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Abstract — A distributed temperature optical fibre
sensors  system  with a sub-centimetre gspatial
resolution has been incor porated in a sand-box model.
Its function is monitoring the temperature field
induced in the sand by a horizontal water flow with
inflowing water maintained at a constant temperature
higher than the room temperature. The setup has
been designed to investigate the variations of the
temperature field induced by internal erosion in a
dike. The paper presents preliminary results
concerning heat transfer in the intact sample, before
internal erosion is triggered. The results show that,
with the sensing system adopted, temperature
mapping in a soil sample can be obtained with such a
richness of detail which is not comparable with that
achieved adopting a system of pointwise sensors.

I. INTRODUCTION

available, also commercially, as viable replacemaint
most standard legacy sensors used in geotechnichl a
environmental engineering.

Among the others, a particular class of fibre optic
sensors, the distributed FOSs (DFOSs), represéets t
most promising class of sensors in the scenario of
geoenvironmental monitoring, because of their uaiqu
feature, i.e. the ability of distributedly mappitige field
of the measured physical quantity along the fibre.
Furthermore, they represent a revolutionary tookfoall
and medium scale physical modelling, as they albow
terrific spatial resolution to be achieved - at toeptre
scale or even less - with few tens of seconds wiptiag
time. With this respect, the use of DFOSs enabétteb
insight and more accurate modelling of investigated
phenomena.

In this work we apply DFOSs to measure the spatio-
temporal evolution of temperature within sand box

Over the last 25 years fibre optic sensor (FOSodel. Such a sensing platform is usually referred to as
technology has become an established sensing ool Pistributed Temperature Sensing (D7 Spme examples
several fields ofipplication; about the use of fibre optics Of DTS for geoenvironmental applications can bentbu
as sensors, very few know that the proposal ofcapti in the literature [6].
fibres as sensing elements is almost as old as tregi as ~ Sand box models are used to observe phenomena as
transmission media [1]. Several review papers, havéey actually occur in porous media. A common
described the many advantages FOSs offer with cespeapplication is the modelling of groundwater flowsatall
to legacy electronic sensors ([2,3] and thereiarefces). ©OF medium scale [7]. A sand box consists of a rigid

Coming to applications with high demandingwatertlght cpntamer fllle_d Wltha}porous materdald one
requirements — large number of sensing points, hhars2r more fluids. Measuring devices and a supplyesyst
environments and large areas to cover - features &3at reproduces the boundary conditions of the ratu
reliability, immunity to electromagnetic interfersn reservoir complete the model. The sand box destiie
cheapness of the sensing element, low operating codhis work reproduces in small scale the foundatayer
flexibility, easiness of multiplexing make FOSs ary of a water retaining structure. The aim of the wisk
appropriate, if not the only applicable, technotagi Studying the applicability of DTS to detect intelna
platform [4,5]. Geoenvironmental applications ameoag ~ €rosion under water retaining structures, with diqaar
the most representative cases: having initiallyepesed ~ focus on river embankments.
oil and gas industry, fibre optic sensors are nayad
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II. DISTRIBUTED TEMPERATURE SENSING BY is not the case, proper approaches has to be adapte
FIBRE OPTICS face the cross-sensitivity of Brillouin to both teenature

As mentioned above, distributed measuremengnd strain. o
capability is singular of FOS technology, with no Intensity, frequency, phase and polarization of
counterpart among standard legacy sensors. Generaff@yleigh scattering signal in fibre optics is ore th
speaking, the predictable behaviour of the bactexeat contrary intrinsically independent of almost anyeeral
light generated by elastic and inelastic interaxtio Perturbation. The sensing is still possible because
between incident light and the material of thediltself ~Rayleigh-based DFOSs a different mechanism is
under perturbation is at the basis of any DFOSms&h €xploited: sensing is enabled by any propagatiéectf
interactions are based on three fundamental presessthe backscattered light experiences while travglback
Rayleigh, Raman and Brillouin scattering [8]. Eawh [nto the fibre, among which attenuation, phase
these scattering processes generates a light piii interference and polarization rotation [12]. Thedk=cts
propagates back to the input end when a propert inp@llow for the backscattered light to keep memory an
signal is injected into the fibre. Conditions ofeth €ncode any change in the surrounding environment. A
environment surrounding the fibre influence theeghr important peculiar feature of Rayleigh based DOBS i
processes as well as the generated backpropadiating that they cannot provide absolute strain/tempeeatout
This is at the basis of the sensing mechanismhas tONly the variation with respect to an initial cotmi,
backscattered light is measured to sense loc@ssumed as reference. To this extent, commercially
environment parameters along the fibre whilst thedvailable Rayleigh-based sensing systems are Wirect
distributed feature is achieved by measuring tmeeti Capable of measuring temperature and strain vansii
delay which separates forward and back-propagéighy ~ With 0.1 °C and Jue resolution, respectively. Range is in
pulse [9]. All of the aforementioned scattering qess the order of some tens of meters, with an impressub-
are suitable to be used in distributed temperaensing, Ccentimetre spatial resolution. With those spediifures
but as it will be explained in the following, orRayleigh  (in particular with reference to the spatial resiok),
based DTS are viable solutions to be deployed iallsm Rayleigh DTS is the only one among the three platfo
scale physical models. described above which is viable to be used inside a

About Raman scattering, measurement is possible H3hysical model at sub-meter scale as the modekaded
exploiting the intrinsic dependence of the intensif  here.

(anti-Stokes) Raman scattering signal on the teatper In particular, in this work an Optical Backscatter
along the fibre [10]. Due to this relatively simple Reflectometer (OBR) from Luna™ has been used to
mechanism, Raman based DTSs have been the fifétterrogate a standard telecom 0.9 mm tight fitable.
temperature DFOSs commercially available andrhis device is a high resolution optical-frequedeynain
represent, up to now, the most popular distributedeflectometer, that measures the spectral shittenlocal
temperature fibre optic sensors platform. Raman $TSRayleigh backscatter pattern. The spectral shift is
are characterized by spatial resolution up to 1 miemperature and strain dependent so that the kdgele
temperature resolution of 0.01 °C and spatial raqgéo  ©Of the temperature and strain coefficient of thedusable
tens of kilometres. These features make Raman DT&dlows to calculate the local temperature and rstrai
effective in real-time monitoring of seepage stream variation. Like for Brillouin systems, the crossasgivity
embankment, catchments and lakes [6]. of temperature and strain has to be convenienteda

Instead of intensity, in Brillouin scattering, i ithe and, in the case under investigation, all the pbssi
wavelength of the backscattered signal which iscaéfd ~sources of strain have been considered to correctly
by the surrounding environment, through the locainterpretthe data.
density of the fibre, which is ultimately deternuhéy

temperature and strain conditions [11]. Thus, Builh  !ll. DISTRIBUTED TEMPERATURE SENSING FOR
based DFOSs are viable for measuring both temperatu PIPING DETECTION
and strain and, with proper transducing mechanisas, Water retaining structures which lay on pervioud an

be configured as displacement, force and pressuk&rodible soils are prone twmackward erosion piping, the
sensors. Nowadays, Brillouin based systems ardat@i progressive removal of soil particles due to seepag
commercially and the commercial systems claimforces, which can eventually lead the structureditapse
accuracy of 2ie or less, for strain and less than 0.1 °C for[13]. Despite not many cases of piping-inducedapse
temperature; about range and spatial resolutiary &8te  have been documented in dikes, due to the difficint
capable of performing measurements over few tens @kcognizing clearly the traces of the mechanisnoreef
kilometres, with 0.5 m or slightly lower resolutiom  and even after the collapse occurred, piping isatays
particular, Brillouin-based sensor systems areepadly  considered a big threat [14,15].

used in conjunction with Raman based systems do as The highly localized nature of the process in its
measure both temperature and strain, simultanediisly initial phase makes its detection difficult if tidnal
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monitoring techniques, based on pointwise sensors, are
employed. For instance a pore pressure monitoring
system would require a maximum spacing among sensors
of 2-3 m to be effective [16,17]. Researchers have
therefore focused on finding other physical quantities
related to seepage flow which were measurable by means
of extensive techniques. Besides temperature, the
suitability of infrared emissivity, electrical resistivity and
self-potential is under study.

First studies on DTS as a tool to detect internal erosion
date back to the nineties and optical fibres are now
installed at several dam sites in Sweden, Germany,
France, Turkey, China and Canada [18].

The functioning principle is based on the fact thit

measured the temperature of the inflowing and
outflowing water as well as the temperature inghed at
two positions close to the fibre, thus providing an
absolute temperature reference.

The test consisted in flushing the sample with wate
maintained at a constant temperature 10 °C higten t
the room temperature. The flow was induced maiirtgin
a constant head difference between inlet and ouflee
piezometer tubes inserted into one of the laterallsw
allowed to verify the effective hydraulic load ajgpl to
the sample and the trend of the hydraulic headliéntie
sample. The average Darcy velocity during the
experiment wa$.5 - 1075 m/s. A sketch of the setup is
given in figure 1.

an initial temperature difference exists betweee th Figure 2 shows the normalized frequency shift
inflowing water and the soil, the increase of fleelocity = measured by the fibre after 4 hours from the beggof
in the erosion channel and its surroundings geeeratthe test. In the preliminary results presented hére
variations in the temperature field of the embankime frequency shift is normalized by the maximum shift
Although DTS looks promising for detection of registered during the test; indeed, the temperature
backward erosion piping occurring in dikes, thecoefficient of the fibre will be measured soon in a
dependence of temperature on a number of factbes ot climatic chamber and this will ultimately allow the
than water fluxes and the little extent of the tenapure calculation of the actual temperature variation.
anomalies induced by piping make detection not Data show a strong asymmetry along the y axis; this
straightforward. In recent years research has fatws1 may be partially explained by the different matisriaf
the development of advanced data analysis techsiquéhe box, with its base made of aluminium, whicmsfars
able to separate temperature anomalies linkedatatgees heat differently than Plexiglass. An additional
from temperature variations induced by other phesrtan contribution may come from strain experienced by th
[19,20,21]. The validity of these techniques ha®rbe fibers in the upper levels, due to the differergrthal

tested in instrumented sites mainly located alortgkie
channels. Moreover, distributed temperature sersare
been installed in test dikes which have been brotmh
collapse by piping [22,23,17].

The sand box model presented in this work aims
giving insight in the physical process of heat sfan
occurring under a dike affected by backward erosiol

piping.

(4

IV.MODEL DESCRIPTION AND PRELIMINARY
RESULTS

The sand box model reproduces in detail the mode
designed by van Beek et al. [23] for improving and
validating the piping law adopted by the Dutch cotlas
similarity provides us with a reference for thet tesults
regarding sand transport, so that we can mainlysam
the novel aspect of the problem: heat transfer.

We present here preliminary results obtained intyci
a horizontal flow in a homogeneous sample where n
internal erosion occurred.

The sample was 30 cm wide, 15 cm tall and 35 crg lon
in the direction of the flow. The sample was prastiby
wet deposition of uniform medium sandsdd 0.3 mm,
C, = 1.5) and compacted by shock waves to a relativ
density of around 90%. The optical fibre was emieedd
in the sand so that 15 measuring lines orthoganahe
flow direction have been arranged in three laydrive
lines each. Four resistive platinum sensors (PT)-10
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expansion of Plexiglass and aluminium.
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Figure 1. Setup of the experiment: a system made of two
tanks and a pump supplies warm water at constant
temperature and constant hydraulic head. The hydraulic
foad ins sting on the sample is set by adjusting the height
of exit point of the flow. Measuring system consists of 15
lines of optical fibre orthogonal to the flow direction, 4

esistive platinum sensors (PT-100) and 5 piezometers
ubes inserted into one of the lateral walls of the box.
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V. CONCLUSIONS

Preliminary data made clear the potentialities lué t
sensing platform. High density measurements hikdig
details of the transfer of heat occurring in thengke,
which wouldn’t have been noticed even with numerous
pointwise sensors. Further investigation is ongoiag
determine the temperature coefficient of the filared
reduce to minimum any strain experienced by theefib
during the tests.

[1]

(2]

Figure 2. Normalized frequency shift measured by the
fibre after 4 hours from the beginning of the test. Z axis
coincides with the flow direction. The bounding box
represents the overall extension of the sample and white
markers indicate the position of the sensing fibre lines.

(3]

[4]

Ongoing investigations with a strain-free fibre [5]
deployment will provide better insight.

A slight asymmetry can also be observed in the x
direction. The asymmetry is evident in figure 3,ieth
shows the normalized frequency shift of the thre%]
sections of fibre closer to the water inlet (z =mjcA
possible explanation for that is a non-uniform
temperature of the water at the inlet. The fibreselto
the bottom shows an interesting “W-shaped” patt€his

could be induced by a preferential water flow aldhg [7l
walls and/or buoyancy fluxes in the porous mathiumt 8]
further investigation is required to confirm such
hypotheses. [9]
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Figure 3. Normalized frequency shift measured after 4
hours by the fibres located at 5 cm from the inlet.
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