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ABSTRACT

BLESS (Bed LEvel Seeking System) is a sedimeter that measures riverbed level around bridge pier in water. It is
based on Fiber Bragg Gratings and the working principle is based on the measurement of the different heat
dissipation behaviour in the saturated soil compared to the flowing water. It is an innovative part of a complex
monitoring system installed on a road bridge over the Po river (Italy). After two years of data storage, a com-
parison of two different methods to detect the riverbed level can be performed. One of them showed results in
satisfactory agreement with those provided by a traditional reference device, i.e., an echo sounder. Furthermore,
coupling the two different proposed bed level estimation methods allows deriving significant information about
the health status of the sedimeter. The device is reliable enough to operate and survive in very harsh environ-
ments and it is ready for further engineering applications.

1. Introduction

The riverbed level is the most important quantity to assess pier and,
therefore, bridge stability during flood events [1], when it is not so rare
to record bridge failures [2-4]. The bed of the river around piers is
interested, especially during floods, by a process called local scour [5]: it
removes sediments all around the submerged structure creating a scour
hole that decreases the ground level locally and increases the forcing
actions applied to the pier. This process is the main reason for bridge
collapse [6] and, for such a reason, real-time monitoring of pier scour is
very important. Furthermore, the possibility to monitor such a quantity
is also able to provide significant information for prediction of scour
level in near future by means of artificial intelligence approaches [7]. It
is also noticed that the problem of scouring is related also to other types
of structure (e.g., offshore structures [8,9]). Its importance in terms of
the safety of people and infrastructures is therefore evident.

At present, there are different ways to estimate the riverbed level at
piers: (i) development of theoretical models based on laboratory ex-
periments, (ii) use of numerical models and machine learning ap-
proaches (e.g., [10-12]), and finally (iii) the use of specific devices to
directly measure the depth of the bed [13], at least during floods.

In the first case, one has to consider that the local scour process is
generated by a three-dimensional turbulent flow field that involves
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several factors like different sediment layers and sizes, pier geometry,
river morphology in continuous time development, velocity field around
pier that changes with water level, etc. All these variables are now not
included in prediction models (or they are included but with strong
simplifications) so that an accurate estimation is not guaranteed [14].
Moreover, if the specific case is very complex in term of pier geometry
and river morphology compared to the laboratory set-up, a field check of
the output of the model is suggested. In the second case, the computa-
tional burden can be very high, preventing real-time monitoring, and the
accuracy of the numerical model still represents an important issue for
the success of the scour estimation. These points imply that an accurate
assessment of the river bed level through models is still difficult or even
not completely feasible in practical applications. For these reasons, a
monitoring system is necessary to check the bridge safety [15], espe-
cially during floods.

The third approach relies on the measurement of the level of the
riverbed. In the last ten years, the literature is rich of examples where
devices have been tested in laboratory or in field [16-18]: from tem-
perature measurements [19,20] to reflectometry [21,22] and smart
magnetic rocks [23,24], from vibration-based [25-27] to image-based
approaches [28]. At present, there are many devices that can be used
to measure the riverbed level but none of them can be considered as a
standard because they present advantages and disadvantages depending
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on the specific case [29]. Probably, currently, the most used device is the
echo-sounder [30]. As reported by [29] and [2], the echo-sounder is not
expensive and easy to install but its performance is strictly related to the
distance between itself and the riverbed. Moreover, its working princi-
ple (sonic pulse reflected by the riverbed) has limitations depending on
the presence of debris, high sediment transport and air entrapment.
These conditions can either alter the signal, implying the need of com-
plex data processing, or block completely the ultrasonic pulse in the
worst situations [31]. To overcome such problems, at least two devices
with different working principle have to be employed, performing a
cross check to guarantee a continuous monitoring.

One promising approach to directly measure riverbed level is the use
of fiber optic sensors (e.g., [32]), that allows solving different problems
related to the harsh environment. Being fiber optics extremely thin, they
can be easily protected and placed close to piers. Furthermore, working
with light signals, they do not suffer of usual problems affecting elec-
trical devices in wet environments. Fiber optic sensors can be used to the
aim of bridge scour estimation employing them as either temperature
sensors (e.g., [33,34]) or strain sensors (e.g., [35-38]). In 2011, a fiber
optic sedimeter, named BLESS (Bed LEvel Seeking System) [39] was
proposed. This device was installed on a road bridge, in Borgoforte, over
Po stream, the longest Italian river, to measure the riverbed level. After
two years of data acquisition, an analysis can be now carried out with
two different aims: (i) find automatic algorithms to evaluate the
riverbed level in any condition and (ii) find approaches for monitoring
the health condition of the BLESS. These are key points towards the use
of BLESS on further bridges. To this purpose, data acquired at Borgoforte
system will be used. These data were collected between 2012 and 2013
but have been made available only recently. This paper also constitutes
the occasion to evidence which are the main difficulties in passing from
lab [39] to a real application where a number of additional issues must
be taken into account: from the protection of the measurement device
from the harsh environment (see Section 3) to the development of new
algorithms able to assess the bed level in complex working conditions
(see Sections 4 and 5).

The paper is structured as follows: Section 2 recalls the basic working
principle of Fiber Bragg Gratings (FBGs) which are at the base of BLESS
functioning, and Section 3 presents the Borgoforte Bridge, the moni-
toring system and BLESS, focusing on its data output. Then, Section 4
describes the pre-processing of data coming from BLESS, while Section 5
proposes methods to find the riverbed level and discusses the results
related to two years of data collection, also suggesting an approach for
monitoring the health condition of BLESS.

2. Working principle of FBGs

FBGs can be used for measuring both temperature and strain. The
measurement is carried out by detecting the shift A1 of the Bragg
wavelength 1;, due to presence of strain ¢ and variations of temperature
T:

AL

—— =kg(em +er) +a(T — Trer) @
b

where kg is the gage factor, a expresses the change of the refractive index
per unit of temperature, ¢, is the strain generated by mechanical actions
and er is that due to thermal changes. Finally, T, is a reference tem-
perature at which the Bragg wavelength is at 4, when ¢, is null.

Under a general point of view, the main advantages offered by FBGs
compared to traditional transducers are related to (i) the small size
which implies no load effect and ease of insertion in systems and
structures, and (ii) capability to work in harsh environmental conditions
such as, e.g., presence of water, magnetic fields, chemical substances
(see, e.g., [40-45]).

In the present application, those advantages translate into the pos-
sibility of having sensors properly working when immersed in water and
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of easily attaching FBGs to the piers and protecting them from debris. In
this case, FBGs are expected to perform temperature measurements,
which implies that it is needed to prevent possible strain influence on the
FBG output signals. This point is treated in Section 3.

3. Borgoforte bridge, monitoring system and BLESS

The bridge under consideration is located in Borgoforte, Italy, over
Po, the longest Italian river (Fig. 1). The hydraulic history and a detailed
description of this bridge can be found in [46] and [47], respectively.
The monitoring system was installed on the pier 30 (Fig. 1) in 2011
(more details about the reason why the system was installed on the pier
close to the bank can be found in [46]). The underlying approach of this
monitoring system is quite different compared to other classic structural
health monitoring methods because it is based on the measurement of
active forces on the bridge and not on the response of the structure. The
reader can find details about this choice in [47].

The riverbed detection, which is the focus of this paper, is made from
a standard ultrasonic device (echo sounder) and BLESS; the latter is the
focus of this paper. The echo sounder was initially added to the system to
check the reliability of BLESS in field applications since this was the first
time it was installed on a real bridge.

BLESS is a patented sedimeter [48], which means that it must be in
contact with the measured environments: wet sediment and flowing
water. It is based on many FBGs, whose number and spacing are cus-
tomizable, placed along the same fiber optic that is laid along the
monitored pier. A complete description of the working principle is
available in [39] and, here, it will be summarized for the sake of
comprehension of this new work.

The Borgoforte system layout is presented in Fig. 2. In picture (a) a
panoramic view of the pier 30 is provided. Downstream the pier there is
the support of BLESS (i.e., of the optical fiber containing the FBGs). The
whole system is composed by a control box (at road level) and a stainless
steel tube split in two parts: the upper one, tube 1, protects the con-
nections between the control box and BLESS, while part 2 (tube 2),
which starts at the lowest horizontal beam, is the actual support of
BLESS. The control box contains the interrogation system for the FBGs
and a power supplier used to heat the FBGs, as explained further in the
manuscript. The echo sounder is placed at the end of tube 2.

Looking at tube 2 from downstream, the layout of BLESS is shown in
Fig. 3(a). The BLESS device (in black) is covered by a rigid protection (to
avoid debris impacts) except for the parts where the FBGs are located.
Fig. 3(b) offers a simplified sketch of this configuration.

The black color of BLESS is due to heat shrinkable material covering
the real system. Inside the heat shrinkable slice, the optical fiber and an
electrical wire are present. The electrical circuit starts at one pin of a
power supplier, placed in the control box of Fig. 2(a), goes down to the
end of the optical fiber and, then, climbs back to the other pin of the
power supplier. It is used to heat the FBGs by means of Joule’s effect
when the mentioned power supplier is switched on (see [39] for more
details). When the power supplier is turned on, all the FBGs sense a
temperature increment, while they sense the temperature of the envi-
ronment in which they are (either water or soil) when the supplier is
turned off.

When FBGs are heated, the increment of the FBG response and its
speed depend on the environment in which the sensor is immerged:
flowing water or saturated soil (see the next section for a quantitative
analysis). Considering the sketch in Fig. 3(b), it is possible to explain,
qualitatively, how BLESS can define the level of the riverbed. Each black
square is an FBG heated with a heat power step: being FBGs temperature
sensors, their response behave, approximately, like that of a first order
system [39], resulting in a step response dependent on a negative
exponential function [49] (see further in the paper). The behavior of this
step response is strongly influenced by the boundary conditions of the
considered FBG. Indeed, the overall increment of sensed temperature
increases when the FBG is in soil compared to the case it is in water,
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Fig. 1. Borgoforte road bridge during a flood in 2018. The river Po flows from left to right.

Control

Fig. 2. (a) The pier 30 and the BLESS constructions: control box, shelter (tube 1) and BLESS support (tube 2). (b) A zoom of tube 2.

while its speed decreases. This is mainly due to the different mechanisms
of heat dissipation in water (convection) and soil (conduction). There-
fore, referring to Fig. 3(b), the first five sensors (from the top) nominally
provide the same step response (because all of them are in water). The
remaining four FBGs show again similar step response because they are
all in soil. However, the response of the first five FBGs will be different in
terms of amplitude and speed compared to that of the remaining FBGs.
Analyzing these differences, it is possible to assess the condition of each
FBG (i.e., either in water or in soil) and, thus, to derive the river bed
level. Therefore, BLESS does not give the exact level of the bed but an
interval in which it is located. This range is strictly correlated to the
customizable spacing among FBGs, from few centimeters to meters
depending on the specific application. Furthermore, it is noticed that the
resolution of the bed level estimation can be even improved [33] using
fiber optic-based distributed temperature sensing. The core of BLESS

system is the algorithm to analyze data and to estimate in which envi-
ronment every FBG is immerged (see further in the manuscript).
Furthermore, another related key point is to guarantee at least the
minimum power supply that a generic FBG needs in order to have a clear
separation of thermal responses in flowing water and saturated soil.

According to the authority in charge of Borgoforte bridge, the
maximum scour hole registered around a pier is approximately 10 m,
and the normal fluctuation of the riverbed is about 2 m. Therefore, the
portion of BLESS where 34 FBGs are placed is 26 m long (not only to
cover the potential scour but also to have additional sensors in the water
and in the soil). The spacing between adjacent FBGs for the first fifteen
sensors (from the top) is 0.5 m while for the rest is 1 m. The total length
of BLESS is 49 m considering the connection with the control box
(Fig. 2).

The thermal power P produced by the Joule’s effect in
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Fig. 3. BLESS system layout. (a) A picture of BLESS showing that only FBG is exposed to the environment. (b) A simplified sketch where each black square is an FBG.

correspondence of each FBG can be easily estimated as P = R-I?, where R
is the electrical resistance in correspondence of the FBG and I is the
constant current flowing in the electrical circuit. To find a good balance
between the thermal power provided to each FBG and the power pro-
duced by the power supplier, the electrical circuit was built using two
different types of electrical cable. A low-resistance one (p; = 0.06 Q/m,
where p indicates electric resistance per unit of length) used for areas
where there is no FBG, and a high-resistance cable (p; = 26 Q/m) in
correspondence to the location of each FBG (total length of 5 cm around
each sensor). Therefore, the electrical circuit results in the series of
short-length wire pieces with different electrical resistance value.

Since the power supplier produces a voltage of 48 V and the
measured total resistance of the whole electrical wire is 110 Q (with a
resulting current I of 0.44 A), the resulting thermal power produced at
each piece of high-resistance cable is approximately equal to 0.25 W (i.
e., 0.25 W/FBG). Since two pieces of high-resistance cable are present in
correspondence of each FBG (because the electrical wire travels along
BLESS from the top to bottom and again to the top, see previously), the
thermal power produced at each FBG is doubled: about 0.5 W (i.e., 0.5
W/FBG). According to Manzoni et al. 2011 [39], at least 1.2 W/FBG are
needed for a clear distinction between soil and flowing water. Therefore,
three wires in parallel have been used at Borgoforte system, having a
final power P value of 1.5 W/FBG.

The BLESS is activated four times a day and the power unit is turned
on for 200 s every time. The sampling frequency used to collect the
responses of all the FBGs is 1 Hz. In this way, BLESS collects FBG re-
sponses for a time long enough to discern between water and soil for
each FBG (see Section 4). At the same time, the data to transmit with wi-
fi protocols from bridge to remote station do not have an excessive size.

The next subsection gives details about the mathematical formula-
tion to describe the signal provided by an FGB when the power supplier
is switched on.

Before proceeding, it is however essential to face another point: FBGs
are sensitive not only to temperature but also to strain (see Section 2).
Therefore, for temperature measurements, it is essential to prevent
possible strain influence on the FBG output signals. There are different
approaches to guarantee it, e.g., [50]. In this case, uncoupling between
thermal and strain effects was achieved by using a commercial layout
where the fiber is placed inside a tailored structure constituted by a
sequence of aluminum tubes and flexible rubber tubes. The FBGs are in
correspondence of the aluminum tubes for improving safety from im-
pacts. The fiber was fixed in correspondence of each aluminum tube and

it was left loose between subsequent junction points. All this system was
then surrounded by heat shrinkable material for protection from water.
This solution was also tested in laboratory before installation at the
bridge with satisfactory results in terms of non-sensitivity to strain.

3.1. Step response and main parameters

In Manzoni et al. [39], BLESS response was described as the response
to a step of dissipated power (obtained by means the Joule’s effect, as
mentioned). Such a response can be approximated as the response of a
first order system (see Fig. 4).

More in detail, at the beginning (from t = 0 s to ty, where t indicates
time) the FBG measures the temperature of the environment (Tgnvy)
because no heating is imposed. At ty, a step of the dissipated power
(obtained by switching on the power supplier at 48 V) is imposed, which
approximately corresponds to a thermal step AT (black solid line in
Fig. 4). The FBG response is collected from ¢, for a time long enough to
describe the first order system response to a step function (dashed line in
Fig. 4). Data acquisition is stopped at t.pq, and the power supplier is then
switched off. As mentioned, the FBG response shows a behavior close to
that of a first order system and, thus, waiting enough time, the system,

T(°C)

S
. Tsrep ———=-
2 63% AT e
S 7
Q 7
£ /!
: 1
< N

TENV
t(s)
0 ty ty+T tong

Fig. 4. Step response of a first order system.
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slowly or quickly, reaches the steady state at Tstgp = Teny + AT. The
equation of this response (dashed line in Fig. 4) is:

T(t) = Teny + AT(1 —e /7)) t> 5 &)

where T is the temperature provided in output by the FBG, AT is the
imposed temperature step Tstgp — Tgny and 7 is the time constant which
represents the time needed to the response to reach approximately the
63% of AT [49] (see Fig. 4).

Fig. 5(a) shows typical experimental FBG responses to the heating for
both environments in which the sensor can be immerged: flowing water
(FBG 4 in Fig. 5) and saturated soil (FBG 5), with the best fitting curves
(using Eq. (2)) in Fig. 5(b). Thus, both the time histories are related to a
real acquisition from Borgoforte monitoring system. Compared to Fig. 4,
in Fig. 5 the time starts when the heating is turned on (ty in Fig. 4is 0 s in
Fig. 5). All the curves of Fig. 5 are shifted vertically so that Tgxy = O for
an easier comparison. The same electric circuit heats all the FBGs, so
that the imposed thermal power step is nominally the same for every
sensor. Conversely, the corresponding thermal jump AT is different due
to the environment in which the FBG is located (in Fig. 5 the AT of sensor
5 is approximately the double compared to that of FBG 4).

The field results, plotted in Fig. 5, can also be used to understand the
impact of the environment on the FBG responses. In flowing water, the
heat generated by the electrical circuit is dissipated by convection; on
the contrary, the conduction is the main process for heat dissipation in
the riverbed. Convection is more efficient compared to the conduction so
that AT and 7 are lower in water (lower 7 value means quicker step
response). These two parameters are thus at the base of most scour
detection methods based on temperature measurements in presence of
external power sources [19,20,33,39]. When thermal power is pro-
duced, as in this case, the method is usually referred to as active ther-
mometry [20]. In contrast, when no external power source is employed,
the method is referred to as passive thermometry [20]. However, the
latter approach suffers from the disturbing effects related to seasonal
environmental variations [20] resulting in more problematic practical
implementation. Under a theoretical point of view, using active ther-
mometry, the AT and 7 values would be enough for assessing scour level.
However, according to [39], this occurs only when large thermal power
values are used, which is unfeasible in practical applications. Indeed, in
the present case, the involved thermal power (i.e., 1.5 W/FBG, see
previously) is much less than that employed in, e.g., [20]. For this
reason, the use of AT and 7 indexes will not be sufficient in this real
application for achieving large result reliability (even if the dissipated
thermal power is larger than the theoretical threshold of 1.2 W/FBG
given in [39]), as evidenced further in the paper.
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using the nominal sensitivity provided by the sensor manufacturer. Even
if a calibration would improve the metrological behaviour of each FBG,
this task is assumed as non-feasible in a real application for constraints
in time and resources.

4. Data pre-processing

This section introduces how to pre-process data to the aim of
detecting the riverbed level at the pier where BLESS is installed. To this
purpose, the signals in Fig. 5 are used as examples. For more details
about the content of this section, the interested reader can also refer to
[31].

If the goal is to evaluate the different responses in terms of the pa-
rameters involved, AT and 7, to understand where the FBGs are (flowing
water or saturated soil), heating must be provided for a sufficient time to
guarantee the complete representation of the step responses. In other
words, steady state must be reached before data acquisition and heating
are stopped. In Borgoforte, as mentioned before, the heating time is 200
s (Fig. 5), and the thermal power step is set to 1.5 W/FBG. In Table 1, the
values of AT and 7 for sensors 4 and 5 plotted in Fig. 5 are presented.

The measured AT is calculated for t equal to 200 s. The curves in
Fig. 5(a) and the corresponding values in Table 1, related to the two
sensor responses, are different: AT of FBG 5 is about the double of that
related to FBG 4 and 7 of FBG 5 is approximately 50% larger than 7 of
FBG 4. According to BLESS working principle (see [39]), this allows
concluding that FBG 4 is in flowing water while FBG 5 is buried in the
river bed. Similar outcomes are obtained from the other sensors of
BLESS installed in Borgoforte and, therefore, it is in theory possible to
use the values of AT and 7 to find the bed level. However, an additional
point deserves attention. The 34 FBGs in BLESS are not calibrated (the
nominal sensitivity given by the manufacturer and equal for all the FBGs
is used) and, thus, one sensor could show a different output compared to
another one even though they are in the same environment with the
same temperature. This bias can be in the order of few degrees Celsius.
More generally, each FBG shows a slightly different behavior compared
to the others. This implies that, in a real application, it is not possible to
find the same AT value for all the FBGs in soil and another given value
for all the FBGs in water, so that the FBGs in a given environment

Table 1
Main parameters of sensors 4 and 5 plotted in Fig. 5.

FBG Measured values  Fit of the experimental response with Eq. (2)

AT(°C)  7(s) AT (°C) 7(9)

It is also important to notice that the responses in Fig. 5a (and all the 4in water  3.08 39 2.90 40
temperature data obtained by FBGs and used in this paper) were derived 5 in soil 5.99 61 6.14 65
AT (°C) th : (a) . th (b)
Sep 30*, 2012 11:11PM AT (°C) Sep 30*, 2012 11:11PM
7
6 - -—-- —
5 PE i
4 -7
”
3 L -
2 /7 ,f — -
il
g o ¥ £(s)
0 50 100 150 200 0 50 100 150 200 250
o FBG4 o FBGS - = = Best fitting Thermal jump

Fig. 5. (a) Field acquisition in flowing water (FBG 4) and saturated soil (FBG 5); (b) thermal step and best fitting (see Fig. 4 and Eq. (2)).
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describe an interval of AT values. The same applies to the 7 values. This
poses some issues for a proper comprehension of which sensors are in
soil and which are in water, in turn making it difficult to properly esti-
mate the riverbed level. To overcome this issue, the next subsections will
present some interesting parameters that can be extracted, which will be
then used in Section 5 for estimating the riverbed level. These sub-
sections will also discuss some examples, remarking that the slightly
different behaviors of all the FBGs generate problems for a straightfor-
ward estimation of the bed level directly from step responses.

More in detail, Section 4.1 will discuss whether the estimation of the
AT and 7 values provided by all the FBGs can be used for a reliable
estimation of the riverbed level. In this subsection, each FBG response is
considered alone. Conversely, in Section 4.2, the AT and 7 values ob-
tained from adjacent FBGs (e.g., for FBG number 1, the adjacent FBG is
number 2, then 2 and 3, and so on) are compared to extract further
parameters, named AAT and Az, useful for the bed level detection.

4.1. Single FBG parameters

Fig. 6 shows the curves of the first nine sensors with the corre-
sponding AT and 7 values for a generic acquisition, as an example for the
following discussion. According to echo sounder output, the first four
sensors are in flowing water (solid black curves) and the others are in the
soil (red dashed curves).

According to Fig. 6 and as discussed before, the temperature incre-
ment AT in the water is smaller compared to the increment in the soil.
Furthermore, the time constant in water results smaller than that in soil.
Therefore, it is possible to set two thresholds, one for each parameter, in
order to assign all nine sensors to one of the two environments. From
here on, ATt will indicate the threshold for the AT parameter, while 7t
will indicate the threshold for 7.

Fig. 7 shows the AT and 7 values as function of the sensor number for
the FBG responses of Fig. 6. Considering the AT plot (plot (a)), it is
evident that the first four sensors are in flowing water because they are
characterized by smaller values compared to the rest of the sensors,
which are thus in soil. This is in agreement with the echo sounder
output.

Moreover, it is straightforward to conclude that the riverbed level
(grey layer) is between sensors 4 and 5 because a AT jump occurs. The
same behavior is showed in Fig. 7 (b) for the time constant z: the 7 jump
is, again, between sensors 4 and 5 even though the dispersion of the ¢
values in soil is significant.

Therefore, a threshold smaller than the minimum value related to the
FBGs in the soil (from 5 to 9) and, at the same time, greater that the
maximum value for the sensors in water (1 to 4) can be set for both AT
and 7. In this way, it is possible to move every sensor into a specific
environment (2.90 < ATt < 5.57 °C and 40 < 71 < 50 s for this specific
case; see the grey layers in Fig. 7) for the subsequent acquisitions.
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However, a single set of time histories is not enough to set the thresholds
and a calibration dataset is needed. To this purpose, all the field data of
2012 (about 267 acquisitions) were used to build the calibration dataset.

Fig. 8 shows, for the first nine FBGs, the range of AT and 7 values for
2012 (represented by the line between two black squares). Considering
the AT plot (plot (a)), the sensors showing a low variation (solid line) are
those that were in the same environment for all the acquisitions (FBGs 1
to 3 in the water and 6 to 9 in the soil).

Even though the environment conditions can change with time (e.g.,
the velocity of water), these variations cannot strongly alter the FBG
response and, thus, the interval of the recorded values is small.
Conversely, the sensors having a large range variation (dashed line, i.e.,
sensors 4 and 5) are those that were immerged in both environments
(water and soil) during the time of the acquisitions. In this case, the AT
parameter has a larger variability. The results of Fig. 8(a) allows
defining a new and more reliable grey area to distinguish FBGs in soil
and in water (i.e.,, 3.6 < ATr < 5.3 °C) which can be used when
analyzing data different from those of 2012.

Considering 7 (see Fig. 8(b)), there is always an overlap between the
FBG ranges, probably because the time constant is more sensitive to
disturbing variables (e.g., environmental temperature). Therefore, it is
possible to conclude that, in this specific case, the AT value is a quantity
practically usable to detect the riverbed, while the time constant must be
discarded.

4.2. Adjacent FBG parameters

If two consecutive FBGs are considered, two cases are possible: (i) the
sensors are in the same environment (i.e., either water or soil) or (ii) the
sensors are in different environments. In the first case, the difference
between the two values of AT, thatis AAT (AATj;1,; = ATj;1 — AT;, being
i a counter on the FBGs), is close to zero (see previously) and the same
applies to At (A7i.1,; = 7iy1 — 7). In the second case, the sensors are in
different environments and the values of AAT and Az are expected to be
largely positive. Table 2 shows the values of the parameters AAT and Az
evaluated for the curves of Fig. 6, while Fig. 9 gives a graphical repre-
sentation of the same values.

Using AAT, it is possible to find the level of the riverbed, see the grey
arrow in Fig. 9(a), between sensors 4 and 5, corresponding to the AAT
maximum value. As for Az, it is still possible to detect the river bed level
(see the grey arrow in Fig. 9(b)) even if there are possible anomalous
behaviors like that between FBGs 5 and 6 in Fig. 9(b), where the large
negative value is probably due to a change of soil properties. The
advantage of the two parameters described in this subsection is the
absence of a threshold value. This implies that there is no need of a
period of time where data acquisition is devoted to threshold estimation.
Indeed, for each new acquisition, the riverbed is detected looking for the
maximum value of either AAT or Az.

8 a7 rth) AT(°C)  Sep 30%,201211:11PM |——FBG 1
1 150 32 . ST ees
2 141 34 6 - o3
3 2.79 40 5 S
4 2.90 40 4 o _rees
5 6.14 65 3
6 7.32 50 2 FBG6
7 6.22 62 1 ts) | FBG 7
8 5.57 63 0 -~ -FBG8
5 3 = 0 50 100 150 200 |- - -FBGO

Fig. 6. Field acquisition. The parameter values obtained from the fit with Eq. (2) and the corresponding curves: dashed lines for FBGs in soil (FBGs 5 to 9) and solid

lines for FBGs in water (FBGs 1 to 4).
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Sep 30, 2012: AT profile (a)
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Sep 30, 2012: 7 profile (b)
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Fig. 7. AT (a) and 7 (b) values for the step responses in Fig.

6. The grey zone indicates the location of the riverbed.
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Fig. 8. AT (a) and 7 (b) range (min and max values recorded for the entire 2012).

Table 2
AAT and Ar values calculated for the nine FBG step responses of Fig. 6.

Adjacent Sensors

2,1 3,2 4,3 5,4 6,5 7,6 8,7 9,8

AAT (°C) —0.09 1.38 0.11 3.24 1.18 -1.10 —0.65 1.62
A7 (s) 2 6 0 25 -15 12 1 -10

The quantities defined in this and previous subsection (i.e., AT, AAT
and Ar) will be used in the next section to design and test two refined
approaches for a reliable detection of the riverbed level. It will be shown

that one of them shows superior performances. Nonetheless, the less
effective approach will be useful to assess the health condition of BLESS.

5. Two methods for detecting the riverbed level

In the previous section, three possible parameters have been iden-
tified for the estimation of the riverbed level: AT, AAT and Arz.

The goal of the analysis of this section is to find highly reliable
automatic methods for riverbed detection. One method uses all the three
available parameters and it is based on a physical approach (see Section
5.1). Basically, the riverbed level is estimated with this method by
means of different physical parameters. Among them, the main ones are

Sep 30th, 2012: AAT profile ()

4 -3
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3,2
4,3
5,4
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7,6
8,7
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2 1 0 1 2 3 4
AAT (°C)

AFBG (i+1,i)

Sep 30, 2012: At profile (b)

25 15 5 5 15 25 35
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8,7
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At (s)
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Fig. 9. AAT (a) and Ar (b) values of Table 2. The symbol AFBG used as label of the vertical axes indicates which pair of FBGs is considered. As an example, 2,1

indicates that AAT is measured between FBGs 2 and 1 (i.e., AAT, ;).
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linked to thermal gradients with respect to both time (AT) and space
(AAT). This method is, thus, based on Gradient Knowledge and is named
GK method. In addition, a different method, named DC method and
employing Data Clustering, is discussed in Section 5.2. This second
method does not rely on any physical underlying consideration and uses
only one of the three above parameters.

5.1. GK method

As mentioned, this method uses all the three available parameters:
AT, AAT and Arz. Since the parameter 7 was shown to be not reliable for
riverbed detection in Section 4.1 due to its large scatter, here the value
of At is considered less reliable than those of AT and AAT. Hence, these
two latter parameters are mainly employed here, and the value of Az is
used only if needed.

The riverbed level is defined when the AT result corresponds to the
AAT one (i.e., the bed level detected with AT is equal to the bed level
detected with AAT). The spatial accuracy of this estimation of the
riverbed level is obviously related to the spacing between the two sen-
sors involved. Conversely, in case the results provided by the parameters
AT and AAT are different, At is considered: if Az indicates the riverbed
level as equal to one of those indicated by either AT or AAT, the bed
level is estimated as that indicated by Arz. In case all three results are
different, the use of Ar is avoided and the bed level is estimated
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accounting for the results indicated by AT and AAT, thus with a wors-
ened level of spatial accuracy. As an example, if AT indicates bed level
between FBGs 2 and 3, AAT between FBGs 3 and 4, and At between
FBGs 4 and 5, finally bed level is assumed between FBGs 2 and 4.

Being this method based on the descriptions and assumptions dis-
cussed in Sections 4.1 and 4.2., it is possible to conclude that its working
principle is laid down on considerations related to the physical phe-
nomena at the base of BLESS functioning. Furthermore, it is noticed that,
since the estimation of the riverbed level through the parameter AT
requires a calibration (see Section 4.1), the use of GK method needs to
carry out a training on a given amount of time.

5.2. DC method

DC method is an application of K-Means Clustering Algorithm [51].
A generic clustering algorithm is an independent method to analyze
data: its aim is to create groups of data (clusters) for obtaining similar
groups. In this specific case, a dataset containing the AT values of the
FBGs has to be classified, distinguishing between FBGs in flowing water
and in saturated soil, using the thermal distance defined below as sim-
ilarity function.

To understand the method, the reader can refer to Fig. 10 that uses
the AT values of Fig. 6 (nine sensors) as an example. In STEP 1, the
number of FBGs, their AT values and a preliminary separation of sensors

STEP 1 - Separation of FBGs into two groups - first attempt
FBG 1 2 3 4 5 6 7 8 9
AT [°C] 1.50 1.41 2.79 2.90 6.14 6.07 6.22 5.57 7.19
Field water sail

STEP 2 - Definition of centroids, evaluating thermal distances, new field assignation
AT rean [°C] 1.45 5.27
TD yater [°C] 0.05 0.04 1.34 1.45 4.69 4.62 6.77 4.12 5.74
TD ¢ [°C] 3.77 3.86 2.48 2.37 0.87 0.80 0.95 0.30 1.92
Field water Soil
STEP 3 — Equal to STEP 2 (iteration loop)
AT ean [°C] 2.15 6.24
TD ater [°C] 0.65 0.74 0.64 0.75 3.99 3.92 4.07 3.42 5.04
TD ¢ [°C] 4.74 4.83 3.45 3.34 0.10 0.17 0.02 0.67 0.95
Field water soil
STEP 4 —Iteration loop
AT pean €1 | 2.15 6.24

Fig. 10. DC method logic.
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(e.g., the first two FBGs are in water and the rest into the soil) are
defined. Then, STEP 2 analyses if a sensor is in the right group, otherwise
it must be placed in the other one. In detail, the mean value of AT for the
two groups (ATmean,water Using the first 2 FBGs and the others for ATy ean,
soil) 1S calculated and, then, the distances between the AT value of a
given FBG and the two ATpean values (thermal distances named TDyyater
and TDs,;)) are computed:

TDwater = {AT - ATmeem.water|7 TDsoil = ‘AT - ATmean.soill (3)

As an example, FBG 1 has AT = 1.50 °C and, thus, the distance between
itself and ATmean,water (€qual to 1.45 °C) is TDygter = 0.05 °C, while the
distance between itself and ATpeansoil (€qual to 5.27 °C) is TDgy =
3.77 °C. This distance is a measure of similarity: the minimum of these
values indicates the group in which the FBG must be placed. In this
example, FBGs 3 and 4 need to change their group, from soil to water. At
STEP 3, an iteration loop starts, in which STEP 2 is repeated until the
new ATmean Values for both groups are the same as those at the previous
step. At this point, the algorithm finds the final clusters and can provide
an estimation of the riverbed level (STEP 4).

The next subsections treat at first a comparison between the results of
the two proposed algorithms using the data collected in 2012 (Section
5.3) and, then, the comparison of the two methods with the results
provided by the reference device, i.e., the echo sounder, employing the
data collected in 2013 (Section 5.4). In the following, only the first nine
sensors will be considered because the riverbed level never reaches the
FBG 9. Nevertheless, the authors have verified that the number of sen-
sors involved in the DC method does not influence the results if the first
grouping (STEP 1) places in the water the first 2 sensors.

5.3. Results for 2012

The data collected in 2012 (267 datasets from September 4th to
November 10th) are used here for checking whether the DC method
(Section 5.2) provides results close to those given by the GK method
(Section 5.1). Therefore, the focus here is not to understand whether the
riverbed estimation is reasonable but on a crosscheck between the two
proposed methods.

First of all, a AT threshold (ATt) for method GK has to be found:
referring to Fig. 8, the range of the grey area is approximately between
3.60 and 5.30 °C and, thus, the mean value, which is 4.45 °C, was
selected as ATy. FBGs with AT < ATy are considered in flowing water,
otherwise they are considered as buried in the bed.

Considering the GK method, in 99.6% of the cases (266 cases out of
267) the procedure finds the riverbed level using the first check, i.e.,
comparing the results provided by AT and AAT. In 84% of these cases,
At provides the same result (even if it is not used; see Section 5.1). Only
in one acquisition (September 30th at 8:56 AM, see also Fig. 11 dis-
cussed below), the three parameters are not in accordance one to each
other and the riverbed level is evaluated with a worsened level of spatial
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accuracy. This case is showed in Fig. 11 because it is a significant
example.

Looking at Fig. 11(a), it is easy to identify sensors in water (solid
black curves) and buried in the bed (solid grey curves). Between them,
there is the curve of FBG 4 (dashed red line). Its behavior needs an
interpretation. A case like this was already discussed in the literature
considering laboratory tests where an FBG was located close to the
interface water-soil, regardless of its environment (either water or soil).
If the FBG is in the water but close to the riverbed, the river velocity is
close to zero in this area and, thus, the convection removes less heat
because the dissipation is a function of the fluid velocity (see [39]).
Therefore, the temperature increment is larger compared to the other
sensors in water. Conversely, if the sensor is buried in the bed close to
the interface, the heat exchange is mainly due to conduction, but with
also a residual convection contribution which reduces the final AT. So
far, the riverbed level was considered as a line that perfectly divides
water and soil but, actually, the riverbed level is more like a layer with a
thickness depending on the hydrodynamic condition of the river. In this
layer, there are flowing water as well as solid transport so that the heat
dissipation is a mix of convection and conduction processes hard to
quantify. In this case, the AT analysis provides a riverbed level estima-
tion between FBGs 4 and 5 while AAT analysis indicates the riverbed
level between FBGs 3 and 4. As discussed in section 5.1, being the result
provided by Ar different from those indicated by AT and AAT, the
riverbed level is defined between sensors 3 and 5 (thus, with worsened
spatial accuracy) which is the interval that includes the previous two.
Hence, this case is something that can occur in practice because it is
intrinsic in the BLESS working principle and in the physics of the natural
system.

Considering the data of 2012, GK and DC methods always give re-
sults in accordance. In 266 cases out of 267, the same pair of consecutive
FBGs define the riverbed level. In only a single case (see Fig. 11), the DC
approach places the bed of the river between sensors 3 and 4, while the
GK method places it between FBGs 3 and 5. However, also in this case,
the results of the two methods are compatible. Fig. 12 shows the esti-
mated riverbed level, together with the water level (measured by an
ultrasonic radar) as a function of time. In this figure, the riverbed level is
plotted as the mean value of the levels of the chosen adjacent FBGs. It is
noticed that the date format in Fig. 12 has the day first and then the
month (e.g., 5/9 is the 5th of September). The same applies for all the
figures further in the manuscript.

Finally, the results of the two methods related to BLESS are
compared to the reference transducer, i.e., the echo sounder, for the sake
of completeness. Fig. 13 shows this comparison proving that the BLESS
measurements are close to those of the echo sounder. In interpreting
these results, one should also consider that the echo sounder measures
over a given portion of river bed, while BLESS provides a punctual
measurement. Furthermore, the two devices could measure in slightly
different areas. Given these premises, the match between BLESS and

AT(°C)  Sep 30th, 2012 8:56 AM (a)
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o 1 2 3 4 5 6 7 8 9
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Fig. 11. Step response curves (a) and AT profile (b) of acquisition 103, September 30th 8:56 AM.
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Water and bed level from September to November 2012
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Fig. 12. Riverbed results and water level in 2012.
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Fig. 13. Riverbed level estimates using either FBGs or echo sounder measurements during 2012.

echo sounder is satisfactory and similar trends are highlighted from all
the curves in Fig. 13.

5.4. Results for 2013

Data collected in 2013 are now used to fully validate the methods
developed for BLESS against the echo sounder results. The global results

are shown in Fig. 14, where it comes out that DC method is always in
good accordance with the echo sounder, while results of GK method are
less in agreement with those of the other measurement methods and are
characterized by a larger scatter. The whole datasets are divided into
four periods, which are discussed in the next subsections, also providing
an explanation for the differences shown by GK method compared to the
other estimation approaches. Before proceeding, it is however worth

Bed level 2013
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Fig. 14. Riverbed results in 2013 and identification of the four periods used for the analysis.
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mentioning that the global bed level variations reckoned by the echo
sounder, from about 11 m at the beginning of the acquisitions, down to
nearly 9 m and up again to 11 m at the end of the measurement period,
are similarly evidenced by BLESS employing the DC algorithm.

5.4.1. Period 1

In Period 1 (76 acquisitions), the echo sounder values are very close
to those of the DC and GK algorithms. The largest differences between
BLESS and echo sounder results are approximately equal to 50 cm.
However, most of the times, this difference is much smaller, as evi-
denced in Fig. 15. In the 97% of the cases, GK method finds the riverbed
level at the first evaluation stage (AT result equal to AAT result), while
At gives results in accordance to those related to either AT or AAT in the
remaining 3% of the cases. The DC method agrees with the GK method in
the 95% of the cases and, in the last 5%, the difference between the two
methods is 50 cm.

Furthermore, Fig. 16 shows the AT values for the first nine FBGs,
together with the AT threshold defined with the data collected in 2012
(see Section 5.3). All sensors, except FBG 3, have an almost constant
value in time: FBGs 1 and 2 are in water and FBGs 4 to 9 are buried in the
bed. FBG 3 is characterized by a continuous change of its AT because it is
the only one that undergoes changes of the environment in which it is
immerged, from soil to water and vice versa.

5.4.2. Periods 2 to 4

In periods 2 (100 acquisitions), 3 (318 acquisitions) and 4 (337 ac-
quisitions), DC method is usually in good agreement with the echo
sounder results, as show in Fig. 17.

Conversely, GK method often provides significantly different esti-
mations of the bed level compared to the DC algorithm (see Fig. 18) in
Periods 2 and 4, and thus also compared to the echo sounder. As an
example, Fig. 18 shows that in Period 2 the GK method results are shifted
downward compared to DC ones of approximately 1.5 m, also showing a
larger result scatter.

The reason for this difference is related to the fact that during Period
2, one of the three electrical wires providing the thermal power failed,
lowering the P value to about 1.0 W/FBG (loss of 33% of the total
power). On the one hand, the DC method does not suffer of this problem,
because of its automatic clustering capability. Conversely, GK method,
based on the threshold value ATt evaluated in 2012 with 1.5 W/FBG,
obviously fails because of the mentioned change. This is also due to the
physical base of the GK method.

The failure of the third electrical wire was proved by some electrical
measurements carried out at the bridge (at the end of Period 2).
Nevertheless, it can be deduced also analyzing, in Fig. 19, the trends of
AT for the first nine FBGs. The AT values of the different FBGs are much
closer each other compared to the case of Fig. 16, where all the three
wires were properly working. Furthermore, the largest recorded AT
values are smaller in Fig. 18 than in Fig. 16 (approximately 5.5 and 8 °C,
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respectively).

Two significant notes are worthy of attention. The first one is that in
case the value of ATy is lowered of 1/3 (thus, resulting equal to
approximately 3.0 °C), the results of GK method improves and becomes
comparable to those of the other two methods, as evidenced in Fig. 20.
The second note is that the wrong results provided by the GK method in
presence of a damage of BLESS does not imply that GK method is un-
reliable and only DC method must be used. Indeed, the comparison
between DC and GK results allows achieving important pieces of infor-
mation related to the health status of BLESS. When the two methods
provide comparable results, BLESS works properly. Conversely, if the
results diverge, it constitutes a warning about the possible presence of a
damage/misfunctioning of BLESS. The nice property of DC method is
that, as mentioned, it can properly estimate bed level even in case of
damage due to absence of physical hypotheses for its functioning.
Conversely, the working principle of GK method, based on physical as-
sumptions, allows monitoring the health condition of BLESS.

During Period 3, the heating system was fully reactivated (see
Fig. 18) but at the beginning of October 2013 (Period 4) one of three
electrical cables of the power supply was lost permanently. This implies
a good agreement of the results of the GK method with those of the other
estimation approaches in Period 3 but not in Period 4. However, thanks
to the comparison between DC and GK methods, the ATt value could be
modified, as done for Period 2, and GK results were realigned to DC
results also in Period 4 (not plotted here for the sake of conciseness).

This analysis could be intended as suggesting that DC method is
better than GK, so the latter can be considered irrelevant: nothing could
be further from the truth. On the one hand, DC method is not based on
physical assumptions so that it is always able to split sensors into two
groups. On the other hand, the quality of the result of GK method is
strictly correlated to the proper functioning of the heating system and
this guarantees a physical interpretation of the results. These two
methods acquire strength when they work together, as showed before.

Another important point is related to the echo sounder. In this paper
its results are used as benchmark because (i) attention is focused on
BLESS system and (ii) the echo sounder is a commercial device while
BLESS is a prototype. Nevertheless, as mentioned in the introduction,
also the echo sounder needs a data check and thus the comparison be-
tween BLESS and echo sounder is just to have an additional cross check
to validate the DC and GK methods. Furthermore, the riverbed area
targeted by the echo sounder is not in the same position of BLESS, so that
slight differences are not only expected but also foreseen.

6. Conclusion

The paper has presented two different algorithms which can be
fruitfully used for estimating river bed level at bridge piers when using
BLESS system, which is a sedimeter based on Fiber Bragg Gratings
heated by a properly designed electrical circuit through the Joule’s
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Fig. 15. Period 1 (see Fig. 14).
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effect.

The two methods, named GK and DC, are based on different ap-
proaches. The former is related to the estimation of three different pa-
rameters from the signals collected from the FBGs and is based on
physical assumptions. The latter method relies on a data clustering
approach and does not require any assumption about the system. This
also implies that DC algorithm does not need to be trained, while GK
method requires to use some data for training.

BLESS and a reference traditional device, i.e., an echo sounder, were
compared at Borgoforte bridge on Po river. BLESS provided estimations
of bed level characterized by a satisfactory agreement with echo sounder
results, when DC algorithm is employed. GK method provides similar
results when the operating conditions of BLESS are correct, while it
shows significantly different results when a damage/misfunctioning
occurs to BLESS. The use of the two estimation methods together, thus,

12

allows obtaining important information about the correct functioning of
BLESS, paving the way for new installations on real bridges.

It is also important to evidence that, at the moment, it is hard to
obtain a fully detailed in-field comparison of a new river bed level
measurement approach with a reference method. On the one hand, the
measured quantity can be different between two different measurement
approaches (as evidenced above for BLESS and the echo sounder) and,
on the other hand, because no method can be currently considered as a
reference.
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