TU Delft, Delft  -NL. (Credits: Juan Aguilar -
Lépez)

The drought component when exerted by soil made structures represents a very important failure
mechanisms as the decay of the geo-mechanical properties plus de eventual occurrence of cracks will
directly influence the infiltration rates towards the core of ~ the embankments, directly modifying their
slope stability process. It is for this reason that in MULTICLIMACT, the early warning systems for dikes
will aim to monitor two main failure mechanisms: i) desiccation of the clay cover and ii) slope
stability . Understanding and monitoring these deterioration and failure processes is crucial for the
maintenance of embankments to prevent catastrophic failures and to make the flood defence systems
more resilient. Especially towards climate change as the occurrence of both floods and droughts are
often more intense, more recurrent and even recently demonstrated not independent. Regular
inspections, proper drainage management, and timely interventions are essential to mitigate  the risk
of slope instability and ensure t he long-term stability of embankments.

5.1.2. FAILURE MECHANISMS OF MOVABLE BARRIERS

Movable also referred t o ansstofprewna defanfloodingfof aceasdvithb ar r i er s
small volumes to ensure the safety and access of inland areas, especially in urban environments. The
effectiveness of these barriers depends on their connection tightness to the underlying surface and
the end connections and their water loading. Temporary flood barriers are described as systems
composed of removable flood protection products that are fully installed in response to a flood event
and completely removed when the water levels recede, according to the "Temporary and
Demountable Flood Protection Guide" (Ogunyoye, Stevens, and Underwood 2011)from the England
and Wales Environment Agency. Movable flood barriers are also critical components of modern flood
defence systems, particularly in urban areas where flexibility and adaptability of the habitable areas
are essential. Unlike fixed flood defences like dikes, movable barriers can be deployed or retracted

as needed, allowing for better management of water flow and  flood prevention without permanently
altering the landscape or blocking views. Both fixed and movable types of systems work under th e
same principles of water retention but have very different behavior in terms of their deterioration

and their performance during flood events. These systems are often modular and installed before the
flood events which makes their environmental deteriora tion not possible. From a resilience standpoint
that means that these systems are often used and designed for shock type of events (Order of
magnitude of hours to days).

These temporary systems can be tailored for specific sites and often are composed of smaller barrier
elements which require in place assembly. Since they require pre -installation, they are limited to
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certain locations and even sizes of protected areas. However, they can be easily deployeo%;
which are not necessarily always flood prone. Both movable flood barriers and previously descKbéd
flood defences are conceptually engineered structures purposely designed to reduce the time of
assembly and storage while being cost efficient. However, this makes the barriers more prone to
failure as their intra element coupling and ground anchoring become less effective due to the
variation of slopes and terr ain cover. Hence, the importance of understanding the mechanisms that
can lead to the failure of movable flood barriers is of paramount importance. While not much
literature can be found on the safety assessment of this type of structure, it can be well identified
from their similar behavior of other water retaining structures that the main failure mechanisms of
these types of barriers are also because of:

1 Lack of water retention capacity due to low vertical span availability when compared with
the exerted mean water level. This failure is often referred to as 0Overflowo failure
mechanism.

1 Lack of water retention capacity due to low vertical span availability when compared to
the generated wave height. This failure is often referred to as  0Overtopping6 failure
mechanism.

1 Lack of ground anchoring capacity due to lack of friction resistance to horizontal hydrostatic
and hydrodynamic loading. This failure is often referred to as  0Sliding6 failure mechanism.

1 Lack of structural stability due to unbalance of torsional moments due to water loading or
wave impact. This failure is often referred to  a s Tilting 6 failure mechanism.

T Lack of water retention capacity due to | ack of v
This type of failure can also occur between the flood barrier and the ground. This failure is
often referred to as OLeakaged f a méchaniem.

1 Lack of stability due to buoyancy forces derived from hydrostatic pressures. This failure is
often referred to as oUnder-pressureo failure mechanism.

All previously listed failure mechanisms are better depicted in the  Figure 6. Note that in general, the

failure mechanisms for movable barriers always occur in very short time spans comparable with the

flood event which means that from a resilitypesofe poi nt
failure mechanisms. Both movable flood barriers and previously described dike flood defences are

conceptually engineered structures purposely designed to withstand variable water loading. These

loading can vary from rising water levels during storm sur ges or heavy rainfall events to small wave

and debris impact events.

Overflow Overtopping Sliding
e
Tilting Leakeage Under-
pressure
bb
\ > .

Figure 6. Shock driven failure mechanisms of movable barriers.(Credits: Juan Aguilar -Lépez)

The failure mechanisms presented previously apply for barrier systems that are often composed of
smaller barrier elements which require in place assembly and locking. Since they require pre -
installation, they are limited to certain locations and even sizes . Nonetheless, these restrictions and
ranges of applications also depend on the system concept and consequently every system will have
their own list of failure mechanisms. Some barriers may fail per element, and some may fail by

Co-funded by
the European Union




prtdl(( @

D3.1 8 Review, design and specifications of Fiber optic -based monitoring systems for flood 3
defences {

longitudinal section. This also means that failure can be identified as spatially distributed wi—
distributed when analyzed by an element which makes these systems very attractive “forCiie
implementation of spatially distributed monitoring systems like the fiber optics -based ones. A
preliminary classification of these movable flood barriers has been proposed in the recent
experimental work performed by Delft University of Technology and the Waterboard from Limburg
(Chan 2024)and is presented in Figure 7.

Temporary Flood Barriers

Filled Container Tube Shape Free-Standing Frame

ol e, typcaly wateeprcol geosyrinati el

Permeable Impermeable Air Filled Water Filled

Mobile Dike

Figure 7. Classification of Movable barriers presented in (Chan 2024) (Credits: Kou Wai Chan)

Failure of these barriers can have dramatic consequences. In urban settings, a malfunction could lead
to the inundation of city centers, residential areas, and critical infrastructure such as power plants,
hospitals, and transportation systems. All previously mentioned systems have different flood prone
points which result in their eventual service interruption or even collapse. Given their ~ topology, some
of the main different types of movable barriers are more suitable than other s depending on the
protected system. For example, impermeable systems are often used for protecting cultural heritage
for which the presence of humidity inside buil dings may pose a big threat while permeable systems
are more often used to attenuate water levels rather than impeding the entering of water. Tube
shaped systems for example, give extra flexibility for protection in cases where sharp angles for
direction change are necessary. This is the contrary case of barrier walls (Free standing) for which
their jointed nature reduces the bending radius on the system making it less flexible in places where
not enough space is available for mounting. This is also the case for frame based movable barriers.

The flexibility options will highly determine the aftermath of such events in terms of economic losses,
extensive property damage, and severe disruptions to daily life and business operations. Additionally,
movable flood barriers are important for environm ental management. They provide a dynamic
solution that can be adjusted based on immediate needs and conditions, reducing unnecessary
ecological impact when flood protection is not required. A comprehensive understanding of potential
failure modes is essential for ensuring the reliability and effectiveness of movable flood barriers. This
includes regular maintenance, rigorous testing, and continuous improvement of technology and
operational protocols. By enhancing the resilience of these barriers, communitie s can better adapt to
changing climate conditions and more effectively mitigate the risks associated with severe flooding
events.
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5.2. FOSFUNDAMENTALS AND ITS APPLICATIONS IN MONI \'G

Hydrogeologic risk can be a concern not only when dealing with large civil engineering works or with
natural barriers as levees, but also when dealing with movable barriers. These are often intended as
means to contain floods on a small scale, e.g. defending buildings or private houses from water inlets.
The integration of fiber optic sensors (FOS)with movable barriers can improve their operational
efficiency because by monitoring the strain and movement of these structures, engineers can ensure
their prop er function during flood events. A typical commercial barrier system is shown  Figure 8.

— |
)
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Figure 8. Typical commercial movable barrier type of system for protecting  a garage from inundation.

Fiber optic sensing (FOS) technology has become affordable over the years for many applications:

indeed, it is the basis of important case studies involving structural health monitoring of buildings

(Wu et al. 2020), (Jayawickrema et al. 2022) , and infrastructures or strategic assets(Wijaya, Rajeev,

and Gad 2021; Du et al. 2020). This chapter of the deliverable focuses on the application of F.O.

technology in water and hydrogeological risk because it has gained more and more credit during the

last years in flood defence. Hydrogeologic risks have always been a topic of interest and flood
defences and movable barriers can be 0O0sensedod6 thank:e
implementing FO-based monitoring systems communities can improve the resilience of their flood

defences, mitigate flood risks, and ultimately savelive s and property. A O0smart | ev
can be equipped with different types of sensors that once integrated, thanks to the information

collected, can show the state of health of the embankment, both in quiet times but also in case of

exceptional eve nts.

Until now, no scientific publications have been found at this time regarding a fiber optic monitoring
system for these kinds of movable systems This shows already how innovative is the combination of
these two relatively new fields for flood defence and monitoring.

Further research and development are needed to optimize the design and implementation of fiber
optic sensor systems for flood defence monitoring. These efforts include improving data processing
algorithms for real -time analysis, but also developing cost -effective and scalable deployment
strategies: indeed, a fiber optic monitoring system can be suitable only for large scale applications
or for many small barriers, because of the high costs of this application. Section 5.2.1 will show
possibilities regarding monitoring these kinds of barriers, bas ed on systems available on the market.
Great engineering works will be also shown to hypothesize fiber optic health monitoring systems
implementing.

Fiber optic sensing techniques have obvious advantages compared with traditional sensors commonly
used in geotechnical applications, such as being light and having high sensitivity and long -distance
detection capability. In addition, the monitoring network constructed by fiber optic sensing
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technologies can simultaneously monitor various parameters, such as strain, tempera@
deformation of the geotechnical structure. These sensors can measure very small changes in‘phystCal
parameters with high precision and resolution, and they can ope rate over a wide range of
temperatures, pressures, and frequencies without losing their performance. In these applications FO
are preferable over other sensor types for other several reasons: the first is that linear sensors fit
well with the typical geome tries of these infrastructures and, thanks also to their thin and lightweight
nature, result in simplificationinin -field installation. For levees, for example, by laying and attaching
the cable to the structure allows to monitor several kilometers of inf  rastructure with a single element.
FO sensors are also immune to noise or crosstalk and to electromagnetic interference, which typically
affects electrical sensors. It is possible to use the same type of cable as that used for
telecommunications.

Furthermore, in monitoring systems based on FO only the interrogator apparatus needs power. In fact,
it is the device that sends the optical impulse into the cable and, according to the optoelectronic
principle on which the device is based, sees whether an d where there has been any deformation or
temperature change along the sensor. In addition, with the development of the technology and the
increase of applications, interrogatorsd cost
competitive with other solutions..

5.2.1. FOS BASED MONITORING METHODS

Fiber optics is a purely photonic-based physical problem in which the change of properties of elastic
and inelastic light propagation through a medium is used as a proxy method for determining and
quantifying environmental changes which affect the propagation medium. When a light wave
propagates in a medium, it interacts with the constituent atoms and molecules, and if its wavelength

is far from a medium resonance, the electric field induces a time dependent polarization dipole. The
induced dipole generates a secondary electromagnetic wave, and this is so called light scattering.
Because the distances between scattering centres (particles) are smaller than the wavelength of light

in the optical fibers, the secondary light waves are coherent for Rayleigh scat tering. Hence, the
resulting intensity is the addition of the scattered fields.

When the medium is perfectly homogeneous, the phase relationship of the emitted waves only allows
the forward scattered beam. The optical fiber is an inhomogeneous medium where scattering arises
from microscopic or macroscopic variations in density, composition, or structure of a material through
which light is passing. The random ordering of the molecules and the presence of dopants cause
localized variations in density (and th erefore refractive index). Hence, three different components
of the wavelength spectra may be affected due to eventual thermo -mechanical influences over the
light propagated medium. They are known a s Rayleigh, Brillouin and Raman backscattering light
components. For the case of the Rayleigh scattering, the thermomechanical alteration of the medium
causes attenuation of the forward -propagating signal intensity (and the creation of a backward -
propagating wave). In this type of scattering, there is an elastic backscattering effect because no
energy is absorbed by the propagation medium, normally, glass fiber. In the case of Brillouin and
Raman scatterings, rather an in -elastic scattering from a thermo -mechanical influence over the
medium (glass fiber) occurs and is directly associated with some frequency shift, as shown in Figure
9. This figure showsthe typical topology (shape of the function) of a backscattering spectrum of light

in a solid-state matter element and its expected displacements in terms of their stokes and anti -
stokes components for each of the types of light backscattering.
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Figure 9. Typical backscattering intensity function. Image borrowed from  (Tyler et al. 2022)

Raman spectra usually contain many sharp bands with separations between bands corresponding to

the electronic vibrations and each bandwidth results from molecular rotation or reorientation

excitations (this kind of scattering is due to the interaction of t he lightwave with molecular

vibrations). The Brillouin lines, which can be seen on both sides of the Rayleigh peak, are due to the

scattering of sound waves in opposite directions. The scattering is defined aso spont aneousd beca
it does not alter the pr operties of the medium.

Assumed that the Brillouin scattering in optical fibers describes the interaction ofan  electromagnetic

field (photon) with a characteristic density variation of the fiber, the technologies based on this

principle are the most used in geotechnical applications exploiting fully distributed optical sensing.

Brillouin scattering physical principle permits the following different technologies.

9 Brillouin optical time domain reflectometry (BOTDR) sensing technology : a pump pulse light is
injected into the fiber, and the interaction between the incident light and the acoustic phonons
forms the back-scattered light, as shown in Error! Reference source not found.
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Figure 10. Working principle of BOTDR sensing technology.
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Considering the application of such sensors, Ma et al. (Ma et al. 2023) reviewed in their Eer
the works dealing with fiber optic sensing technologies in geotechnical monitoring, focusing on

both Fiber Bragg Gratings (FBGs) and Distributed F
working principle is represented in Error! Reference source not found. . They are wavelength -b

ased sensors, realized by inducing permanent periodic changes in the index of refraction of the

core of an optical fiber (HillKenneth et al., 1997). The periodic pattern so produced forms an

interference pattern for the propagating | ight, which acts as a grating.
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Figure 11. Fiber Bragg Grating principle.

The incoming light spectrum is partially reflected by the grating (so -called Bragg wavelength)
while the rest of the spectrum passesover almost undistorted, as shown in Figure 11. The
reflected central Bragg wavelength can be calculated as:

Rs = 2ngC
w h e r gds thr reflected central Bragg wavelength, n ¢ is the effective index of refraction, and
Nis the index modulation.

Using optical fibers to form a measurement network of multiple FBG sensors, the comprehensive

use of multiplexing technologies can achieve quasi -distributed monitoring. The strain or

temperature information of each FBG installation point can be measured ac curately through this
method, but FBG sensing technology can only realize quasi-distributed monitoring due to the

blind area between the sensors, unlike fully distributed optical sensing technology.

Some researchers directly encapsulated bare FBG sensors in a resin or metal slice base using
polymer adhesives, as shown in Figure 12 a).
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Figure 12. Different strategies exploited to encapsul ate FBG sensors.

These sensors were usually embedded inside the geotechnical structure. Figure 12 (b) describes
a packing method. A bare FBG sensor was packaged in a metal tube, and then the clamping
members were installed at both ends of the sensor. Figure 12 (c) presents another packaging
method by covering the bare FBG sensors with metal -coated materials (for example with the use
of magnetron sputtering or electroplating processing methods). Generally, the coated FBG
sensors usually need to be packed twice due to the thin thickness of the metallic coating.
However, secondary packaging requires more cost and reduces the stability of FBG sensors.
Speaking about DFO sensors, their concept is based on Raman, Brillouin, and Rayleigh scattering.
Time domain and frequency domain analysis can be used to get location information in the fiber
to provide distributed information on temperature, strain, and vibration. When an
electromagnetic wave is launched into an optical fiber, the light will be redistributed by various
mechanisms in the form of Rayleigh, Brill ouin or Raman scattering. If the local temperature,
strain, vibration, and acoustic wave changes are relayed to the optical fibers, the scattered
signal in the fiber will be modulated by these physical parameters (Bao and Chen 2012)

BOTDR sensing technology only needs to set up a light at one end of the fiber and realize
distributed monitoring without constituting a loop. Even if the fiber is pulled off in the monitoring
process, the data from the breakpoint to the measuring station ¢ an still be obtained, and the
practical application is convenient.

9 Brillouin optical time domain analysis (BOTDA) sensing technology: A short pump pulse and a
probe light are injected into the two ends of the fiber. When the frequency difference between
the two lights matches the Brillouin frequency, the weak pump signal is amplified.

9 Brillouin optical frequency domain analysis (BOFDA) sensing technology: The continuous pumping
pulse light and the Stokes light are injected into the two ends of the fiber, respectively, as shown
in Figure 13. By monitoring the frequency difference between the two lights, the strain and
temperature can be obtained by the calculation of the baseband transmission function and the
impulse response function.
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Figure 13. Working principle of BOFDA sensing technology.

In addition to Brillouin scattering -based sensing technologies, Rayleighscattering -based sensing
technologies can also be used for geotechnical health monitoring. Optical frequency domain
reflectometer (OFDR) can measure changes in temperature or strain of the structure based on
the frequency of the Rayleigh scattered signal | ight.

The OFDR sensing technique is suitable for monitoring delicate cracks in geotechnical
infrastructure due to the advantages of high measurement accuracy, but the short monitoring
distance limits the application of this technology in large -scale geotechnical structure
monitoring.

The distributed acoustic sensing (DAS) technique based on Rayleigh scattering exploits the
proportionality between the interferometric light phase change and the change in the vibration
signal measured by the interferometric acoustic sensor. The vibration information of the
structures can be obtained by demodulating the interferometric signal.

In addition, Raman scattering -based sensing technologies, such as Raman Optical Time Domain
Reflectometer (ROTDR) and Raman Optical Frequency Domain Reflectometer (ROFDR), are
usually used to monitor temperature changes due to their high sensitivity to tem perature.
Despite that, the Raman effect is weaker than the Rayleigh effect because it is a second order
scattering process (it involves two photons interacting with the sample). This makes the Raman
effect less likely to occur, resulting in a weaker signa .

5.2.2. FOS INTERROGATORS

Backscattering properties are related to different physical changes in the medium which require a
different type of post -processing depending on the type of measurement. Most common types of
measurements in the fiber optics sensing world are based on chang es in temperature, strain and
acoustic perturbations in the measured medium. These different types of measurements require a
different type of post -processing of the backscattered signal which results in different requirements
in the hardware used forthis pr ocess. This hardware is often referrecd
interrogation unit. The combination of interrogator and sensing cables is often referred to a s the
distributed fiber optics sensing system ( DFOS. Different interrogators are configured in different
manners depending on the type of measurement and are based on combinations between the use of
backscattering components and the ways they solve the representation of the system in time, space
and frequency domains. Backscattering phenomena in optical fibers are solved by the interrogators
which are mainly used to provide spatially resolved and continuous profiles of the physical quantities
to be measured along the cable sensor length.

The most commonly used DFOS technologies are the following:

9 Distributed Temperature Sensing (DTS, using Raman scattering: This technology is widely used
in fire detection, power cable monitoring and leakage detection in pipelines and geotechnical
structures. It is sensitive to temperature only and provides distributed temperature data over
several tens of kilometers with a spatial resolution below 1 m.

;
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9 Distributed Acoustic Sensing (DAY, using Rayleigh scattering, is mainly used in geo@?‘ﬁ
seismic investigations as well as in security applications. With DAS, vibrations and acoustic:elents
can be recorded and spatially resolved over tens of kilometres. In geotechnical monitoring, DAS
is used for leakage detection, slope monitoring and structural health assessment.

1 Distributed Temperature and Strain Sensing (DTSS: Both Rayleigh scattering and Brillouin
scattering can be used for simultaneous strain and temperature measurements. While Rayleigh
scattering traces a geometrical signature of the fiber, thereby measuring displacements with mm
resolution over ca. 100 m length, Brillouin scattering allows for measurements of the absolute
density state of an optical fiber, providing strain and temperature profiles over more than 50
km, allowing for spatial resolutions below 5 0 cm.

Optical fibers, with their abilities to be deployed as sensors for various physical quantities (aside from
their more common task of transmitting data over the world), have contributed to geotechnical
instrumentation for more than two decades now.

Most of the various fiber -optic sensing technologies & when looking at their applications in
geotechnical monitoring & have the following characteristics in common:

I They are robust against harsh environments, long -term stable and chemically inert

1 They are immune against electric fields (lightning puncture!), do not require electric power at
the sensing position and can be designed to have no impact on electric fields themselves (electric
power cables!)

1 They are small in dimension and can be deployed at positions with limited accessibility

The different fiber -optic sensing technologies can be categorized further into discrete sensing

techniques (as equivalent to conventional sensors with point -by-point connectivity and discrete

sensing positions), quaskdistributed techniques (specifically Fiber-Bragg Gratings (FBG)), and truly

distributed fiber -optic sensing, where every position along an optical fiber is part of a spatially

continuous, uninterrupted sensor (see Figure 14).

0580 0313 0,738
030 0620 0,731
0,104 0,080 0014

Discrete Sensing

Distributed Sensing
Figure 14. Types of spatial distribution of sensors along a longitudinal structure e.g. a bridge (Credits: FibrisTerre)

Within the numerous applications of DFOS in geotechnical instrumentation, the specific tasks of the
MULTICLIMACT project, being the monitoring of dikes and movable barriers, can be brought down to
the primary physical quantities measured by the available D FOS technologies as described above:

i Static, long -term strain as the primary measur ement of Brillouin DTSS: Used to measure soil
deformation, erosion, gliding, settlement/subsidence, slope breaks, as well as displacement of
individual segments in movable barriers

1 Dynamic strain, vibration and acoustics (from DAS): Can be used for seismic evaluation of the
stability of the dike body as well as for wave impact and soil liquefaction detection

1 Temperature from Brillouin DTSS and Raman DTS: General indication of soil condition and ground
permeability

In addition to these primary measurements, several secondary quantities are of key importance for

dike condition monitoring:

U
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1 Humidity / moisture: Indirectly derived from temperature measurements (DTS or DTS%
used to quantify seepage, moisture content, flow (piping), and other key stability and fail
indicators. Heat -pulse cables (see below) can be used to increase tem perature sensitivity.

1 Pore water pressure: Recent research has shown that distributed measurements of pore water
pressure are possible with special cable designs that convert strain from Rayleigh and Brillouin
DTSS into pressure information.

Throughout the research activities within the MULTICLIMACT project, we will focus on Brillouin DTSS
measurements for both temperature measurements to gain indications about moisture and seepage,
and strain measurements for ground deformation monitoring.

Distributed Brillouin sensing uses the nonlinear optical effect of Brillouin scattering to record a
spatially resolved profile of temperature and strain along the sensing fiber. The spatially distributed
trace is recorded 9 as in all other DFOS technologies 6 by sending short optical pulses from the
interrogator unit into the fiber. These pulses, while  travelling along the fiber, will create small
portions of light to be scattered back to the origin (the interrogator unit). Analyzing the time of flight

(the time passed from injecting the pulses till a specific backscattered portion of the light arrives
back at the origin), the spatial position from which this portion of backscattered light had been
created can be reallocated.

Specifically for Brillouin DTSS, the backscattering light experiences a downshift of its optical
frequency. This downshift is characteristic for the specific type of optical fiber and is linearly
dependent on the absolute local strain and temperature state at the respective position where the
portion of backscattered light is created. Consequently, a Brillouin DFOS interrogator unit
simultaneously analysis the time of flight of the backscattered light to retrieve the spatial profile
along the fiber, and the characteristic Brillouin frequency shift to quantitatively retrieve the local
strain and temperature states for each position.

In order to excite Brillouin backscattering bearing strain and temperature information in the Brillouin
frequency shift, there are the following two techniques to be distinguished .

In the reflectometry configuration, pulses are sent out from an interrogator unit, creating self -
induced backscattering that is analyzed over the full spectral range of all occurring Brillouin frequency
shift values along the fiber. This first technique, thus, works in a single -ended configuration (only the
insertion end of the sensing fiber needs to be accessible by the interrogator unit) and is referred to
as Brillouin Time Domain Reflectometry ( BOTDR or Brillouin Frequency Domain Reflectometry
(BOFDR.

In the analysis configuration, a counter -propagating optical signal is injected from the other end of
the fiber. This stimulates Brillouin scattering when meeting with the inserted pulsed signal, and allows
for a far stronger measurement signal, higher spatial resolution and accuracy and lower measurement
times, but requires access to both fiber ends, being referred to as Brillouin Time Domain Analysis
(BOTDA or Brillouin Frequency Domain Analysis (BOFDA

The difference in the time/frequency domain acquisition techniques (BOTDR/A vs. BOFDR/A) lies in
the fact that in frequency domain techniques (to be precise, in  incoherent frequency domain
acquisition), the optical pulses are replaced by a series of harmonically modulated optical signals that
correspond to the spectral components of the respective pulses. This acquisition of the spatially
resolved Brillouin frequency shift signal one spectral component after the other allows for the use of
noise-filtering t echniques in the frequency domain and a cost -efficient implementation of highly
digitized signal processing.

5.2.3. FOS CABLES

Fiber-optic cables are available in a large variety of designs, differing in material composition, cross -
section shape and diameter, number of fibers included and many more. Conventionally such cables
are designed and optimized for their tasks in telecommu nications. Such designs aim at decoupling the
optical fiber from environmental conditions and mechanical threats. In fiber  -optic sensing, especially
in DFOS technologies where the fiber in its whole becomes a sensor for mechanical and other
environmental o ngoing in the structure surrounding the cable, such decoupling is not desired

’
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In recent years, industrially optimizes dedicated fiber -optic sensing cables for strain mea%;,
temperature measurements and other physical quantities that DFOS technologies can retrieve:f a
sensing fiber have become available on the market from several manufacturers of fiber -optic cables.
The design goal for fiber -optic sensing cables is a trade-off between mechanical protection of the
fiber and maximum sensitivity of the fiber to the desired physical quantity. Due to the variety of
parameters and the delicacy of this trade -off, the choice of the best fiber -optic sensing cable for
each application is as criti cal for a successful project as the selection of the interrogation technique.

For Brillouin DTSS systems, there are three general categories of fiber -optic sensing cables to be
considered:

9 Strain sensing cable: The key for a good transfer of mechanical deformation of the surrounding
structure into the sensing fiber is a tight -buffered cable design. That means that the fiber cannot
slip inside the cable, any strain experienced by the cable shall be transferred directly into the
fiber. The degree of elasticity of the coating layers, which will remain a buffer for the strain
transfer, can differ between cable designs. Fiber-optic strain sensing cables can comprise
metallic designs (with a FIMT (=fiber-in-metal -tube) of stainless steel as the primary layer into
which the fiber is glued or clamped), or exclusively non-metallic polymer materials.

1 Temperature sensing cable: As opposed to strain sensing cables, dedicated temperature sensing
cables have the goal to decouple the sensing fiber from (ideally) any mechanical strain or stress
experienced by the cable. This requires a loose-tube cable design, in which the fiber can move
freely with minimized friction. Moreover, the fiber needs to be longer than the outer layers of
the cable design. This excessive fiber length allows the fiber to stretch with outer cable strain
without experiencin g actual mechanical strain itself. Tem perature sensing cables can be metallic
(FIMT) or non-metallic designs.

I Hybrid sensing cables: There is a number of cable designs that combine loose -tube fibers (for
temperature sensing) and tight -buffered fibers (for strain sensing). Such designs allow to combine
distributed temperature and strain measurements within one cable.

Based on new applications of DFOS, various technologies have been developed to realize a
measurement set-up; especially for geotechnical monitoring. These sensing cables have different
encapsulation methods and protection materials (see figure Error! Reference source not found. ).

outer protection layer
tube [steel or polymer)
tight buffer material
optical fiber

auter protection layer
tube (steel or polymer)
optical fiber with excessive length

Figure 15. Fiber-optic sensing cables for strain (left) and temperature (right)(Credits: Fibiristerre)

Consequently, they have different sensing characteristics and are suitable for different conditions:
for example, Figure 16 shows the crosssections of two types of fiber optic cables used in tunnel
health monitoring.
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Figure 16. Structure of optical fiber cables: (a) strain sensing fiber cables and (b) connected fiber cables.

One of the cables (a) consists of glass cladding, a glass core, and a plastic coating, and the thickness

of the plastic coating is 900 Om. The connecting cabl
sensing cable. Fiber bunches (b) were installed in the gel -filled tube, and then the gel -filled tubes

were contained in a cable jacket surrounded by Kevlar yarns. The central member and three dummy

tubes were used to improve the tensile strength of the cable, which can effectively prevent the inner

fib er from being damaged in a harsh working environment.

Various advanced and powerful sensing cables for landslide monitoring are summarized in Figure 17.

Metal or GFRP reinforcer ~ PE sheath OFRP reinforcer

Glass cladding %
Glass core O ‘ \
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Polylurethane O O s
elastic sheath O . O |
PE sheath Optical fiber  Aluminum pipe Optical fiber

Polylurethane sheath cable Reinforce single core cable Aluminum packaged fiber-
@) reinforced cable
(b) (o)
Figure 17. Structure of optical fiber cables.

The Polyurethane sheath cable (a) has a high sensitivity to soil deformation due to its low modulus of
elasticity and is usually embedded in the soil for monitoring slope displacements. The reinforced
cables (b) and (c) exhibit good coupling behavior with rock and concrete, have high tensile strength,
and can be used in harsh working environments.

5.3. FOS FOR FLOOD DEFENCES

Fiber optic sensing technologies have great potential for dams and levees health monitoring,
especially fully distributed optical sensing technologies that are widely used for monitoring
deformation s and leakages.
Regarding deformation, it is very important to note that is a kind of direct monitoring because strain s
and stresses are the most important parameters analyzed. Leakages, instead, are indirectly monitored
because this information is obtained through temperature measurements.
In this paragraph of the deliverable different applications of fiber optic sensors are described to
understand the potentiality of this technology in  the geotechnical field and the following sections are
reported:
1T 0Seepage and |l eakage monitoring through temper a
applications with fiber optic technologies monitoring temperature, being this parameter the
most studied when dealing with failure mechanisms of flood defences.
T 6Moni tor seepages through pressure: the FIBRADI K
framework of FIBRADIKE project which monitors water pore pressure thanks to a clever
design.
f OoMonitoring strain parameter in flood defencesboé:
technologies monitoring strain.
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5.3.1. MONITORING OF SEEPAGE VIA TEMPERATURE

Phreatic levels and seepage are important unknowns for slope stability asse ssment that can influence
the correct function of an embankment, levee or dam. The thermometric method of seepage
monitoring employs the study of heat transfer characteristics in the soils, as the temperature
distribution in earth -filled structures can be in fluenced by the presence of seepage. DTS experienced
authors (Ghafoori et al. 2020) , made a review of several methods that have been developed to
interpret the temperature data for the localization of the phreatic levels and in some cases to
estimate the seepage fluxes. An efficient DTS application in seepage monitoring strongly depends on
the following factors:

i installation approach,

1 calibration technique, along with temperature data interpretation,

1 post-processing.
The above-mentioned study reviews also the different techniques for the calibration of DTS
measurements. Considering the heat transfer process, the thermometric method is defined as
continuous or time -periodic repeating measurements of the temperature in the ground to trace the
groundwater flow. To obtain a precise temperature value, the DTS measurements need to be
calibrated, as aforementioned: the temperature data does not provide any direct information about
the seepage and this data needs to be processed and analyzed to obtain the required seepage -related
information. Attenuation in the optical fiber significantly influences the resulting temperature in the
system. In addition to the system mechanical attenuation and the physical attenuation in the cable
(such as connectors, splices, and bends), the strength of the optical signal decays exponentially with
di stance from the source (Beerdos | aw). DTS systems ¢
calibration for temperature measurements. In addition t o the system internal calibration, manual
calibration is required for many practical applications. The objective of both internal and manual
calibration is to eliminate the effect of attenuation to obtain accurate temperature measurements.
To optimize the DTS employment for temperature measurement in seepage detection, the selection
of an efficient and reliable calibration approach is essential. Commonly, the DTS system corrects the
longitudinal attenuation by introducing a linear power loss per length of t  he fiber with the unit of
dB/length. Also, the DTS system internally calibrates the temperature measurements by assigning a
reference section or reference point of the cable where the temperature on the cable is known and
monitored continuously by the prec ise thermometers which are attached to the system. In practice,
the reference temperature can be determined by immersing part of the optical cable in a water bath
at a stable absolute temperature. The DTS instruments such as power suppliers, laser, and det ectors
are temperature sensitive and may interfere with the temperature measurement process in the
system. DTS systems usually calibrate this sensitivity and eliminate its effect by a reference coil of
fiber which is commonly replaced between the direction al coupler and the sensing fiber.

The system continuously measures the temperature of the reference coil with a precise internal
thermometer and us es scatter to analyze and compare them to correct the instrumental errors.

In addition to the temperature data, which result from internal instrumentation calibration, the DTS
system also provides raw data which are the obtained intensity of Stokes and anti -Stokes
backscattered photons. Manual calibration techniques use these raw data and consider different
interference factors to obtain more accurate temperature results. In other words, the manual
calibration partially eliminates the role of the analyser unit from the DTS and calculates the
temperature results from the detected R aman scattered photons.

Most methods for thermal analysis of seepage with optical fiber require long -term measurements to
provide enough information for a proper interpretation. In addition to different approaches to the
application and installation of DTS, the researchers introd uced several techniques for analyzing and
interpreting temperature data that lead to seepage detection. In general, the process of seepage
monitoring in the embankments can be described as shown in Figure 18. It is a specialized form of the
Structural Health Monitoring (SHM) flow chart.
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Figure 18. Monitoring and detection of seepage in the embankment dam.

As aforementioned various techniques of data interpretation have been reviewed (Ghafoori et al.
2020). In general, there is a possible classification based on active and passive methods:

1 the first one can be applied by measuring the natural temperature of the embankment body,

1 the second one characterizes the seepage by applying active heat to the embankment and
monitoring its dissipation (cooling phase).
Regarding the passive measurement method, the DTS easily provides large number of measurements
of the natural temperature of the ground without any necessity to the power supply for heating.

Passive DTS is used for longterm temperature monitoring in embankments and earth -fill dams.
Hereafter different techniques developed are briefly summarized:

1 LagTime method: it is based on the temperature main dependence in the embankment on
the air and water temperature at the reservoir. This technique assumes that the seasonal
variation in air temperature and reservoir water creates the seasonal thermal response in the
dam body. A lower temperature variation during long -term monitoring excludes the presence
of a significant seepage path, while a larger seasonal variation may be a sign of seepage within
the embankment.

1 Source separation method: as there are many factors other than seepage that influence the
heat transfer in embankments, such as ground response, natural phenomena, leakages,
existing drain structures etc., this method is a statistical and signal processing -based analysis
that had been introduced to process the thermal data and eliminate the irrelevant factors
from the leakage information.

1 Singularity detection method : it is a statistical method for derivation of leakage information
from the temperature information. This method seeks dissimilarities in the temperature trend
to determine the measuring distances associated with the singularity zones. Indeed, in
temperatu re measurement, most of the measuring points show a common trend of
temperature variation in a certain acquisition time. However, the presence of singularities
influences the trend of temperature variation. This method is based on the relative
temperature variation of measuring points, therefore finding the precise absolute
temperature is not a necessity.

1 Impulse Response Function Thermal Analysis (IRFTA) method This method has been
developed especially from the temperature measurements at the downstream toe of dams.
This method is a statistical -based method that requires temperature measurements of at least
two months of thermal monitoring and employs a functio n for heat and water transfer in soil
depending on two parameters of the input signal: a signal damping factor and a time -lag that
quantifies the time elapsing between the loading onset and its respo nse by the system in the
measuring point. The impulse response function presents how the parameters of the input
signal (the damping and the time lag) are modified by the thermal behaviour of the dam.
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Regarding the second approach with power supplying for heating, it is based on shorter ex%
campaigns, because it is based on higher heat dissipation phenomena, and it is due to-f d

convection generated by water flows. So, it is easier to be det ected, even if it requires complications
in the experimental setup.

Early detection of leakages in hydraulic infrastructures is important to ensure their safety and
security. Significant flow of water through the dike can be an indicator of internal erosion and results

in a thermal anomaly. Temperature measurements are the refore capable of revealing information
linked to leakage. The acquired data can be influenced by several factors: among them , there are
water leakages, heat transfer through the above soil depth, seasonal thermal variations, and the
geomechanical environment. At the application level, it is obviously not possible to cover thousands
of kilometres of embankments for every watercourse with these smart revetments: focusing on the
most critical river sections, for example , urban areas is what should be done.

Internal erosion, which can be identified by the presence of leakages, is one of the major causes of
disorders in hydraulic structures and could lead to their failure. Consequently, it is needed to detect
these leakages and monitor their evolution for stru ctural health. This paragraph aims to show
applications in which leakage detection methods based on signal processing of the raw temperature
data from optical fiber sensors have been implemented.

In Khan et al. papers (Khan et al. 2014; 2010) a case study based on signatprocessing detection
algorithms is presented. Two systems have been exploited: a medium -term approach useful for
monitoring and an early -warning systemdased alarm approach for daily temperature analysis. The
resultant technig ues were validated for both simulated and real site data where they allowed
detection of artificial as well as real leakages. Although two data sets (simulated and real data) were
chosen for presentation, this chapter will focus on the real scenario and on  the methodology exploited
for hardware installation.

Internal erosion corresponds to the movement of soil particles under the influence of significant flow
through a dike. Even though physical parameters such as electrical resistivity and dielectric
permeability are implicitly affected by internal erosion, the temperature has a more direct link to it
in case of leakages, hence the use of thermal methods for monitoring of hydraulic structures.

The principle according to which a leakage is detected by optical fibers technology is shown in  Figure
19. The circles show two fictitious positions of the optical fiber: the dotted one somewhere in the
middle of the dike and the solid one toward the downstream toe. The optical fiber is connected to
the distributed temperature d&ensing (DTS) equipment placed at the power station. The temperature
measured by the fiber shows a gradient at the location where fiber intercepts the leakage.

dike structure
N
/ S N
Pl

o"

>,

canal

downstream

Figure 19. Principle of leakage detection with fiber optic sensors.

If anomalies are not present, the heat transfer is uniquely caused by conduction: the heat transfer is

attributed to the interaction between air temperature and  the temperature of water naturally present

in the ground, without the presence of any flow. Significant water flow through the dike brings an

additional heat component driven by the phenomenon of convection: so, the flow due to leakages

modifies the normal tem perature field due to conduction.

The commercial system exploited by (Khan et al. 2014; 2010) i s based on Ramands scat
Optical Time Domain Reflectometry (OTDR). As water leakage across the dike generates a thermal
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anomaly recordable by optical fiber, several measurements over time allow following the t%;
evolution of this anomaly. The acquired raw temperature data can thus be formulated as a fun¢

of distance and time. It is difficult, however, to identify t he leakage signatures on the raw
temperature data due to the influence of several environmental factors. Consequently, subsequent
data processing is required in order to isolate information specific to the leakages.

An EDF Electricité de France , company) installation located in the south of France has been
considered in (Khan et al. 2014; 2010) to validate the temperature data analysis methods, at the dike
enclosing the inlet canal that feeds a hydroelectric power house (see Figure 20).

e |

Hydroclectric station
DTS

Figure 20. lllustration of location of optical fiber at the toe of the dike in an installation carried out by EDF (Khan et al.
2014; 2010).

The real leakages could, for example, appear due to disruption of joints or opening of small cracks.
The optical fibers were installed over about 2 km along the dike. The distance over which the optical
fibers are installed depends on the history of visual inspections for already built embankments or on
the coarse location of potentially suspect zones. At the installation described in this case study, a
cable containing four optical fibers was installed at the downstream toe of the canal at 1 m depth.
The schematic representation of the layout is shown in  Figure 21: the configuration presents two
distinct elevation levels (Zone 1, from 0.1 to 1.25 km and Zone 2, from 1.25 to 2.2 km), which exhibit
two different thermal behaviors partly due to different soil properties and partly due to different
influences of solar radiations (inclination, absorption).

Figure 21. Optical fiber layout at the real site.

It shows two different levels and also two drains, labelled as D1 and D2. They have been designed to
drain out the water toward the drainage canal in case of infiltration and can be recognized by a
peculiar thermal response and constitute a distinguishable type of anomaly.

Tests of artificial percolation type leakages were carried out: in general, the procedure consisted of
bringing the canal water to the zone where fiber is buried with the help of a pipe. It is not necessary
for the optical fiber to be directly in contactw  ith water leakage from system installation perspective.
Direct contact will obviously ensure easy detection, but it is not a limiting factor. It has been shown
that the measured temperature provides information on the surrounding of the optical fiber in a
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radius of about 1 m (it depends on local geological parameters). Raw data acquir%%"
experimental test side over a length of 2 km are shown in Figure 22. Artificial leakages haveXbeen
created and they are evident on the graph. The underlying assumption of thermal measurements is
that a significant flow of water due to leakages could be identified by measuring the difference of
temperature between that of the canal and the soil in which the fiber is buried.

Attificial Leakages T ('C)
28

Distance (km)

Figure 22. Raw data from experimental results (Khan et al. 2014; 2010).

Theoretically, the recorded signal can be modelled as a mixture of many factors: signal -processing
techniques must be applied to the raw temperature data with the aim  of detecting the anomalies and
among them those due to the leakages. The aim of this chapter is not to deepen the mathematical
aspects behind the leakage-related variation of temperature. It is enough to say that even though
these factors can be a non-linear function of temperature, in the papers only the temperature values
induced by these factors, without trying to quantify the factors themselves which produced these
values, are considered. A source of temperature (as a function of distance along the fiber) is
attributed to different factors allowing to express the recorded temperature as a weighted linear
mixture of these factors.

The papers address the signal processing aspect, exploiting the key idea that the temperature
variations over the day for singular zones are quite different from those for non -singular zones: a
daily reference temperature variation, which is representative  of the non -singular zones, is estimated
using Singular Value Decomposition (SVD), which is mathematically defined as a technique to
decompose a matrix into several component matrices, exposing many of the useful and interesting
properties of the original matrix. In this case, the temperature matrix can be expressed as:

Y =MF +B

Where M represents the mixing matrix (the weights), F the independent sources induced by the
factors, and B is the noise. So, this is an approach based on the separation of different thermal
contributions (sources).

To detect only the singularities in dikes, such as leakages or drains, a Constant False Alarm Rate
(CFAR) detector is proposed by modelling each daily dissimilarity measure with a mixture of Gamma
and uniform distributions. Practically, the method is based on the analysis of daily temperature
variations at different distances with an aim to localize the singularities caused by leakages, existing
structures, ground singularities, and so on: this is an approach for a short -term analysis, a system
alarm approach to identif y anomalies whose behavior changes during the day. The system is based on
the fact that distances corresponding to singularities (leakages for instance) present daily
temperature variations different from those of non -singular zones.

In other studies, the fiber optic monitoring system is accompanied by traditional measurements: in
the case of (Cola et al. 2021)piezometers have been exploited to complete the temperature
measurement with pressure data, examining a 350 m stretch of Adige River levees, in the north of
Italy. For this case study, Figure 23 shows a cross section of the river levee embankment and its
foundation soil. The position of a 10 m deep seepage cut-off wall is also depicted: it is the result of
past interventions for seepage control, being the site interested in the past by moderate events of
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piping phenomena. Its influence on the piping phenomena will be evaluated. The embankr%;
is around 4 m high and is composed of a mixture of gravel, sand, and silt. To install the optical:fi

cable, a 1.8 m deep trench was excavated. The marked heterogeneity is the consequence of the

vall eyés complex geological history. Fr detammatieneepage p
may be the preferential path for groundwater flow below the upper silty layer, triggering landside

sand boils and backward erosion piping: for this reason , the hydraulic conductivity of each layer has

been evaluated in this work (the right part of  Figure 23 plots the trend of hydraulic conductivities).

Jet-grouting seepage cut-off wall Borehole alignment

214 4

2121 DFOS trench Hydraulic conducibilty (m/s)

210 1 Adige river Embankment core 169 ‘ 0% ‘ 1608, 1E2
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Figure23. Typi cal cross section of the river embankment. In-red, the th

Based Monitoring System to Study the Seepage Flow below the Landside Toe of a River Levee | Journal of Civil Structural
Heal th Mo)itoringé

Regarding the traditional monitoring system, one piezometer was placed on the riverside to indirectly
record the river water level. Two other piezometers were deployed on both sides of the barrier in the
second layer to assess its effectiveness. Lastly, a two-level piezometer is located below the landslide
berm covering the first layer and one between the second and the third. All traditional sensors work
in real -time, acquiring every hour and sending data to a remote server.

Regarding the fiber optic monitoring system, a Raman -OTDR (Optical Time Domain Reflectometry)
interrogator Oryx SR DTS by Sensornet has been used. It is characterized by a 1090% spatial resolution
of 2 m, distance sampling of 1 m, and <0.1 °C temperature resolution for a measurement time of
120 s over a 2 km range. The temperature accuracy is limited to 0.5 °C. The measurements were
carried out in single -ended configuration to sample the temperature field at higher speed, despite
the installation being com patible also with double -ended measurements. Two PT100 probes, installed
close to the cables in different positions, have been used for the calibration of the system.

Three fiber optic cables have been laid down at three different depths inside the DFOS trench shown
in Figure 23. These levels are 1.8, 1.0 and 0.5 meters.

To address the issue that several factors other than those related to existing filtration flows can affect
the temperature dynamics in the embankment, a different method has been exposed in the present
study respect to the pr-gpvi ousoanesyvebtther mbmedheat me
also introduced in this method that has permitted to use a hybrid cable embedding an optical fiber
and one or more electrical wires, used to heat the cable via the Joule effect. The temperature
dynamics during the heating and cooling phases, i.e., the time to reach a final stable temperature,
are correlated with different thermal conductivity ascribable to abnormal filtration flows. This
approach has been proved efficacious in those embankments with small seasonal temperature
variations of the reservoir water or with very small temperature gradients between the water and the
measurement point in the soil. A hybrid cable (BRUclean®© of Brugg Kabel AG), embedding four 50/125
multimode optical fibers and four copper w ires, has been used to possibly enable the active
thermometric measurement. The fiber cable was posed in contact with the undisturbed soil of the
trench lateral wall and the filling soil was compacted to prevent vertical movement of the water
inside the tr ench. Two examples of the temperature profiles along the fiber at the three levels are
presented in Figure 24; one measure was collected in summer and the other in winter. As can be seen,
seasonal fluctuations affect in a different manner the temperature at the three layers. It can be
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observed that the temperature at the three levels shows a common trend, with localized sp%;
dips at precise locations, probably related to the local heterogeneities of the soil.

27.07.2016 - Summer measurement
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Figure24.Si ngl e day distribution of
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Furthermore, in the last days of October 2018, that region was hit by a tremendous storm and the
Adige River was subjected to a relevant double flooding event. This exceptional circumstance,
entirely recorded by the monitoring system, has given the chance to provide insight into the seepage
process undermining the levee stability. Following this event, considerations have been made
regarding the temperature trend of each fiber optic cable compared with the trends of river water
temperatures, the inversions between each layer, even if it is difficult to interpret data identifying
precise locations where the seepage rate is higher. The inversions of trends between each layer are
probably ascribable to the presence of preferential and faster upward seepage flow paths.

In terms of seepage rate, a recent paper in which the water seepage velocity in dikes is aimed to be
addressed is the one written by Su et al. (Su et al. 2017). Here, a DTS-based approach is presented
to monitor the seepage velocity in soil -concrete joint between dike structure and other constructions
across it. The practical model monitoring seepage velocity of soil -concrete joint in dike engineering
is built and, considering the seepage features of dike engineering, the embedment mode and
procedure of optical fiber are proposed to promote the application of DTS -based approach in real-
time observation of seepage velocity in dike engineering.

Starting from the embedment mode, the work shows the layout schemes and burying methods
exploited to develop optical fiber sensing technology, considering adequate protective measures, in
a demonstrator made of two concrete tanks full of soil. In soil -concrete joint , which is the interface
between two different mediums, the leakage usually occurs along the interface. Considering the
characteristics of soil -concrete joint and seepage, a layout scheme on distributed optical fiber is
designed to monitor seepage. In order to sense leakage efficiently, the optical fiber should be laid
Il i ke 0S6. Al Il t he skgurd2s.tOade thesleakagesoccard watenwoilcflow through
a heating optical fiber several times, which can obviously change the temperature distribution curves.
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Figure 25.Crosss ect i onal view of di ke model tank with opt idsmditonf i bers (on
path of the two optical fibers used (Su et al. 2017).
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In another similar study (Su et al. 2017), the performance of two different kinds of optical fi%\fﬁs
been also evaluated and compared through experiments. Furthermore, medium | and mediunii d
and sandy soil, respectively) are different media exploited to evaluate different permeabilities. The
experimental set up should allow the identification of le akage location and leakage loss, as a water
supply system for seepage simulation, shown in Figure 26 was used.

B
(Water spraying pipe)

(Water sprtym plpL)( DL
— 1 Spray nozzle
T \

\ prascic
\(Plasnc hose)\\ =

Control valve

Master valve

QX32-12-1.5

Submersible pump

Figure 26. Water supply system used in (Su et al. 2017).

The leakage concentrated between the concrete and the soil. To control the seepage velocity and
concentrated leakage, a master valve is installed on the main water pipe and three valves are installed
on the distributed water pipes, respectively. In additio n, three flow meters are installed on the
distributed water pipes.

The soil-concrete joints of dike engineering are the interfaces between the culvert, sluice, and dike
body. The directions of seepage and leakage are all from the upstream face to the downstream face.
The following steps needed to be implemented to embed the optical fiber for monitoring seepage in
dike engineering:

1 Lay down of the optical fibers . On the surface of sluice foundation, grooves with the diameter
slightly bigger than the embedded optical fibers were excavated. The angular debris from
these grooves was removed. Then optical fibers were laid down smoothly according to the
design scheme. When it is needed the optical fiber to turn the corner, the bending radius of
the selected fibers should be 12 times bigger than the diameter of optical fiber, allowingt  he
soil-concrete joint of sidewall correctly. Keeping a high bending angle is also necessary to
protect the optical fiber.

I Test the optical fibers . Optical fibers must be connected with DTS to check their connectivity
and, eventually, splice the breaking points.

i Start the construction of culvert or sluice embedding optical fibers . Concrete of culvert or
sluice was poured across the dike structure. The optical fibers were protected during
concreting and vibrating. The corners of the sluice floor slab and sidewalls should be
smoothed in order to enlarge the bending radiuses. Optical fibers were fixed on the concrete
surface according to the design scheme after sidewall concrete was hardened.

1 Orientate the observing points of optical fiber . Optical fibers were connected with DTS and
their connectivity was tested again. Breaking points were spliced. Some points of optical
fibers were heated up to match their actual coordinates with displayed coordinates in the
DTSand thus to draw an optical fibers layout sketch.
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9 Backfill soil -concrete joints . Large angular particles from backfill soil were remove%
soil-concrete joints between the sidewalls and dike body were backfilled.

The procedure to build the practical monitoring model starts from  the physical principles of forced
convective flux exchange. Physically, the calculation principle of seepage velocity using observed
data of DTS is based on the convective heat quantity transmitted between optical fiber and water,
that can be calculated with N ewton cooling formula as follows:

Qa = Aah (TST Tf) =q

where Q, represents the convective heat quantity transmitted between optical fiber and water, A ,is
the area of heat transfer between optical fiber and water, h denotes the heat transfer coefficient, T s
is the temperature of heating optical fiber surface, T ; is the water temperature, and q is the heating
power.

The heat transfer coefficient is related to many factors and it also true that:
h = f(u)

being u the flow velocity.

Considering dimensional analysis, the heat transfer coefficient can be calculated according to the
similarity principle of characteristic numbers and the correlation between them. So, the
characteristic numbers on forced convection heat transfer of single pipe and their correlation are
analysed, considering dimensional analysis involving numbers of Nusselt, Reynolds and Planck, and
giving the dependence:

h=Du

where D and n are associable to the corresponding Reynolds number, but cannot be taken from tables
because these are not referred to the specific case of seepage in a porous media as happens in the
real case scenario: so, in this paper the experiments have been carried out to find D and n.

A correction coefficient has been used to consider the non -perpendicularity of the water flow
direction and the optical fiber axis. The architecture of the DTS -based test platform is shown in Figure
27.

1# Switch

I Copper wire
AC power supply v Voltage "
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Data processing system DTS Outlet = 3 I
Steel plate mesh Inverted filter

+o Control valve
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—
Circulation water basin ®
Water pump

Figure 27. Connection diagram on DTSbased test platform monitoring seepage
velocity in dike engineering (Su et al. 2017).

This experiment used Sentinel DTS-LR host produced by British Sensornet Company. The host can carry
out distributed temperature measurements along optical fibers with measurement range of 10 km,
spatial resolution of 1 m and measurement accuracy of temperature of 0.01 °C. The Sentinel DTS -LR
host was equipped with a pulse laser which can emit light pulses every 10 ns and connected with
50/125 multi -mode optical fiber through E2000 connector. With the help of a fusion splicer, E2000
connectors were connected to external optical fibers through splicing to obtain a complete distributed
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optical fiber temperature sensor system. The DTS got position and temperature informatio%}"
point through analysing time and intensity information of Raman scattering. A heating system

also employed to sense seepage factors, heating steel hose or steel wires in the two optical fibers
through a stable voltage. The voltage has been selected to monitor the heating power. The seepage
monitoring experiments under different experimental conditions were carried out. Through analyzing
the temperature vari ation processes of optical fibers, the temperature variation rules were
calculated. The difference between seepage monitoring methods for soil -concrete joint and for
homogeneous medium were also found. There were three cases explored: unsaturated non -seepage
case, saturated non-seepage case, saturated seepage case. These experiments were designed to
analyse the time and space temperature features of heating optical fibers embedded in soil concrete
joint and homogeneous medium when the different heating powe rs were loaded. Applying a series of
heating powers on the two optical fibers respectively, the temperature changes of two optical fibers
through whole heating process with DTS were monitored and the characteristic differences on
temperature variations of optical fiber parts buried in homogeneous mediums and soil -concrete joints
analyzed. So, all the three different cases can be regarded as a reference for monitoring the seepage
status in soil-concrete joint near the sidewalls of culvert or sluice.

The experiments included two mediums, namely medium | and medium I, so there were two
corresponding soil-concrete joints, namely soil -concrete joint | and soil -concrete joint Il. In addition,
the two optical fibers inside have been named 1# optical fiber and 2# optical fiber. Herein, part of
1# optical fiber in medium | was taken as an example. The observed data were analyzed in detail.
According to the observed data, the practical models monitoring seepage velocity were built. As for
the 1# optical fiber in medium I, the statistics of stable temperature rises are listed in  Error! R
eference source not found. . As can be seen, the higher the seepage velocity was, the lower the
temperature rises were.

Table 2. Stable temperature rise from optical fiber in medium lunder selected heating powers and seepage velocity (Su et

al. 2017).
Stable temperature rise (°C)
Velocity (x 1073 m/s) 2 W/m 4 W/m 6 W/m 8 W/m 10 W/m 12 W/m 14 W/m 16 W/m 18 W/m
0.06 124 227 3.16 4.05 495 5.99 6.66 7.95 9.04
0.09 1.19 213 3.08 3.94 471 5.78 6.45 7.68 8.72
0.11 114 2.03 297 3.82 457 5.66 6.21 745 836
0.15 1.08 1.81 2.81 3.61 4.18 5.31 5.84 6.98 7.74
021 1.02 1.65 263 3.42 3.89 5.08 5.41 6.61 7.19
0.26 0.95 1.48 249 3.19 3.62 4.81 5.08 6.16 6.72
0.33 0.89 1.24 2.28 3.02 3.38 4.53 4.76 5.85 6.22
041 0.81 1.02 21 275 3.04 41 445 5.31 5.79

Correlating the experimental data with the heat transfer coefficient and parameters D and n above
mentioned, it is seen that these data were linear fitted, as shown in the double  -log graph in Figure
28, where k = &T/q.

44 42 -4 38 -3.6 -34 -32 —30

-0.2
0.4
e
=0
-0.6
y=-0.235x-1.258
R*=0.957 -0.8
-1

lgu
Figure 28. Linear fitting showing accordance between the theorical model and the experimental results: temperature rise
lowers with increasing of imposed flow velocity (Su et al. 2017).
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Thanks to the data found, a model for monitoring seepage velocity for 1# optical fiber in n%‘}"
was established by substituting the slope n and the intercept A found in the equationu " = A/k: e
optical fiber -based monitoring model results reported in this work for the other parts in dike model
are compiled in Error! Reference source not found.

Table 3. Two optical fibers -based models monitoring seepage velocity in homogeneous mediums

Medium Optical fiber Monitoring model R?
Medium | 14# optical fiber  (AT/q)u®?*® = 1071%%% = 0.055 0.957
24 optical fiber (AT/q)u®?*' = 10747 = 0.034 0971

107158 = 0.068  0.965
10957 = 0.044 0.942
1079922 = 0,120 0932
107982 = 0,083  0.946
109874 = 0,134 0.979
1079978 = 0,105 0.938

Medium I 1# optical fiber  (AT/q)u®'*?
24 optical fiber  (AT/q)u®'"?
Soil-concrete joint I 14 optical fiber  (AT/q)u®'"
24# optical fiber  (AT/q)u®'!
Soil-concrete joint [l 1# optical fiber  (AT/g)u®'%”
24# optical fiber  (AT/q)u®'*!

Another solution can be found in the context of geotechnical applications based on the geotextile
TenCate GeoDetect®, which is a system designed to measure both strain and temperature changes in
soil structure (Arti eres and Dortland 2010). It embodies geocomposite fabric, fiber optics, software
and instrumentation to provide a complete solution for the multi -functional requirements of a
geotechnical application. The fiber optic cables are attached in a mechanical process which creates
a very strong bond with the textile and therefore an accurate measure of the soil elongation (see
Figure 29).

v

Figure 29. Optical fiber inserted during production  (source; (Arti eres and Dortland 2010).

It is a customizable solution that is created to meet the requirements of each individual project, and

it also offers the possibility of inserting a number of fiber optic lines for different purposes at different
locations. Focusing on the aspects related to temperature, to test and validate the TenCate
GeoDetect® BR solution to detecting and quantifying leaks through the dike body of real structure
using the distributed temperature measurement (Raman or Brillouin), an experimental basin was built
on the Cemagref site in Aix -en-Provence, France (Arti éres and Galiana, n.d.) . The main result from
the experimental program was the possibility of detecting leaks through a dike with an order of
magnitude of less than 1 I/min per meter through the line. Other important applications that were
mentioned included the second phase of the Dutch 1Jkdijk project  (0lJkdijk Full Scale Underseepage
Erosion (Piping) Test: Evaluation of Innovative Sensor Technology | Proceedings | Vol , No, 6 n.d.)
related to piping effects to test the ability of sensoring systems to detect the first signs of internal
erosion, and the leakage detection through a thin geomembrane lining system.

5.3.2. MONITORING PORE PRESSURES VIA STRAIN

One of the major driving factors for earth dam failure is erosion due to seepage (infiltration) of water
through the dam embankment. Monitoring of piping should be carried out with high spatial and time
resolutions for the whole extent of the dam structure  because the time for the potential development
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of piping is short, and for these dams, continuous monitoring of seepage or survelllance%
needed to detect the piping in time to give warning of possible failure and to give time to attem
intervention to prevent the failure.

Since earth dams and dikes can stretch for hundreds of kilometres, this goal cannot be fulfilled using
conventional point measurements, so fiber optic based on distributed technologies are well suitable

for these aims. This topic was well explained in  (Ho6ttges, Rabaiotti, and Facchini 2023; OFIBRADIKE,
a Novel Distributed Fiber Optic Monitoring System for Dikes and Earth Dams - I0Psciencep n.d.),
where a DFO system developed in the context of FIBRADIKE project (0FIBRADIKE, a Novel Distributed
Fiber Optic Monitoring System for Dikes and Earth Dams - IOPsciencep n.d.) was presented: it was a
hydrostatic pressure sensor based on distributed fiber optic technology and it enabled early detection

of piping through direct measurements of the water pore pressure. This system had been evaluated

at lab scale, and in a practica | application was shown.

The main objective of the project was to develop a new distributed fiber  -optical monitoring system
and methodology for identifying, locating and quantifying in real time:

i stability issues of levees;
9 erosion and scouring of levees and riverbeds and banks;
91 interchange between groundwater and river flow.

The main idea of the solution proposed in FIBRADIKE project was based on the fact that the FO. cable
was fixed and wrapped to a compressible tube, as shown in Figure 30, to correlate FO. compressions
and/or elongations to pressure effects on the tube.

ix pi ) ) isotropic pressure
helix pitch length compressible material

—E—

—»

diameter
d

A

"
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The pressure was obtained by measuring the constriction (or expansion) of the tube due to isotropic
pressure (e.g., water or fluid pressure), inducing an elongation or compression of the sensing fibers:
this elongation or compression amplified the effect of radial def ormation. The scheme of the overall
system developed is represented in Figure 31 and the total diameter is 9 mm.

1 The central element consisted of a loose tube with two multimode and two single -mode
optical fibers to provide temperature -sensing capability (for temperature compensation or
DTSbased direct temperature measurement). Alternatively, fibers measuring strain  could be
placed in this location in order to have a longitudinal strain measurement.

1 The second layer was an aramid-fiber filled core which provided sufficient strain relief and,
above all, acted as a compressible element with suitable radial softness to reversibly deform
under hydrostatic pressure.

1 This last layer was covered with a sheath of polymer jacket which represented the third layer.

1 The fourth layer was a thermoplastic polymer jacket which provided resistance against
crushing, pinching, abrasion, humidity and chemical aggression: it was extruded directly onto
the previous layer, on which other optical fibers were stranded around. These fibers were
meant to provide the radial sensing for the multifunctional element. To reduce bend losses,
the selected optical fibers to be wounded were char acterized by high Numerical Aperture
(NA) to allow for dramatically reduced bend losses.

;
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After the production of the sensor, the development and validation steps were:

1 Small scale testing , with calibration of functionalities in a reduced scale device at OST
Geotechnical Laboratory .

1 Eull scale testing , with the validation of the sensor in an experimental test field (full  -scale
model) in Boretto (Italy).

9 Numerical and analytical interpretation of the measurement data obtained with the DFO
monitoring system in the Boretto test field.

1 Implementation and installation _ of the new monitoring system during the construction of a
real levee on the Rhéne River, in Switzerland. In particular, the phenomena of erosion and
scouring of the riverbed and the interchange of river and groundwater flows were examined
with the aid of the new measuring system.
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Figure 31. Design concept for the Distributed Pressure Sensor (DPS)
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The calibration phase of this system was needed to determine the pressure coefficient, fundamental

to transform the distributed spectral shift measured along the sensor to a distributed pressure value.

A measurement accuracy of 10 to 15 cm water column was demonstrated. This calibration allowed
also to find the temperature coefficient: temperature variations could influence pressure results,
being the polymers which compose the system very sensitive to this parameter.

The system overall functionality was validated in a reduced -scale facility ( sandboxX) at OST
Geotechnical Laboratory in Switzerland, where a dike embankment was modelled on a scale of 1:1,
as shown schematically in Figure 32.
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Figure 32. Side view (on the top) and top view (on the bottom) of the lab  -scale prototype of dike produced. DPS is the
acronym for the sensing system developed (Distributed Pressure Sensor).

To achieve this goal, the developed Distributed Fiber Optic pressure sensor needed to be shielded
from earth pressure. Crush resistant cylindrical porous stones, acting as piezometric filters, were
therefore installed at specific positions along the sensin g cables. Water percolated inside the drains
and pressurized the tube transmitting the water column load to the distributed pressure sensing cable,
not being influenced by the pressure induced by the surrounding soil.

At the bottom of the dike, six digital pressure sensors were mounted to have a punctual comparison

with the distributed measurements given by the FIBRADIKE system. As can be seen inFigure 33, there

were an inflow tank and an outflow tank: the first
outflow tank was used to generate infiltration from the bottom of the system, where a gravel filter

with a grain size between 4 and 8 mm was installed a t the dike toe to fix the seepage at a
predetermined position. During the saturation given by infiltration, the pore water saturation level

was measured every 100 ms for 8 hours by the digital pressure sensors and every 10 minutes by the

fiber optic system . The results were compared and are shown in upper Figure 33.
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Figure 33. Top: Pressure potential level measured with the DPS and digital pressure sensors. Bottom: photograph of the lab
scale demonstrator during the infiltration process (  (0FIBRADIKE, a Novel Distributed Fiber Optic Monitoring System for Dikes
and Earth Dams- IOPscience n.d.) ).

The pressure potential level measured with the Distributed Pressure System and with the digital
pressure sensors were in good agreement. These results were remarkable: distributed temperature
compensation was carried out to not consider the influence of th is parameter on the pressure
measurement accuracy. The good agreement between the fiber optic system and the digital pressure
sensor measurements was achieved by subtracting the spectral shift component due to the
temperature effects from measurements int he dike areas where significant temperature variations
were expected.

The next phase regards the validation of the sensor. For this aspect, a full -scale experimental
embankment i's built at the Boretto faciliAgengim near
I nterregi onal e ).pAe artifigial recfamgulan basirPisidle four levees is instrumented
with DFO sensors and traditional sensors (i.e., tensiometers, extensometers, and piezometer). The
basin was filled with groundwater pumped from an existing well. The layout of the field test in the
AlPo facility in Bore tto (Italy) is shown in Figure 34. The experimental embankment was 85 m long
and 35 m wide. The embankment was designed with a 1:2 slope and a total height of 3.5 m above
ground level. The embankment was built with two different types of soil, silt and silty sand, which
are the typical ma terials adopted for the construction of the Po (silt, yellow zone) and the Rhone
(silty sand, green zone) levees. The brown zone between these two materials represents a mixed
zone.

;
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Figure 34. The 3D model of the 4 levees demonstrator realized (on the left side) and its subdivision in Italian and Swiss
materials and 0ex novodé and oexisting typed material s.

The Distributed Fiber Optic monitoring system should be applicable to new structures as well as to
existing ones; hence the idea of dividing the experin
type and an 0ol ddé or o0exi st placgdonlytaftepthe constiuctane t he senso

The new system was installed in the existing levee type with the Horizontal Directional Drilling (HDD)
technigue as in current telecommunications practice. The drilling crosses the test basin longitudinally
for 85 m and transversally for 35 m. The new sens or installed in two different directions allowed the
seepage regime, parallel and perpendicular to the flow direction, to be measured. This section of the
test embankment should simulate the real installation conditions of an existing embankment on which
the DFO monitoring system could only be placed at specific points and with non -destructive
technigues. In addition to the feasibility of such installation, it was crucial to demonstrate that this
method did not induce or facilitate piping along the new sens or.

The proposed extensive instrumentation should allow the optimal layout of the DFO to be identified,
where o0optimal 6 means installing the minimum number
sufficient data to detect any dam stability issues, e.g., int ernal erosion. A scheme of all installed
sensors can be seen inFigure 35 section A-A, together with the horizontal directional drilling scheme.

SectionA-A

EX NOVO TYPE LEVEE EXISTING TYPE LEVEE

O tongitudinal Hoo
Groudnwater level
A .
- ® Drillhead Drill pipe
@ Pilot bore N -
— 0

@ Back bore
(3) rultback

Figure 35. The 3D model of the 4 levees demonstrator realized (on the left side) and its subdivision in Italian and Swiss
materials and 0ex novodé and oOoexisting typed material s.

The DFO monitoring system was tested under different hydraulic conditions to verify the installed
sensor's real response. The obtained data were subsequently integrated into an analytical and
numerical model to interpret and evaluate the dam risk. Several tests with different hydraulic
conditions were conducted:
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i tests (lasting about 24 hours) with hydraulic conditions simulating the hydrograpl%
floods in Swiss rivers (e.g., Rhone);
1 tests (lasting several days) with the persistence of higher water levels by simulating long flood
hydrographs in lowland river stretches (e.g., Po, Italy);
1 rapid water level drawdown;
i the bed/bank erosion potentially caused by river flow during floods was simulated through an
artificial excavation of the basin.
Other optimized tests could be carried out.
As aforementioned, the last practical step of the project is about implementation and validation of
the system developed: the new DFO monitoring system will be implemented and installed during the
construction of a real dike on the Rhdne River in Switzerla nd. In particular, the phenomena of erosion
and scouring of the riverbed and the interchange of river and groundwater flows will be examined
with the aid of the new measuring system, according to the scheme represented in  Figure 36.

03: Cross Section — km 2

02: Cross Section -~ km 1

-

P o oy wp——

Fiber optic
01: Cross Section -~ km 0

HDD Pipe

Figure 36. Proposed layout for the installation of thenew DFO moni t ori ng Sys dkeimbr( @aDiviee vé ew. d. ) .

The implementation aims to monitor potential erosion at the river toes because this phenomenon is
characterized by lower overburden pressure at zones with red marks where there is erosion and by
higher pressures at zones marked with green where there are s ediment deposits on the riverbed.

Another example in literature related to the monitoring of the pressure parameter (Schenato et al.
2021) takes into account previous advancements of the same authors, proposed a new sensor based
on an FBG cemented to a flexible mechanical transducer produced by additive manufacturing. The
same fiber also embedded a second FBG for temperature compensation. Th e developed sensor could
work in harsh environments, covered with soil and submerged in water, and had a sensitivity of several
pm/cm H20O. The cost of such system is very impacted by the interrogator cost, but it can become
exceptionally competitive inter ms of cost per single sensing point when several sensors are deployed.
In the realized system (on the top of Figure 37 were all the components are shown) the pressure
transducing mechanism was given by the hexagonal pantograph with its top pad designed to be
orthogonally loaded by the external pressure.
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Figure 37. On top: 3D exploded view of the sensor. It shows the top cover, the sealing rubber sheet, the transducer and the
aluminium case. On the bottom: a picture of the 3D printed transducer with a part of the fiber dedicated to strain
(pressure) measurement, and another part for temperature compensation  (Schenato et al. 2021).

As can be seen, the optical fiber crossed the pantogr :
The portion of the fiber between the cemented points, underneath the pad, had the FBG inscribed in

it. The FBG read the strain thanks to the load applied to the pad and transferred to the fiber.  Figure

37 (on the bottom) also shows how the same fiber crossed an adjacent open structure, and it was

glued at its walls: this system was realized to have an additional grating written in that fiber portion.

This part was designed to be mechanically uncoupled with the pressure-sensitive part, measuring only
temperature and cross-compensate the thermal effect on the other FBG. The system was very

practical and contained, being the overall length of the 3D printed part just 115 mm, the inner

pantograph height 9 mm and the pad area 30x60x2 mm. The 3D-printed transducer was placed inside

a watertight aluminium case with approximately 4 mm thick walls to withstand the installation

procedure and the operational conditions, and its external dimensions were 48 x25 x192 mm. To align

and keep in place the transducer, two grooves, matching the bottom extruded pads of the transducer,

were milled at the casebds internal bottom surface.

Leaving out details about how the system was fixed to the case, it is important to say that in this
device the fiber entered and exited the case through the same side because the sensors have been
installed vertically in a bore drilled on top of the diket o mimic the standard site surveys of standpipe
piezometers.

A calibration phase was needed to assess the sensitivity to pressure and cross-sensitivity to
temperature and stated that the sensor accuracy was 5 cm and 0.5 °C for pressure and temperature,
respectively. After that, the sensor was evaluated on areal -field application in Delft. Four FBG sensors
were buried at different depths in vertical bores along a section of the dike in the Floodproof Holland
facility, in the Netherlands (scheme in  Figure 38) for over a month.
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Figure 38. Schematic of the FBG-based systems (named as QDPSs, i.e. QuadDistributed Pressure Sensors) and DIVERs
installation with respect to the dike (drawing not in scale). In the inset, the installation depths of each QDPSs (Schenato e t
al. 2021).

Sensors S2 and S3 were installed together side by side for comparison. Furthermore, next to each
sensor about 0.5 m apart and approximately at the same depth, electronic water pressure and
temperature sensors were installed in open standpipes for reference (the DIVERSs the Figure 38 to).
Before installation, the sensors were wrapped in geotextile (it acted as a filter for the fine soil
particles) and then, they were inserted in the vertical bores and covered with a mixture of dug soil
and bentonite (i.e., water swelling clay).

The experiment consisted of filling and emptying for more than 50 hours the basin in a controlled
manner over three different cycles while monitoring water infiltration with the FBG -based sensors
and the traditional DIVERs. There was a good agreement betwe en trends found by the FBG-based
sensor and the DIVERs for all three filling and emptying ramps. Quantitative differences in the
response of these two kinds of sensors may be explained by different installations (with FO sensor
buried in the soil and the D IVERs installed in open standpipes) and by a small displacement of about
50 cm in their positioning of the first ones with respect to the DIVERSs.

5.3.3. MONITORING STRAIN

Optical fiber distributed strain sensing systems were evaluated in view of monitoring for concrete
structures such as dams: strain is a parameter that can be monitored to assess real -time performance
of a flood defence system, as it has been presented in Henault et al.  (0Truly Distributed Optical Fiber
Sensors for Structural Health Monitoring: From the Telecommunication Optical Fiber Drawling Tower
to Water Leakage Detection in Dikes and Concrete Structure Strain Monitoring - Henault - 2010 -
Advances in Civil Engineering - Wiley Online Library, 6 n.d.; Lanticq et al. 2008) , where the structural
monitoring of dams through strain is deepened.

As in the previous works exposed regarding temperature, important attention should be paid to the
way fiber optics are linked with the structure. More precisely, to perform continuous measurement

of concrete strain over very long distances, the challenge i s to ensure a continuous link between the
host material and the optical fiber with an optimized transfer of strain (and temperature) fields. The
authors developed a Brillouin sensing cable made of an optical fiber wrapped into a wave -like
composite coating (Figure 39). It was paired with a commercially available Brillouin interrogation unit

to perform strain measurements in concrete structures. The composite -made material was designed
to enable continuous bonding between the optical fiber and concrete: stiffness of th e optical fiber
can be adapted to the concreteds, reducing strain cc
calibration factor. Moreover, wave -like sensor body should enable a symmetrical response in tensile
and compressive loadings whatever the contact condition may be. The coating is a braid made of
continuous glass fibers impregnated with epoxy.

;
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Figure 39. Sensor coe{tihg picture.

Despite the wave-shape, the proposed sensor body does not introduce any losses or strain that would

result from fiber microbendings. Experiments with 10 cm sensors embedded into concrete cylinders

placed under press, as well as field trials with 70 cm sens ors showed a very good agreement between

the wrapped optical fiber extensometers and the reference extensometers placed nearby. Strain
measurement threshold as |low as N1 Om per meter of ex

The experimental validations were performed with truly distributed measurements. A representative
test-scale structure was developed, according to the 1 m spatial resolution of commercially -available-
at that time Brillouin -OTDR. A 3 m long concrete beam (300 cm x 50 cm x 25 cm) was equipped with
electronic temperature sensors and mechanical strain gauges near 2.8 m optical fiber sensing cables.
Strain measurements performed during a four -point bending experiment showed promising results in
terms of reliabil ity, for both tensile and compressive loadings. Anyway, the results were clearly
influenced by the scarcity of resolution given by this technology.

A higher resolution can be achieved in different systems, as reported by the paper written by Corvaglia
et al. (Corvaglia et al., n.d.) . Here, the application is quite different from the previous one, being
represented by a multifunctional textile, which can allow both structural reinforcing and monitoring,
thanks to the presence of an optical sensor embedded inside the textile. In the co ntext of this work ,
the geogrid was developed and tested, for application on earthworks like embankments and sustaining
walls, sensorized with optical fiber to be used as a distributed strain sensor.

The textile architecture used in this work was a polyester balanced geo -grid, with a net spacing of
about 3 cm and a roll width of 100 cm, produced by Alpe Adria Textil. A single mode glass optical
fiber sensor, protected by a PVC sheath and produced by Fiberware GmbH was embedded in the
geogrid. Two different embedding strategies have been implemented and characterized,
corresponding to two different types of samples:

1 Asensorized geogrid where the optical fiber sensor is inserted on it in a post -production step;
1 A sensorized geogrid where the optical fiber sensor is inserted inside the grid during the grid

production;
The optical fiber datalogger OBR4600 by Luna Technologies was used in this experimental activity for
optical fiber data acquisition. I n this work, a temp:

and 0.1 °C could be achieved with sub -centimetre -scae spatial resolution, on a sensor fiber length
up to 70 meters.
Before the real -scale validation, the samples were tested in the laboratory according to two different
procedures, whose details can be reached in (Corvaglia et al., n.d.) :

1 Tensile tests allowed to characterize the monitoring behavior in terms of gauge factor;

1 Pull-out tests allowed the assessment of both reinforcing and monitoring behavior on a

medium scale set-up reproducing the real environment loading conditions.

In the context of the real scale validation, the sensorized geogrid was installed in a prototype
embankment that is 3 meters high, 12 meters wide and 21 meters long. Strain patterns to be detected
by the sensors have been created by an irrigation system bu ilt inside the embankment. The soil was
compacted every time after the disposition of the geogrid on three different layers.

;
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Strain profiles were recorded in correspondence of successive steps of construction and%{:
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Figure 40) and to intuitiveness, higher strain was localized where subsidence phenomena happen.

Each irrigation step represented a phenomenon that increased strain. The embedded sensor was able

to ofollow6 the soil movement, both qualitatively and
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Figure 40. Evolution of strain at different loading steps (Corvaglia et al., n.d.)

These results also showed that the resolution was much better than the previous work exposed ( Truly
Distributed Optical Fiber Sensors for Structural Health Monitoring: From the Telecommunication
Optical Fiber Drawling Tower to Water Leakage Detection in Dikes and Concrete Structure Strain
Monitoring - Henault - 2010 - Advances in Civil Engineering - Wiley Online Library, 6 n.d.; Lanticq et
al. 2008), even if for the use of the technology at the industrial scale level, more robust and quick
sensor cabling and connections were needed, to minimize the impact on ordinary in -field operations.

After the literature review presented in section 5.2 on the state of the art on FOS for monitoring and
based on the experience from FibrisTerre (also a partner in MULTICLIMACT project), it was concluded
that the most suitable FOS technology for developing the monitoring system is BOFDA as it allows for
the use of noise-filtering techniques in the frequency domain and a cost -efficient implementation of
a highly digitized signal processing. As DTS and DSS for temperature and strain withdrawal are
required for both dike and movable barrier systems, the selection of this technology will also give
room to refine the system spatial resolution for a denser cove rage and it may also allow withdrawal
measurements in a higher frequency for better understanding of the inner soil thermal processes. This

is also part of the research and testing to be done by F ibrisTerre so that improvements in hardware
and software allow to better tailor the system for the two specific applications.
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5.3.4. MONITORING SOIL MOSITRUE BASED ON ACOUSTICS %ﬁ:
The Distributed Acoustic Sensing (DAS) method utilizes Rayleigh scattering to take advantage' of'the

relationship between changes in the interferometric light phase and the variations in vibration signals
detected by the acoustic sensor. By demodulating the interferometric signal, the vibrational
characteristics of structures can be captured.

Additionally, sensing technologies based on Raman scattering, such as the Raman Optical Time Domain
Reflectometer (ROTDR) and Raman Optical Frequency Domain Reflectometer (ROFDR), are typically
employed to monitor temperature fluctuations due to their exceptional sensitivity to temperature.
However, the Raman effect is less pronounced compared to the Ray leigh effect because itis a second -
order scattering process, involving the interaction of two photons with the sample. As a result, the
Raman effect is less frequent and produces a weaker signal.

Despite this, Raman Optical Time Reflectometry (ROTDR) is particularly well -suited for acoustic
monitoring within soil environments. This suitability arises from the unique properties of the Raman
effect, which, while weaker, provides precise information a bout temperature gradients. These
temperature variations are closely linked to soil deformation and compaction, which are critical
factors in the propagation of acoustic waves through the soil. The ability of ROTDR to detect subtle
temperature changes allo ws for an indirect yet highly sensitive method of assessing acoustic signals.
This capability makes ROTDR an effective tool for monitoring underground infrastructure, detecting
early signs of soil instability, and ensuring the safety and integrity of burie d structures such as
pipelines and cables.

For the specific case of dike monitoring based on DAS, several proofs of concept for different failure
mechanisms have been studied in (Aguilar-Lépez et al. 2019; 2020) in which DAS fiber optic sensing is
either used to withdraw acoustic impedance effects for speed of sound attenuation for the case of
moisture content or the raw signal for internal erosion detection. For the specific case of finding the
relation between water storage and speed of sound, a dike DAS-based slope stability monitoring
system experiment is presented in (Tyler et al. 2022) . Here, an innovative application of Distributed
Acoustic Sensing (DAS) technologyis presented, with a particular focus on slope stability and pore -
pressure inference. The core premise is that variations in soil moisture within the embankment
significantly influence the acoustic properties of the soil matrix in contact with the fiber optic cables.

By strategically deploying a single fiber optic cable across multiple elevations over the cross section
of the embankment, it becomes possible to capture and ana lyze signals that reflect the spatial
distribution of moisture content. The study examined the efficacy of DAS using three distinct acoustic
energy sources: natural environmental vibrations, an active sledgehammer impact, and a controlled
seismic source producing frequencies between 5 Hz and 500 Hz. Over the course of one day, the
seepage line within the embankment was systematically varied, and high -frequency measurements
were taken at regular intervals. To validate the DAS -derived data, traditional seismi ¢ monitoring
instruments, including geophones and monitoring wells, were employed.

1) = Water inlet

Figure 41. Fiber cable installation along the dike as presented in  (Tyler et al. 2022)

The results demonstrate a strong correlation between seismic wave velocity and the specific storage
capacity within the embankment. These findings suggest that DAS holds significant potential as a

;
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reliable method for real -time monitoring of embankment stability as the storage curve a@f
sound capture by the Das show good agreement in time and space (See figure Figure 42).

Speed of Sound of Apparent S Waves Vs. Storage

- 1 160
Des
CECEBONES &

0.6 | sTomes  —

- 110

- 120

=]
3

100

S

0.3

Specific Storage [m3/m3)

Speed of sound Tm/g]

o ¥

S o+ +

Figure 42. S-wave velocity obtained from fiber optics and estimated dike storage  (Tyler et al. 2022)

The main technology in which the monitoring system on MULTICLIMACT will be developed will be the
BOFDA DTS/DSS interrogation. However, it is also intended to produce a joint data set of DAS
measurements to evaluate the potential of making acoustic monitori ng systems for dike monitoring
and comparing them to the moisture content estimated form the thermal response.

5.4. FOS MONITORING PHYSICS PRINCIPLE FOR DIKES

For both dikes and movable barriers, their monitoring system methods are fully based on the specific
quantities that can be measured with the use of fiber optics interrogation. This means that the
specific inputs required to estimate their stability may  be from a secondary modeling process or
directly from a data-driven relation.

Stability of soil made structures highly depends on the influence of pore water pressure on their
equilibrium state of forces. For this reason, dike stability monitoring systems are often heavily
designed by relaying on piezometric in situ devices which ar e alter used to estimate stability factors
of safety in quasi real time. In the specific case of MULTIC LIMACT project, the envisioned monitoring
system for dike stability is going to be developed based on Geothermal principles which are going to
be monitor ed based on spatially distributed Brillouin based temperature sensing. This means that
pore pressure is going to be indirectly inferred based on Geothermal property inversion methods. In
short, the method for determining the pore pressure in one single loc ation along the preinstalled fiber
optics cable will consist in measuring the temperature variation during a predefined time interval and
from this information geothermal properties of the soil around the cable can be inferred. This can be
donebyrelyingon heat transfer equation (Fourierds Law) writ

oo Y
where:
1 nisthe local heat flux [W/m 2.
1 _ s the effective thermal conductivity [W/(m*K)].

1 “Vis the Temperature [K].
1 —is the moisture content [m 3m 3].

In this type of system, the _ — determines the capacity of heat to be transferred along the
medium. Different methods have been proposed in the past for determining _  — from temperature
measurements; especially from temperature measurements derived from fiber  optics-based
interrogation (Dong et al. 2015). While in its most simple form _  isassumed as a constant, in reality ,

U
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it fluctuates based on the variation of the non -solid phases (air and water). This means tha@l‘d
be able to know the water content of the soil if we are able to infer its instantaneous local effecti
thermal conductivity = _  — . Different authors have proposed different ways to determine the
relative water content of different  soil textures from temperature time series. However, most of
these methods require to induce an external heat pulse 1 to be able to determine the _  — which
makes them cumbersome for dike monitoring and not very energy efficient. It is therefore why in the
MULTICLIMACT dike monitoring system, it has been chosen to implement and if possible improve the
passive moisture content method (Steele-Dunne et al. 2010) which assumes the heat pulse is
equivalent to the one obtained from the solar radiance cycle. This method allows to withdraw
moisture content by using the diurnal environmental cycle from hourly measurements to fit the
expected thermal diffusivity in the thermal diffusion equation:

T Y Y
ro ~ W
where:
1 'O —is thermal diffusivity coefficient [m?s].

1 Oistime [s].
1 “Yis the Temperature [K].
1 —is the soil moisture content [m 3/m 3]

Now, ‘O — [m?/s] is expressed as the ratio between _  — and the soil heat capacity 6 —. Note
that 6 [J/(m °K)] is a well understood linear relation determined by the proportion of water, air and
soil and their individual thermal heat capacities while _  — is less physically understood as it
depends in other factors such as particle size, orientation and compaction rate among others.

Regarding the best way to extract _ — from the temperature measurements n°Y some of the
methods indicate that the cumulative temperature increase recorded during a pre  -determined time
period correlates best with the _ — in the same period (Sayde et al. 2010), while others argue
that by selecting a 0coolingdé period, the correlation
phase and the soil _ — is a good method (Ciocca et al. 2012). Moreover, the mathematical
representation of _  — has also been a topic of divergence as there are few different models which
have been widely accepted but little consensus about their application has been reported  (Lu et al.
2007). During the MULTILCIMACT project, it is intended to collect moisture content measurements
along with DTS temperature measurements and test different models of for determining _  — from
passive monitoring. From this process, it is expected that time series of moisture contents along the
cables can be withdrawn and couped to soil -water retention characteristic curves of type Van -
Genuchten (van Genuchten 1980) which will allow to determine the pressure state of the soil. With
this information , it will be possible to infer spatial pressure distribution in the vadose zone and its
resulting phreatic line inside the dike.

Once the phreatic line inside the dike is well defined, a limit equilibrium method for slope stability
assessment will be implemented which will allow to determine the safety factor of the dike in a 2D
cross-section way. The Limit Equilibrium Methods (LEM) allow to assess potential failure surfaces
within a slope (dike or any other type of soil embankment) and their consequent factor of safety (FoS)
which is used to determine the risk of slope stability. The F OS is the ratio of resisting forces or
moments to driving forces or moments. If the F OS is greater than 1, the slope is considered stable; if
less than 1, the slope is deemed unstable.
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Fig.1. Forces in the slices method

Figure 43. Limit equilibrium method of forces in slices presented by Bishop in 1954 (Bishop 1955).

Various LEM models, each with unique assumptions and methods for calculating forces and moments,
provide different approaches to analyzing slope stability (Duncan 1996) The most common different
LEM modelsthat ar e wi dely wused in geotechnical practice are
Met hod, Spencer 6 s Me t-HriceMethod. frat théMUL GlE@LAVAE Tediker monitoring
system, it is envisioned to use the 2D Bishop simplified method and the Shansep s tress path method
(Reid, Fanni, and Fourie 2023), which is already a well established method for clay materials. Note
that while moisture content along the soil cross -section is the main environmental variable to be
monitored with the FOS system, It is expected that the resulting FoS estimated from the previously
explained limit equilibrium method given the measured moisture content, will be the primary variable
used for monitoring the structural health and early warning in the MULTICLIMACT Early warning system
DERMIS

5.4.1. PREINSTALLED FIBER OPTICS SENSOR ON DIKE DEMONSTRATOR

During a reinforcement procedure in 2013, the waterboard of Delfland decided to embed a single
mode multi -mode fiber optic cable below the 35 cm clay reinforcement for 150 mts length in 3 rows
located along the crest, talus and toe of the Tedingerbroek polder. The dike is located in the cit vy of
The Hagueas an inner protective flood defence for the polder Tedingerbroek. It is part of an ancient
flood protected polder area between Zoetermeer, Leidschendam, Voorburg, The Hague and Nootdorp.
The dike protects the village of Voorburg (mostly res idential use) from eventual failures from the
main flood defence system. | tis located at the north side of the A12 Highway , and protects the area
from eventual overtopping of drainage canal which is used for inner water pumping/drainage of
groundwater due to its low laying location as shown in  Figure 44.
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Figure 44. Aereal view of Tedingérrok dike an the estimated locat ion of the embed ded cable.

For the design and development of the monitoring system , it was necessary to test the structural

integrity of the fibers after more than 10 years of installation and to locate the exact position of the

cables in space as this information is required for the correct spatial monitoring of the dike. So the

first a ctivity in the field consisted in locating the ends of the cable, cleaning them and soldering
(splicing in Fiber optics jargon) opigtail connector
attached once the monitoring campaign starts (see Figure 45). The cable testing was performed with

an OTDR device (Optical time domain reflectometer); a device often used in telecommunication

installation which measures the signal intensity loss along the cable distances. The results showed

that the 4 fibers inside the cable jacket were all in perfect condition which will allow not only to test

DTS interrogation but also to test DAS potential application at the same time

Dike recognition Pig-tail splicing Cable integrity testing In-situ pig tail casing
(Cable mapping) (2 Single mode
4 Multi-mode)

Figure 45. Soldering and testing of the structural integrity of the cable.

Once the cable was tested, the specific location was determined by using a Garret Pro metal detector
and a high precision Leica surveying station. The cable was detected in 72 locations and the
interpretation of the setting in space is presented in  Figure 46.

;
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Figure 46. a) Mapping of cable with metal detector and Survey station b) Final cable 'rnapbped

5.4.2. FEM FOR GROUNDWATER FLOW AND HEAT TRANSPORT

Heat conduction plays a critical role in the measurement of groundwater fluxes, as it facilitates the
use of temperature as a natural tracer for water movement.  This is the main principle that is going
to be used for monitoring dikes against droughts and slope instability in MULTICLIMACT T3.1.

The system relies on the well -known principle in which heat conduction allows for the quantification

of thermal gradients, which, when combined with heat transport models, can provide accurate
estimations of groundwater velocities. This method is particularly advantageous because of cost-
effectiveness and can be applied over various temporal and spatial scales with different thermal
sensors. Understanding heat conduction in the dike context is essential for developing the dike
monitoring system as it will a llow to infer the moisture content in the soil. By analyzing temperature
variations within the subsurface, the rate and direction of groundwater flow can be inferred in an
indirect manner. Note that temperature is the main environmental variable to be meas  ured by the
fiber optics system DTS in this monitoring system. The spatial monitoring of temperature along the
dike will allow to determine the moisture content in time and space which is later used to determine

the stability state of the flood defence. Th is will be done based on DTS BOFDA interrogation as
explained in section 5.3.

For the specific case of dike monitoring, on a physical level and based on heat -flux fluid flux
interaction principle, two different finite element models where built for the dike monitoring system:

1. Thermal conduction of porous media for understanding the thermal response of the fiber optic
cable signal when embedded in the soil.

2. Thermal conduction of porous media for understanding the thermal response of the dike under
variable moisture content conditions.

The models where built on the COMSOL Multiphysics software(AB 2019) in three dimensions. The
software is fully capable of modelling groundwater flow coupled with heat transport for porous media
and the governing equations are explained next. A brief description of modelling groundwater flow is
explained below.

Groundwater Flow: Groundwater flow is typically modelled by solving Darcy's law and the continuity

equation. Darcy's law describes the flow of fluid through porous media as a function of a constant

permeability term which reflects the capacity of soil and a specific fluid to flow given a certain
pressure gradient. For the case of partially saturate
the water flow in the unsaturated zone by solving Ric
of the varia ble moisture content in the change of hydraulic conductivity as:

T—‘_ nf o —1Q Y
T o

;
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where:
—is the soil moisture content [m 3/m 9]
1 0 is the hydraulic conductivity [m/s].
1 Qis the hydraulic head [m].
1 "Yis the source term [1/s]
1 oistime [s].

4%

The continuity equation for incompressible flow is expressed as:
ntN 1

Solving this system of equations as a boundary problem in 3D will allow to determine the pore pressure
and groundwater fluxes inside the soil matrix due to the change in the water levels in the boundaries
and rainfall infiltration. Each soil requires to be  parametrized by a soil water retention curve which
describes the relation between its moisture content, pressure state and resulting hydraulic
conductivity. The hydraulic conductivity in each state is calculated as a fraction of the saturated

hydraulic conductivity 0 [ m/ s ] and itds expressed in terms of the
Q  as:

Yip p YOI n m
rp n m

This parameter varies depending on the degree of relative water content  "Yiwhich is calculated as
a function of the total saturated water content — and the residual water content —; two
characteristic values of the soil to be represented.

Yi —

The actual water content —is also related to the pore pressure state of the soil based on the
closed form equation from Van -Genuchten as follows:

- P n m
S oep | lQ
VY n m
where:
1 1 is the pressure state of the soil [Pa].
1 | isairinflow parameter [1/m].

1 ¢ is the texture -based exponent [-].
" is the density of the water [kg/m 3.
f "Qis the gravitational constant 9.81 [m/s 2.

Heat Transport: Heat transport in groundwater is governed by the advection -dispersion equation,
which combines conductive heat transfer and advective transport due to fluid flow:

;

Co-funded by
the European Union




,nIH{{

D3.1 8 Review, design and specifications of Fiber optic -based monitoring systems for flood 3
defences {

Q

-

L, 1Y L, " -
M —, oty n_ n'%Y v
T o =

%

where:
1 mis the density of the fluid [kg/m 3].
0 is the specific heat capacity of the fluid [J/kg°C].
“Yis the temperature [°C].
w is the pore fluid velocity [m/s] (affected by the medium porosity)
is the thermal conductivity of the complete continuum [W/(m*°C)] (soil air and water).

= =4 —a —a -

0 is a heat source term in case there is exogenous thermal inputs [W/m 3.

The coupling between the groundwater flow equation system and the heat transport equation system

is primarily done by using the solved water velocity ( n ¢, where ¢ is the porosity of the medium ) from
Ri char doés ehguwaldcity minthe advection of heat @ . This coupling ensures that the
movement of groundwater directly affects the distribution and transport of heat within the porous
medium. In addition, the _ is now estimated as a function of the moisture content — solved from
Ri chardé6s equation whi ch owihd dstimated\neat transfdrinrimec t Otiem f | u e n c e
materials like the cables can also be modelled based on the same heat transport equations but without
any variation in their thermal conductivities as they are assumed to be impermeable materials at this
scale. In that manner, the integrated systemi s sall, air, water and cables can be solved to determine
their thermal response and dissipation in one single continuum solution.

For this phase of MULTICLIMACT the present finite element models are going to be used for
determining the minimum specs of the monitoring system in terms of spatial resolution and data
collection frequency .

5.4.3. FEM OF DIKE HYDRGEGTHERMAL RESPGH

A 3D finite element model of the demonstrator dike was built using COMSOL Multiphysics software

(see Figure 47.) heat transport in porous media for dike monitoring (Li and Yang 2024) The software

solves the Richardds equation and Heat Transport equa
on a 3 Layer model with 204,029 tetrahedral elements. The surface was extracted from the AHN4

map (https://www.ahn.nl/ahn _ -4) and interpolated with triangular elements of a maximum dimension

of 0.1 m.

Rainfall

Channel
Ditch

Figure 47. Interpolated Surface and generated Mesh from 3D finite element model produced in COMSOL Multiphysics
(204,029 Tetrahedral Elements) with AHN4 surface input

For the groundwater model, two hourly water level time series and one hourly rainfall time series
were used as boundary conditions besides the parameterization of each of the 3 soil layers. All -time
series were collected in situ for the year 2023 with a 350 -day time span as shownin Figure 48.

U
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Figure 48. Boundary conditions time series used to simulate the water fluxes inside the dike during the first 350days of year

2023.

The parameterization of the soil water retention curves per each soil material is presented in the

following table:

Table 4. Hydrogeologic material parameterization

PARAMETER VARIABI UNIT ‘CLAY PEAT ‘SAND
Saturated hydraulic conductivity 0 [m/s] le-5 6e-4 5e-3
Air inflow parameter [1/m] 8.3 8 3.4
Texture exponent 3 [-] 14 1.75 1.15
Saturated water content — [m3/m3] |0.565 0.93 0.45
Residual water content — [m3/m3] |0.137 0.32 0.135

For the heat transfer component, an upper

was imposed.
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Figure 49. Boundary conditions time series used to simulate the Heat fluxes inside the dike during the first 350days of year

2023.

The parameterization of the geothermal properties of each of the three material is defined in the

following Table X :

Table 5. Geothermal material parameterization

'VARIABI UNIT

PARAMETER CLAY PEAT

Thermal conductivity - [W/(m*K)] 2.9 0.25 8.4
Fluid Density [Water] ? [kg/m 3] 1000 1000 1000
Heat Capacity 0 [/ (kg*K)] 800 1920 730
Dry bulk density of soil " [Kg/m3] 2650 1350 2600

5.5. FOS MONITORING PHYSICS PRINCIPLE FOR MOVABLE BARRIERS

During the development of the system, MULTICLIMACT project will aim to determine what is the
optimal placement location of the fiber optic cable over one element of the movable barrier and the
design of the cable casing and application so fast installation prior to a flood event can be done.
Monitoring the stability of movable flood barriers is more straightforward than for the previously
explained method to be implemented for the dikes as strain is directly related to displacement and
leakage is directly inferred from temperature change.

The MULTICLIMACT movable barrier monitoring system is going to be developed for the Box barrier
movable flood protection systems from the DUTCH water prevention company. The system consists
on water fillable and stackable containers which are installed in place before the flood events while
connected by also stackable joints making the system almost fully water tight. The main goal of the
system is to serve as a water retaining barrier for maximum water level events close to 60 cm as
shown in Error! Reference source not found.

;
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Figure 50. Boxbarrier system being filled for stig by the Dutch army.
(https://www.thegreenvillage.org/project/Boxbarrier/)

Hence, the monitoring system for the movable barriers will be directly developed by  determining the
levels of allowable strain derived from the raw data collected by the interrogators and relating them
to the failure mechanisms tested in environmental conditions  without the use of any physical model.
Therefore, the further development of this system will mostly focus on the design and testing of the
system for cable installation mechanisms along the fillable elements and their influence in the
prediction of the p erformance of the built system based on flood barriers. For this, it is necessary to
determine the allowable and minimum detectable strains, deformations and dominant directions so
that a new set of specifications can be given to the interrogator providers  to tailor the system for this
type of flood protection system.

For determining the expected strains along the movable barrier during flood events, an elastic
material physics based finite element model (FEM) was built so that 3 different loading conditions
could be applied. One is afillable element full of water with no hydrostatic loading on the sides. The
next one will be the container full and fully loaded with its maximum possible hydrostatic load on the
protection side while partly loaded on the protected side of the barrier. At hird and last one will be,
an empty fillable element of the barrier loaded equally high at both sides while empty (see Error! R
eference source not found. ).

Full + No Load Full + Loaded Empty + Loaded

=

[ I /L Rl

Figure 51. Barrier loading cases a) Full of water b) Full of water during flood event ¢) Empty during flood event while
flooded.

5.5.1. FEM FOR LINEAR ELASTIC MATERIALS

To simulate the elastic behavior of the movable barrier under different loading conditions, a fully

elastic 3D finite element model was set up using the COMSOL Multiphysics software (AB 2019) The

model allowed to determine the expected strains along the barrier under multiple loading conditions

which should be detected with the fiber optics system. The problem is modelled as a linear elastic
material that foll ows Hoporkodadity whiewwssuming alcerfstautivemmaddél on pr o
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based on Youngds mod (ABR049) &his dhoitt dsisupmoied asrith;taxi%
the material will not be taken to its ultimate state. When the system is in equilibrium, the system

equations ensures that the sum of forces and moments in any part of the material is zero. In the case
of the presence of external body forces, the system of equations solved for equilibrium are:

ny Qm
where:
1 ., isthe Cauchy stress tensor [N/m?].
1 "QGis any external force applied to the system [N].

In this case, the stress-strain constitutive relation is defined for an isotropic linear elastic material
by Hookeds | aws as:

. 04

where:
1 6 is the fourth order stiffness tensor [N/m 2].
I T isthe strain tensor which is unitless [ -].

For isotropic materials, the stiffness tensor 6[N/m ?] can be written as and represents the stress strain
relation:

» J T c'T

For _ and ‘ which are the Lamé parameters, they can be calculated as a function of the elastic
properties of the materials; Young's modulusO[N/m 2] and Poisson's ratio’ [-]. The two terms are
expressed as:

For the displacements, the strain -displacement relation used by the softer is expressed as:

6 10

®»w Tw

Falhel
—a —

By solving this system of equations in 3 dimensions, it is possible to determine the displacements,
reacting forces and strain exerted by the material conditioned to a certain geometry. This allows to
predict the locations where the larges t strain is expected which will consequently determine the
position of the fiber optic cable. Note that for this specific case, the interrogation unit is strain based
(DSS) as the elongation of the fiber cable is the proxy variable that will be used for mon itoring the
eventual displacements of the movable barrier.

5.5.2. FEM OF THE MOVABLE BARRIER LOADING RESEPON

A 3D finite element model in a steady state of the linear Eleatic stress -strain response of one movable
barrier element was built using COMSOL Multiphysics software based on its structural mechanics
module by solving the equation system presented in section 6.4.3. The model was built by importing
the original 3D design from the movable barrier system from the Dutch water prevention company
(www.dutchwaterprention.com ). From this solid model, a mesh with 42,760 elements (see Figure 52)
was produced for which the linear elastic response as strain -stress is going to be produced for the 3
different loading combinations.

U
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Figure 52. Boxbarrier FEM mesh produced in COMSOL Multiphysics.

The model is calculated as a steady state solution as it is intended to find out what is the expected
maximum and minimum order of magnitude of elastic strain under loading conditions, its dominant
directions and its spatial distribution. With this information, the minimum requirements of the strain
sensor can be used as required for the re-design of the interrogator and cable interrogation system.
Note that it is expected that the material of the Box Barrier will work under elastic conditions which
means that the material is never modelled or stressed until the plastic behavior.

Table 6. Elastic parameters for the Boxbarrier Model

PARAMETER ‘VARIABI UNIT VALUE

Youngds modul 0o [N/m 3 2.9e9
Poi ssonds rat ’ [-] 0.4
Material density ! [kg/m 3 |1760
Water density " [kg/m 3] | 980.6
Initial Temperature Y K 293.15

The parameters required for the model are presented in  Error! Reference source not found. and c
orrespond to representative values of the material used for the modelling of the elastic response of
the Box barrier under different loading conditions.

5.6. FOS INTERROGATION CONCEPTUAL DESIGN

In general terms, monitoring data retrieved from a DFOS system (and specifically from a fiber -optic
distributed strain and temperature sensing system as scheduled herein) will be characterized by the
following performance parameters:
1 Spatial resolution (defined as the smallest discrete temperature or strain event to be resolved
by the system within the specified measure accuracy)
1 Measurand (strain and temperature) accuracy (assuming perfect sensor calibration, this is
equivalent to the strain / temperature repeatability, defined as the double standard deviation
for a data point along a series of measurements under unchanged conditi ons)
1 Data acquisition rate or measurement frequency (one over the measurement time required
for a full measurement iteration along the sensing fiber at defined parameters)

i1 Distance range (length of the optical fiber loop)

U
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These performance parameters are interdependent on each other; e.g., spatial resolutio%;
lowered in the parameter settings for a measurement to achieve a higher measurement frequen

One important impact on the accuracy and frequency to be achieved is the total optical loss or
attenuation along the fiber -optic sensing loop. Lower optical losses will result in better accuracy and
thereby provide higher flexibility in selecting the overa [l measurement parameters (see Figure 53). A
presumably low-loss installation of all fiber -optic sensing cables shall therefore always be a design
goal in any monitoring set -up.

Optical
Losses

Figure 53. Performance parameters of DTSS measurements

The integrated system set -up as described above is a state-of-the-art implementation of an industrial
geotechnical monitoring installation. Along with the test objects (dike and movable barriers) and the
data transfer into the cloud system, from thereto b e further processed in merging data into the FEM
work and dashboard of TUD, the whole can be seen as a prototype for an on -line, real -time, wide -
area monitoring system. Replication of this prototype into actual operation in flood protection
systems in rural and urban environments is the explicit goal of this task . This integrated set -up sensing
system should allow to enhance the resilience of the built and movable elements against natural
hazards like floods and heat waves by increasing their preparedness capacity, absorption capability
and systemds Thiseystern wilbbe mtggrated into the digital solution conceptualized in
Task 4.4. In this task the design of a monitoring system based on fiber optics technology to provide
remote actual informatio n on the performance of flood defen ce systems during floods and droughts
with specific focus on temporary flood barriers and peat dikes. The spatially distributed monitoring
system will be able not only to withdraw in situ  measurements from the structural health of the flood
defences, but it will also give water managers information regarding their structural health
performance and failure detection for fast response during catastrophe events and asset management
during regular operation periods .

5.6.1. DATAPOSTPROCESSING

With the given measurement parameters within the defined system and performance requirements,
the DFOS system will essentially provide a series of data points of the measurand along a defined,
equally spaced position axis.

In Brillouin DTSS, as described above, the primary quantity measured is the Brillouin frequency shift
of the optical fiber.

In order to achieve the actually desired quantity of the geotechnical assessment of the dike, or the
mechanical performance assessment of the movable barriers, this Brillouin frequency shift has to be
transferred via a multi -level post processing:

1. Brillouin frequency shift is linear dependent on the strain and temperature in the optical
sensing fiber. In order to separate strain from temperature, several parallel fibers
(combinations of loose tube and tight buffer) might need to be analysed.

2. From strain and temperature in the fiber, strain and temperature of the fiber  -optic sensing
cable has to be derived, using knowledge of the mechanical and thermal properties of the
cable design.

U
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3. From straininthe fiber -optic sensing cables, deformation and/or displacement can %5‘
by taking into account the geometrical constellation (e.g. the orientation of kno
settlement with respect to the cable path). From cable temperature, moisture o r seepage
can be derived using the existing knowledge of the environment.

4. Such deformation information can be fed into the ¢
state or operational behaviour.
The interface between FibrisTerre6s DTSS system and the geotechnical a

of strain/temperature data (step 2 /3) of the above processing levels. Temperature/strain separation
will be done in accordance to the availability of dedicated sensing cables for strain and  temperature.
Further raw data (like the original Brillouin frequency response) will be stored in the system itself
and kept available for deeper investigation if required.

5.6.2. SYSTEM OPERATION REQUIREMENTS
The core system components of the DFOS interrogation set-up are the following:

91 Interrogator unit fTB 5020: The acquisition unit for one loop of fiber -optic sensing cable
(alternatively to work in single -ended operation). 196 ractermbl e wuni
reliable operation, to be powered with 110 -230 V / 30 W. Ethernet connect ion to local PC
(see Figure 54).

I Multi-channel extension switch fT XN: Extension from the single fTB 5020 channel to a higher
number of parallel sensing |loops (channel number N
with 110-230 V / 5 W. Ethernet connection to local PC.

1 Local PC: Hosting monitoring software application fTView for instrument control, first  -level
signal processing, graphical user interface. Ethernet connection to fTB 5020 and fT XN, data
connectivity to further stages of data processing.

1 Cloud data platform fTScope: Cloud database, data will be uploaded directly from local PC /
fTView. Providing API to be directly accessed from TUD dashboard for dike monitoring.

Monitoring Site Control Room
5G router with Wifi, )))
VPN, Ethernet switch
Local computer fTScope
Online Dashboard

Contro/ Interface | Cloud Data Base fTScope

fTView
Instrument control C— — browser-based user interface

Raw data processing =5y U R CEE S (no software installation required)
Local data storage Data history and filtering

API: Direct data access via URL

fTB 5020
Interrogator Unit —

Fiber-optic switch —
for channel extension

—_—
== _./ B .
e~ to fiber-optic sensing foops

Figure 54. Typical fTB 5020 DFOS system seiup (source: www. FibrisTerre.de)

5.6.3. INTEROGATIONOMPONENTS UPGRADE

Within the project scope, the following key performance parameters will be further developed and
optimized with the specific goal of a dike monitoring system:

1 Data acquisition rate / measurement frequency: Especially for online real -time structural
assessment of dikes and barriers in the case of a flood event, FibrisTerre will optimize
interrogation procedure, data processing and transmission to achieve faster measurements
for quasi-real time analysis. This will be done mainly in fTView (software on the local PC)
and in the fTB 5020 firmware.

U

Co-funded by
the European Union



http://www.fibristerre.de/

,nIH{{

D3.1 8 Review, design and specifications of Fiber optic -based monitoring systems for flood 3
defences {

Q

-

(1

1 Spatial resolution: Especially for monitoring the movable barriers, a spatial resoluti%
range 10-20 cm is required. FibrisTerre is aiming at such a spatial resolution improvemént
within the scope of the project. This will be a major hardware upgrade to be performed at
FibrisTerred s f aci |l i ti es.

The system as described above is to be set up on the test site (Tedingerbroekpolder and Flood Proof
Holland, respectively). A shelter to keep the hardware equipment secure, dry and within the specified
temperature range (0 -45°C) is required.

Fiber-optic cables (not necessarily dedicated sensing cables) can be used as lead cables from the
interrogator to the objects and structures under test.

The use of a fiber -optic switch for channel extension is not planned at this stage, but might be decided
upon later on. Data connectivity will be realized through a wireless modem (4G or 5G) directly from
the local PC to the cloud database (to be implemented and set up by FibrisTerre in the Develop and
Testing phase of MULTICLIMACT project

5.6.4. EXPERIMENTS POPOSED FOR INTERROGATOR TESTING
Typical on-site and laboratory tests for a DTSS system like the fTB 5020 involve:

I Tests of strain accuracy and spatial resolution by fixing a section of sensing fiber and / or
fiber -optic sensing cable on a linear stage over 0.5 m (or whatever spatial resolution value is

to be verified) and applying defined strain. A series of DTSS meas urement iterations is to be
performed.

1 Tests of temperature response by placing a section of sensing fiber and / or fiber -optic sensing
cable in a temperature chamber or a water bath with a defined temperature. A series of DTSS
measurement iterations is to be performed.

1 Combination of fiber -optic sensing cables, interrogator, and overall structure: Performing a
series of DTSS measurement iterations in the full set -up, applying defined deformation or
thermal conditions to the structure (emulate displacement in dike or barr  ier; applying water
seepage with reference measurement of moisture content at defined positions).
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6. RESULTS AND SYSTEM SPECIFICATIONS

6.1. ACCURACY, FREQUENCY AND SPATIAL RESOLUTION FROM
HYDROGEGTHERMAL DIKE RESPONCE

6.1.1. SENSOR REQUIRED FREQUENCY BASMDCENURE CONTENT CHANGE

For the frequency time of data collection, three different points over the dike domain
one over the crest, one on the talus and one on the toe of the slope as follows:

were chosen;

Figure 55. Locations where time series were extracted from the finite element model.
From Richardds coupl e F the year2023, ircardakelady beiobserved that then

moisture content fluctuates in space and that the saturation degree is lower on locations on the cable
closer to the crest of the dike (red line) as shown in  Figure 56:
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Figure 56. a) Calculated relative moisture content in different cable locations along the year 2023 b) Rate of change of

moisture with respect to time .

From this graph, it is possible to calculate the fastest rate of moisture change by estimating its
derivative with respect to time ( —) as shown Figure 56. In here we can observe that the fastest rates
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of moisture change are obtained for desiccation and saturation occur on days 98 and 28%?5
of -1.41e-5 and 1.43e-5 Sr/s. To have a good description of the moisture content variation of:|

two extreme events and reconstruct the soil water retention profile in the vertical direction, it is
required that the system should be able to detect changes of a minimum of 1% of Sr.

Based on this choice, it is expected that the system will record the fastest change of moisture under
699.3 seconds of saturation and 709 seconds for desiccation for a 1% change in Sr. Now it is also
important to note that the variations of the moisture content of 1% will only be captured given the
Nyquist-Shannon principle of analog signal monitoring which states that the signal can only be
digitized without an aliasing error only if its sam pling rate is greater or equal than twice the highest
frequency of the desired signal to capture. This means that the system will require  to measure every
temperature along the fiber close to every 5.8 minutes (700 seconds divided by 2) for moisture content
reconstruction of 1% changes according to the Nyquist Shannon principle.

Note that while the change of moisture highly depends
the changes in pressure as once the soil is fully saturated (e.g. toe location) the soil can still exert

different pore pressures. Hence it is important to determine what is the rate of change in terms of

pressure for the previously monitoring frequency found (11.6 minutes).

For this, a similar exercise is done using the pore pressure time series presented in Figure 57 to
determine what is the biggest pore pressure change that can be determined by the monitoring system
given a 700 seconds frequency data collection. For this , we first produce the pore pressure
measurements in each of the same 3 locations and their rates of change as shown in the next figure:
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Figure 57. a) Pore pressure per location in the dike for the year 2023 b) Rate of change of pore pressure with respect to
time

From these results, it can be determined that the largest rates of pressure change are also occurring
on days 98 and 286 but with rates of -1.6e-5 and 2.02-5 m/s. Given the 700 seconds frequency of
monitoring, the system will allow to find pore pressure changes or around 0.014 m. Commercial
groundwater piezometric sensors can have a resolution of 0.002 cm with £ 1 cm error which shows
that the envisioned monitoring system is only one or der of magnitude further than commercially
available solutions while hav ing a densely spatial resolution.

6.1.2. SENSOR FREQUENCY REQUIREMENT BASED ON TEMPERATURE CHANGE

As the FEM groundwater model is also capable of reproducing the effects on the heat transport derived
from the variation of the moisture content in time, the same exercise of estimating rates as a function

of the derivatives will allow to determine the exp ected changes in temperature in time. This can be
used as an additional criterion to define the monitoring  sensors'required frequency. For this , we first
produce the time series of temperature for the year 2023 which is already influenced by the change
in thermal conductivity of the moisture content _  — and the pore fluid velocity @ 8The results are
shown in Figure 58. In this case, the largest rates of change do not occur at the same times as for the

;
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groundwater models as the maximum cooling and heating rates were found on day 79 a@.
On these two dates, the estimates rates were -4.7e-5 and 2.01e-5 K/s.

o
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Figure 58. a) Temperature measurement in the three different locations for the year 2023. b) Rates of change of
temperature .

With a time of monitoring frequency of 700 seconds, the expected temperature changes that the
system will be capable to record under clean signal conditions are -0.03 and 0.01407 Kelvin. The
FibrisTerre interrogator is capable of detecting events of +0.001 Kelvin which means that it has more
than sufficient detection capacity for the given heat transport phenomena to be monitored.

6.1.3. SENSOR MINIMAL SPATIAL RESOLUTION BASED ON MOISTURE CONTENT

Given the three -dimensional nature of the F E model produced for the MULTICLIMACT project, it is
also possible to estimate the moisture content distribution in space at every time step of the 2023
daily simulation.
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Figure 59. Moisture content distribution for a) Initial condition b) Wettest time step [t=day 98] c) Low saturation for
drought antecedent period [t=day 154] d) Driest time step [t = 286 days]

In Figure 59, 4 different spatial moisture distributions are shown which allow to observe the initial
condition of the model, the dr iest time step, the wettest time step and an additional time which
represents the time step after the longest period during the year without rainfall. This could be
representative of the expected moisture content after a drought. Note that while the model a ccepts
environmental temperature as input, it does not include the effects of evaporation or runoff
processes, which means that all the rainfall time series are assumed as total effective infiltrated
rainfall in the boundary condition.

To determine the spatial resolution, the derivative in space of each time step of the complete
simulation was calculated. Afterwards , the maximum rate of change was extracted for each map.
Given the existence of the preinstalled cable in the longitudinal direction, the derivative was
calculated along the y axis of the model as that would be the dominant spatial change expected in
the cable. In this case, the system is designed so that the spatial resolution required to capture the
largest area and its varia tion, so the median of the time series shown in Figure 60 is chosen as the
design value. Given that the model calculated the moisture content every 4 hours, from a total of
2100 time steps, the median value for the maximum spatial gradient of moisture is 13.75 Sr/m. For
obtaining this result, the time series of the maximum change of moistur e content in the y direction
was calculated and is showed in Figure 60 as follows:

Figure 60. Maximum rate of change of moisture in the y direction per time step

This means that if a 1% variation in space was required, a spatial resolution of 13.75 cm would be an
ideal gauging length along the fiber optics cables.
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