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Abstract

Structural health monitoring of civil engineerindrastructures like dams and dikes is a vital idse@ause of their harsh working
environments. It is inevitable to detect all kifdahnoomalous behavior in order to take preventivasuees well in advance. Most of
the failures in the embankment dams are attribtaeiiternal erosion, the movement of soil partiaesler the influence of
significant water flow thorough the structures. Skignificant flow in turn brings about a changeemperature of the structure
thus making temperature a very useful measuramutaitong information about leakages. The convemdicechniques for
surveillance of dikes are comprised of visual irsipas and local measurements carried out pungtudwever, subject to the
constraint that these structures are spread orge tistances (several tens of kilometers), settiremmous methods have to be
employed. Distributed temperature sensors basedptical fibers present an economically viable dohutin this regard. The
low-cost telecommunication fiber, serving as anmsic sensor, is probed to obtain temperaturdlpsofvith high spatial (1 m) and
temperature resolutions (0.01 to 0.1 °C). The ramperature data being not immediately interpretéibleerms of leakage
detection, requires subsequent intervention ofyaimtechniques. In this paper, we would presemtialysis methods based on
advanced signal processing techniques such asesseparation as well as several case studies bexerimental sites of EDF
(major dam owner in France) which have successallbwed water leakage detection.

Introduction

Hydraulic structures like dams and dikes which tamtusly surround water are always at risk becafise
severe environment, internal erosion, ageing, gfiauovements, etc. For dam owners like Electricéé d
France (EDF), the surveillance of these structassumes a very high priority. Efficient surveillanc
solutions have been developed over the years korgare-emptive actions to avoid a possible rugtur
About 50% of the total dam failures reported atglatted tointernal erosion movement of soil particles
under the influence of a significant flow throude structure (Febt al, 2007). Internal erosion is usually
identified by the presence of water leakages. Althn soil parameters like resistivity and permegtdre
implicitly linked to internal erosion, temperatucdfers a more explicit link (Johansson, 1991). The
sensitivity and reliability of temperature measueats for identification of significant flows in the
embankments is well established in literature (Kdmpeyer, 1957, Armbrustet al, 1989, Fry, 2004).

The fact that dikes constitute structures spread several kilometers together with continuous rowimig
requirements imposes the constraint of semi-autongnsystems. The distributed temperature sensors
(DTS) based on fiber optics present an efficiehitsm in this regard. The idea is to develop maoriitg
systems capable of generating automatic alertsagititralized control in order to complement thestxg
auscultation methods like visual inspections. Tossfbility of multiplexing a large number of serson a
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single optical fiber and the flexibility of sengaacement are some of the unrivaled advantages 86D
Moreover, their long-range measurement capabilily {0 20 kms) and efficient spatial (1 m) and
temperature (0.01 to 0.1 °C) resolutions give tladgstinct advantage over conventional sensors.

The temperature measurement method using DTS ,d=yesi in this paper, is the so calfE$sive methqd

a natural measure of temperature. In the absencanofmalies, the measurements are driven by
phenomenon of conduction: the heat transfer igbated to the interaction between air temperatume: a
temperature of water naturally present in the gdolueakage resulting from water flow through thieedi
brings an additional heat component driven by thenpmenon of convection. Thus, when convection
superposes conduction, the temperature measurecaentelp in leakage detection. The fiber opticidal

at a strategic location inside the dike (e.g.hatdownstream toe), can therefore intercept thpeemure
changes. The change in the local thermal conditlolego leakage is captured by the fiber optic th&SES.
However, for real on site installations, the leakagnature is not the only factor influencing #uogjuired
temperature. Other environmental factors, like taxgsstructures (drains), self-response of the gdoin
which the fiber is buried, seasonal temperaturéatians, ground heterogeneities, precipitation, e&n
equally influence the acquired data. In brief, ibeorded temperature data are not immediately éaple

in terms of leakage identification and thus requitervention of analysis methods.

This paper would focus on the methods based omaddssignal processing techniques exploiting drgy t
temperature acquired by the fiber optic without amyiori whatsoever. Two approaches were developed
this regards, a medium-term analysis approach b@ssdurce separation techniques (Kbtal, 2008a)
and a daily alarm approach based on singularigotien (Kharet al, 2010). This paper aims at presenting
some case studies of application of these appreamheaeal instrumented sites in France. The arsalysi
methodologies would therefore only be briefly réehland the interested readers can refer to tled cit
references. The paper starts with a descriptiotemmiperature data acquisition system using fibeic opt
sensors followed by a brief exposition of the pisgmbleakage detection methodologies. Finally, ékalts

of their application on different experimental sitge demonstrated.

System Description and Data Model

Figure 1 illustrates a typical installation of filmgptic at the downstream toe of the canal, beitgriogated

by a distributed temperature sensing device platedstrumentation room. The commercial DTSs are
based on Raman backscattering principle using phiead time domain reflectometry (OTDR) (Hartog,
2000). The major components of the sensing systenagulsed laser source, a directional coupléraan
optical fiber cable serving as an intrinsic tempaasensing element. The interrogation principalary
similar to that of radar. The light photons emitbgdthe laser source interact with the moleculeb®fiber
material. Some of the photons are backscattergtiebthermally induced molecular vibrations, atttéal

to Raman scattering. The Raman spectrum consistsvafbackscattered components, at equidistant
frequencies around the incident frequency. Thensitg ratio between the temperature dependent
Anti-Stokes and temperature independent Stokes opemts gives the temperature as a function ofarriv
time at fiber input. Knowing the speed of lightigesthe fiber, the temperature along the entirerflength
can be obtained with a pre-defined resolution.

The principal advantages of DTS over conventioeaksrs include their commercial viability, long-gan
measurements, efficient spatial and temperatuutisns, ruggedness and immunity to electromagneti
interference, etc. There exists a trade off betwdiffarent parameters of DTS device like spatial an
temperature resolutions, speed of measuremeng raigmal to noise ratio, etc. (Nikles, 2007). Trigal
installation also requires proper calibration wieispect to some reference temperature. For therturr
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paper, temperature data were recorded with a deffegng a temperature resolution of 0.05°C, aigpa
resolution of 1 m and a range of 5 km.

A water leakage across the dike generates a themrmahaly recordable by the fiber optic. Several
measurements over time allow following the temparablution of this anomaly. The acquired raw
temperature data can thus be formulated as spatipetral data. However, the identification of leakag
signatures on the raw temperature data is not @asyo the influence of several environmental fiescto
Consequently, subsequent processing of these slataquired in order to extract useful information
concerning the leakages.

downstream toe

Temperature signal
measured by the fiber optic : %

Figure 1: Schematic of thermal dike monitoring for leakage detection using distributed fiber optic sensors.

The data recorded by the fiber optic can be writtera two-dimensional signal, a function of titrend
distancex: Y = y(t,x),| 1<t< N, 1< x< N,y, whereN, andN; represent the fiber length and the total
number of acquisitions, respectively. In principsignificant flow of water due to leakages could be
identified by measuring the difference of tempei@hetween that of the canal and the soil in whitgr is
buried. However, this difference could equally besult of other factors like existing structurdsafns,
tunnels, and manholes), seasonal temperature ivasgat solar radiation, precipitations, soil
heterogeneities, etc. Moreover, the acquired sigrgtiongly influenced by response of the nedasarin
which fiber is buried, masking the leakage relatseful information. Anomaly detection, particulathe
leakage detection requires isolation of all thesddrs from the raw temperature data.

The recorded signal can be modeled as a mixtusbo¥e factors. Even though, these factors can be a
non-linear function of temperature, the temperatataes induced by these factors are considerdubutit
trying to quantify the factors which produced theakies. A source as function of distance alonditier

is attributed to different factors allowing to egps the recorded temperature as a weighted liniggure

of these factors. In addition, considering the ptalsindependence of these factors, the associated
temperature sources can be assumed independererifiperature matrix can thus be expressed as:

Y =MF+B (1)

where, M OO ™ represents the mixing matrixc OO "™ the independent sources induced by the
factors, andB [0 1™ the noise.
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Different pre-processing techniques such as datead®ning and normalization could be employed for
attenuating the influence of certain factors. Likemy the temporal periods of precipitations must be
identified as they could introduce false alarmshia detection algorithms. In this regard, a criterfor
identifying such periods, based on higher ordedisties, was proposed (Khaat al, 2008b).

Leakage Detection Methodologies

Two methodologies based on advanced signal progetsthniques were developed by the authors (Khan
et al, 2008a and Khaset al, 2010). A brief review of these methodologies idole presented in this
section.

Medium Term Analysis : Source Separation Approach

The fiber optic allows monitoring of temperatureofiles along the dike with metric resolution. An
approach based on the separation of different thlezomtributions (sources) could be used. Thevadmad

be to find the matricel®l andF in Eq. (1) given only the observation mat¥ixthe recorded temperature
data. The most commonly used techniques for saeparation are singular value decomposition (SVD)
(Klemaet al, 1980) and independent component analysis (ICAy#@irdnenet al, 2000).

In the first step, SVD, a matrix filtering techniuallows decomposition of original data space into
orthogonal subspaces. The output of SVD is theatattusing the independent component analysisgdbase
on the assumption that the sources are mutualgpieiident. The goal is to estimate the sourceshand t
contributions to the mixture by maximizing a criter of statistical independence. The algorithmitade

do not fit into the scope of this paper and theriggted readers can refer to (Hyvéarinen, 2000).fiflaé
output is a leakage detection parameMgaage @ function of distance and time. The algorithm is
summarized by the schematic of Figure 2.

Y . . YIeakages
)y Preprocessing »  Source separation >

Figure 2 : Source separation based approach for leakage detection.

Daily Analysis : Dissimilarity Based Approach

The source separation approach is useful for tae shmonitoring. However, for real time early wiam
system, another approach was proposed by authdran(#t al, 2010). The method is based on the
assumption that singularities such as leakagestimgxistructures, ground singularities, etc., sluaiy
temperature variations that are different fromrba-singular zones. The main hypothesis is thatgel
part of the dike is constituted of non-singulazgnes and the method would be applicable to tles sit
satisfying this condition.

The different stages of the proposed techniqus@arenarized in Figure 3. The system analyzes data fo
given dayk at all the sensing distances. The meteorologiocalditions are first verified to ensure
precipitation free days. A reference vector reprsg the 24-hour temperature variation for norgsaiar
zones is estimated from the data itself.
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The deviation with respect to this reference alléovsnulating a measure of dissimilarity with thdhef

L, norm. The resultant dissimilarity measuigy), is a function of distance. A thresholding schdyased
on probabilistic modeling of this measure and astamt false alarm rate is then applied. This foatioh
allows to obtain an adaptable threshold for eacttysis day with a fixed probability of false alarithe
output is thus a detector of singularities as &tion of distance along the fiber for each day.<s®gjnent
adaptation of the system can allow the sub-daighesis as well. The proposed detection systemtas t
capability to serve as aarly warning systepidentifying the anomalies well before they arseivable
through visual inspections.

Y . Dissimilarity
mmmm)| Data selection HOS Measure

d'(x)
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_Thresholdin
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Figure 3: Daily alarm system based appr oach for leakage detection.

Results and Discussion

Over the last 10 years, EDF has developed expeitisa optical fiber sensor installation to data
interpretation for structural health monitoring dfkes. The application of the leakage detection
methodologies on the real temperature data acqatredo experimental sites of EDF would be presgnte
in this paper.

Experimental Site # 1

The first experimental site is located in the sanftfrrance with a Mediterranean climate. The fibgtic
cable is buried at the downstream toe of the dikeclering the feed canal at a depth of 1 m. Figusleows
the installation configuration, where 2.2 km oféfitcircumvents two drains, D1 and D2. The geoldgica
conditions at the site imply that the fiber is abtdifferent elevation levels. The raw temperatdata
shown in Figure 5 as a spatio-temporal functionadeggasonal temperature variations and the twioslra

Instrumentatign
room Zone 2
DTS from 0. 1km to 1.25km from 1.25km to 2.2km
h 2, ,  Optical fiber cable
: \% el e .
’\_._..//\\—-_.//\\_._]/\ /\ /\

Drain D1 Drain D2

Figure4: Illustration of fiber optic installation at experimental site# 1.
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Figure5: Raw temperaturedata acquired at experimental site# 1 over 2 kmsand 6-monthsin 2005.

In order to test the leakage detection systenficatipercolation type leakages were used atshis their
generation not fitting into the scope of this pagdrese leakages, controlled in terms of their flave,
localization and duration, are described in Table 1

Table 1. Structuresand artificial leakages at experimental site# 1.

Drains Leakages Hot Point
D1 D2 L1 L2 L3 HP
Distance (km)  0.561 0.858 1.566 1.551 1.573 0.674
Time (May) - - 10 (afternoon) 12 (afternoon) 12 (eve) 10 (morning)
Flow rate (I/min) - - 5 1 1 -

In the first instance, the source separation agproasults would be presented. The preprocessimgjste
of normalization and precipitation identificatiosing the higher order statistics criterion. Thepotiof the
detection schemé,jcaxage IS Shown in Figure 6. A zoom in the vicinity bktartificial leakages, L1, L2 and
L3, shows an efficient detection and localizatiéthe artificial leakages. The temporal evolutidrireese
leakages can also be followed with this resultid_dletected as being the most energetic, followed2
whereas L3 is detected with the least energy dite kow flow rate as well as its initiation duritige night
when the water and air temperature difference isigmificant. In order to localize the leakagé® tesult
can be projected on the distance ayig;(x). One such projection during october, 2005 (Fighrallows
detection of real leakages, localized over seveetkrs, just before and after the second drain,Th2.
periodic analysis done for the data acquired inlpet 2007 for the same site allowed detectionedeireal
leakages as well.
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Figure 6 : Source separation based detection resultsfor experimental site# 1 for year 2005.
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Figure7: Projection of source separation based detection resultsfor experimental site# 1 with real leakagesin
october, 2005.

The daily analysis approach also allows the detedaf the artificial as well the real leakages. Tesults

on the artificial and real leakages of 2005 arepnesented here in order to avoid repetition. Haxewn
order to highlight the significance of daily alasystem, the detection results for 7 days in the 3887 are
shown in Figure 8, whereby the drains and the lezsddages are identified as anomalies. The detection
parameter was normalized here with respect to isémum for each day. This kind of graphic can bg/ve
useful to follow the evolution of different anonesi
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Figure8: Detection resultsfor daily alarm based analysis system for experimental site# 1 over 7 daysin 2007.

Experimental Site # 2

The second experimental site considered here &dddn the north of France, a continental climates

fiber optic cable is buried at the intersectiontltod embankment slope and surface of drainage canal.
Periodic visual inspections have shown the presehlemkages over a large part of the dike. Theali®n
results using the source separation approach avensin Figure 9 in terms of the projectigg(x) of the
detection parameter during the months of april jahyd 2007. Different anomalies were observed fos t
experimental site, which corroborate quite wellhattte visual inspection results. Moreover, the degs
show evolution over the course of time. This camlgerved by the positions marked with arrows where
the anomalies present in april (Figure 9a) disappeauly (Figure 9b). This is a peculiarity of thsite,
where the main canal exhibits lots of seasonahtiaris in terms of its flow rate, resulting in tlaet that
certain leakages appear and disappear over theecofitime.

T o | | T 4
15 15
5’5 10 ‘>‘<’§ 10
= T
5¢ 5
00.6 0.8 1 12 14 00.6 0.8 1 12 14
Distance (km) Distance (km)
(a) April, 2007 (b) July, 2007

Figure 9: Projection of source separation based detection resultsfor experimental site # 2.
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Conclusion

Health monitoring of dams and dikes is primordmbrder to avoid the failure of these structureterhal
erosion, being a major cause of ruptures in dardslkes, alters the temperature field of the stmgctThe
fiber optic based distributed temperature sensoowige a semi-autonomous surveillance solution,
monitoring while ensuring quasi-visual inspectidong the entire dike length. The raw temperatutta da
acquired through these sensors must be analyzeiddotification of leakage related information. Two
signal processing based approaches, a medium pgnmoach and a daily alert system based approach, we
shown to be very efficient in detection of leakagése proposed methods were validated on two differ
sites of EDF, equipped with fiber optic temperatseasors along the dike, whereby real leakages were
detected. The distributed fiber optic temperateresr based detection isearly warning systemwing to

the fact that it is automatic and allows measutirganomalies well before they are physically Vesib
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