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Abstract

The present work describes two practical application scenarios for an innovative, diffused, low-cost sensing system, which can be
permanently embedded in the system to be monitored (STBM), thus allowing the continuous, real-time monitoring over its whole
life cycle. The basic idea of the considered sensing system is to endow the STBM with flexible, wire-like sensing elements (SE’s),
to be used in conjunction with time domain reflectometry (TDR). One of the crucial advantages of the proposed sensing system is
that a SE could be tens of meters long; hence, one single SE may suffice to monitor large areas in a single shot.

The two practical applications considered in this paper relate to moisture monitoring of building structures and to the management
of irrigation in agriculture: for each of these application fields, preliminary experimental tests were performed, and the potential
and limitations of the considered sensing system were assessed. Finally, in order to evaluate the metrological performance of the
sensing systems, an additional set of experiments was carried out employing six different types of wire-like SE’s and the obtained
results were comparatively assessed.
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1. Introduction

Smart monitoring and diagnostics have become es-
sential, and monitoring systems are now expected to be
reliable, effective, accurate, and possibly maintenance-
free. Still, monitoring systems are also required to
be inexpensive. Another desired requirement is non-
destructiveness, which becomes mandatory when deal-
ing with ‘structures’ which must not be destroyed or al-
tered. Some of the state-of-the-art solutions for nonde-
structive monitoring rely on electromagnetic methods,
such as ground penetrating radar [1-3] and microwave
transmission/reflection measurements [4, 5]. One of the
possible technological solution to meet, simultaneously,
all of the aforementioned requirements is to endow the

system to be monitored (STBM) with built-in sensors,
which remain permanently within the system and which
can be interrogated non-invasively whenever necessary.
However, most of the available embeddable sensors are
local or point sensors; therefore, to monitor large ar-
eas/volumes, a high number of sensors should be em-
ployed. An addition downside is that most embeddable
sensors often work on battery; hence, they require peri-
odic maintenance.

Starting from these considerations, the present work ad-
dresses the possibility of employing low-cost, passive,
flexible, wire-like sensing elements (SE’s) to be used
in conjunction with time domain reflectometry (TDR).
Similarly to the sensing elements employed in [6-8] for
the localization of water leaks in underground pipes, the



basic idea is to extend the principles of punctual TDR-
based monitoring to multi-purpose networks of diffused
SEs, embedded permanently within the STBM’s. One
of the major advantages of the proposed sensing sys-
tem is that the considered SE may be tens of meters
long and can follow any desired path inside the STBM,
thus allowing to obtain a diffused profiling with a single
SE. Furthermore, these SE’s are passive; hence, they do
not require maintenance. It is worth mentioning that, at
the state of the art, optical fibre-based sensor technology
represents a well-established solution for humidity and
moisture measurements; in this regard, a number of key
applications are highlighted in [9]. As a matter of fact,
fiber optics has also been used to obtain the distributed
measurements of water content [10]; however, although
the provided measurement accuracy is high, the costs of
the involved instrumentation are still quite prohibitive
for massive deployment of such apparata.

In view of potential practical applications, this work
investigates the feasibility of employing the proposed
systems in two major application contexts: i) moisture
monitoring of building structures, and ii) monitoring of
soil moisture content for management of irrigation in
agriculture.

With regards to the former application, most of the
state-of-the-art embeddable moisture sensors are local
sensors, with limited sensing volume [11-14]; there-
fore, numerous sensors are required to obtain an ade-
quate spatial resolution of the moisture profile. More-
over, most of these sensors requires batteries and the
sophisticated electronics may not last long inside con-
struction materials. On the other hand, the passive wire-
like SE’s proposed in this paper could be inserted inside
building structures, following the desired path, thus al-
lowing to obtain a diffused monitoring system of the
structure in use (ex-post monitoring), even with a sin-
gle SE [15]. In addition to this, the considered SE’s
have no electronics on board, and the wires of the SE
are protected from the environment by a plastic jacket,
thus ensuring a lasting service life. Also, it is important
to point out that the embedded SEs may also be used for
monitoring moisture content during the hydration pro-
cess of fresh mixture (ex-ante monitoring), which can
be useful, for example, for verifying that the optimal
moisture conditions for the mixture to develop the de-
sired strength properties are achieved.

As for the second application context, i.e. monitoring
soil moisture content for optimizing the use of water in
agriculture, the basic idea is to bury the SE’s in cor-
respondence of cultivations and performing TDR mea-
surements for retrieving the actual water content pro-
file of the soil all along the cultivations. In this way,

it would be possible to identify the portion of cultiva-
tions that are in need of water, and irrigation could be
partialized so as to supply water only to the plants that
need it. Indeed, TDR is widely used for monitoring
soil moisture content [16]; however, traditional TDR
probes for soil moisture applications are local probes
[17], and the measurement depends on the placement of
the TDR probe in the sample [18]. Conversely, thanks to
their wire-like configuration, the SE’s considered herein
could provide comprehensive information on larger ar-
eas.

On the bases of the aforementioned considerations, in
this work, several experiments were performed to test
the practical feasibility of the proposed sensing systems
for the considered applications. In particular, in the
first set of experiments, a SE was embedded in a con-
crete sample, and TDR measurements were performed
to monitor the hydration process of the sample. Suc-
cessively, after the hydration was virtually complete,
the sample was subjected to rising damp, and the TDR
response was observed as the infiltration of water pro-
ceeded.

In the second set of experiments, the proposed TDR-
based sensing system was employed to monitor soil wa-
ter content in a setup that mimicked an in-the-field agri-
cultural cultivation.

Finally, in the third set of experiments, in order to practi-
cally evaluate the metrological performance of the con-
sidered SE’s, six different types of SE were used in an
experiment related to the localization of moistened ar-
eas of soil, and the obtained results were sistematically
compared.

2. Theoretical background

TDR has been widely employed for monitoring appli-
cations thanks to the achievable measurement accuracy,
to the real-time response, to the relatively-low imple-
mentation costs and to the possibility of remote control
[19]. Additionally, its flexibility (in terms of adaptabil-
ity to the desired application) has contributed to mak-
ing TDR an interesting solution for the most diverse
applications, such as fault detection on electric wires
[20, 21]; qualitative and quantitative control of liquids
[22—-24]; moisture measurements of soil [25-28] and of
porous materials in general [29]; dielectric characteriza-
tions of materials [30-33]; structural analysis [34-36];
etc.

In TDR measurements, an electromagnetic (EM) signal
(typically, a voltage step signal with very fast rise-time
or a pulse signal) is propagated along a SE, inserted in
the STBM. Any impedance variation causes the partial
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Figure 1. Simplified schematization of a typical TDR reflectogram,
where a step-like EM signal propagates along a faulty cable.

reflection of the propagating signal. The reflected signal
is acquired by the TDR instrument, and its voltage am-
plitude is displayed as a function of the travelled electric
distance (or apparent distance, d*P?). The ratio between
the amplitude of the reflected signal, v, and the am-
plitude of the generated signal, v;,., gives the value of
the reflection coefficient, p [37]:

Vrefl
p=—L )

Vine

where —1 < p < +1. The direct output of a TDR
measurement is a reflectogram, which displays p as a
function of d*P. Through a suitable data processing of
the reflectogram (tailored for the specific application),
it is possible to retrieve the desired information on the
STBM.

For the sake of example, Fig. 1 shows a simplified
schematization of a TDR reflectogram for an EM step-
like signal propagating through a cable with length L¢ in
which a fault is present at d;. The abscissae dy* and d "
indicate the typical abrupt changes of p in correspon-
dence of the beginning and of the end of the SE, respec-
tively. The quantity d**P can be associated to the ‘ac-
tual’ physical length traveled by the signal (d), through
the following equation:

d'™ = een d, 2)

where &.¢ is referred to as effective relative dielectric
permittivity of the medium in which the signal prop-
agates [37, 38]. In correspondence of the fault, the p
exhibits a variation caused by the change of electrical
impedance: by analyzing the reflectogram and applying
equation (2), it is possible to evaluate the physical posi-
tion of the fault [19]. Similarly, it is possible to localize
other kinds of defects along the profile, including for
example infiltration of water. For example, with refer-
ence to the example depicted in Fig. 1, the position of

the defect may be calculated as follows:
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Figure 2. Picture of portions of SE1 (a) and of SE2, SE3, SE4, SES
and SEG6 (b).

SE5 SE6

3. Materials and Methods

3.1. Description of the configuration of the used SE’s

The experiments on the concrete sample and on the

soil were performed using a flexible two-wire sensing
element (SE1), similar to the one used in [7] for wa-
ter leak detection. SE1 consisted of two parallel copper
wires (each with cross-section area of 1 mm?), insulated
from each other by a semi-rigid PVC jacket, as shown
in Fig. 2(a).
As for the assessment of the performance of the TDR-
based sensing system when used in conjunction with
different types of SE’s, six different configurations of
wire-like SE (SE1 and SE2, ..., SE6, as shown in
Fig. 2(b)) were comparatively employed for the local-
ization of moistened portions of soil. Similarly to SEI,
the SE2 consisted of two metallic wires separated by
a plastic jacket; however, in SE2, the mutual distance
between the wires was higher, due to the presence of
semi-rigid plastic insertions. As for the other SE’s, they
consisted of three mutually-isolated wires, differing in
the mutual distance between the wires.

All the TDR measurements reported in this work
were performed through the HyperLabs HL1500 unit:



Figure 3. Preparation of the concrete sample, with the embedding of
SEI.

a portable reflectometer that generates a step-like volt-
age signal with a rise time of approximately 200 ps. The
HL1500 has a BNC-type output connector with a 50 Q
electric impedance.

The SE’s were connected to the output port of the
HL1500 through a short portion of 50-Q coaxial cable.
For the two-wire SE’s (i.e. SE1 and SE2), one wire was
connected to the central conductor of the coaxial cable,
whereas the other was connected to the outer conduc-
tor. As for the three-wire SE’s (i.e. SE3, SE4, SE5 and
SE6), the wires were connected to the coaxial cable in a
ground-source-ground fashion, thus resembling a three-
rod probe configuration [39].

3.2. Setup for the TDR measurements on concrete-
based structures

A concrete sample (with dimensions 100 cm x 10 cm
x 8 cm) was prepared and equipped with a sensing
element (type SE1), as shown in Fig. 2(a). The letters B
and E indicate the beginning and the end of the SE,
respectively. The physical length of the SE was Lgg =
98 cm. The concrete mixture was obtained by mixing
6.4 kg of cement, 6.0 kg of water, 16.0 kg of sand, 8.0
kg of gravel, and 10.5 kg of fine gravel.
As will be detailed later in this paper, two types of
observation were carried out on this sample. First, the
hydration process was observed for 28 days through
TDR measurements: this allowed to analyze the
relation between the change in the TDR response and
the advance of the hydration process, thus realizing an
ex-ante monitoring of the considered structure.

4

Secondly, after drying, the sample was placed in contact
with moistened sand, thus favoring the rising damp
phenomenon: also in this case, the relation between the
change in the TDR response with the rising damp was
observed. This experiment was intended to validate
the proposed system for ex-post monitoring of building
structures, i.e. for possible use in monitoring the
infiltration of water in buildings while the structures are
in use.

(b)

Figure 4. Picture of the experimental setup (a) and zoom of the begin-
ning of the SE (b).

3.3. Setup for the experiments related to diffused soil
moisture measurements

To assess the applicability of the proposed system for
optimization of irrigation in agriculture and to mimic
a realistic in-the-field condition, a 90 m-long SE1 was
positioned following a serpentine-shaped path, and was
covered with soil as shown in Fig. 4 (the serpentine path
was chosen so as to fully exploit all the available room).
Also in this case, the letters B and E indicate the begin-
ning and the end of the SE, respectively. Fig. 4(b) shows
a zoom in correspondence of the beginning of the SE (a
portion of the coaxial cable for the connection to the
TDR instrument is also visible).

As detailed later in this paper, starting from the end of
the SE, the soil was progressively moistened and the
corresponding TDR waveforms were acquired.



3.4. Test-bed for the characterization of different con-
figurations of SE

To test the influence of the SE configuration on the

performance of the proposed TDR-based sensing sys-
tem, six types of SE’s were cut at a length of 11 m,
and were covered with soil. Successively, the soil was
moistened in correspondence of different portions (P1,
P2, and P3). As schematized in Fig. 5(a), first, the soil
was moistened in correspondence of P1. (Subsequently,
the soil was moistened also in P2 (Fig. 5(b)); and, fi-
nally, it was moistened in P3 (Fig. 5(c)). Fig. 5 shows
the distance of P1, P2, and P3 from the beginnings of the
SE’s. In the figure, the shaded areas indicate the portion
of the moistened soil (each extended for approximately
60 cm around the points P1, P2, and P3).
To compare the performance of the SE’s in localiz-
ing the points of wet soil, the positions of P1, P2 and
P3 were considered as unknown and were evaluated
through TDR measurements.
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Figure 5. Schematization of the disposition of the six SE’s covered
with soil, in presence of P1 (a); P1 and P2 (b); P1, P2, and P3 (c).

4. Experimental results

4.1. Experimental results for monitoring concrete
structures

During the 28-day hydration period, TDR measure-
ments were performed and the variation of the overall

effective dielectric constant (&efrcon) Of the sample was
observed. In particular, the value of gefcon Was calcu-
lated by applying equation (2) as follows:

Eeff,.con = (L;I;;n/LSE)Z (4)

where LYY was the apparent length of the SE as cal-

culated from the reflectogram acquired on the n' day,
whereas Lgg was the physical length of the SE (in this
case, 98 cm).
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Figure 6. Variation of gef con as a function of time.

Fig. 6 shows the variation of &g con as a function of
the day of observation (each square marker refers to a
TDR acquisition performed on that day). It can be seen
that there is an almost-linear variation; in fact, the
points were linearly fitted and the resulting adjusted R-
square was 0.98. In particular, it can be observed that,
as the hydration proceeded, the &econ decreased as a
result of the decrease of free water. In fact, the relative
dielectric permittivity of water is approximately 78,
whereas af-ter the stoichiometric water has reacted and
the excess water evaporated, the resulting concrete has a
relative dielectric permittivity in the order of 4-5.
In practical applications, once the calibration curve
(similar to the one in Fig. 6 has been established for a
specific type of SE and for a specific length, the curve
can be used to verify the correct advancement of the hy-
dration process.

The second part of the experiment was dedicated to
assess the possibility of employing the proposed sys-
tem also for ex-post monitoring of building structures.
To this purpose, once the sample had dried up, it was
placed in contact with moistened sand (Fig. 7), thus fa-
voring the rising damp. From Fig. 7, it can be seen that
the lower portion of the sample appears moistened due
to the infiltration of water; the height reached by the in-
filtrated water is indicated as A,.



Figure 7. Picture of the experimental setup for monitoring the rising-
damp.

While the rising damp proceeded, the TDR reflec-
tograms were acquired. Fig. 8 shows the acquired re-
flectograms in a 7-day period. It can be seen that, as A,
increased, also the apparent length of the SE increased.
In addition to this, as a result of the increase of water
content at the base of the sample, in correspondence of
the end of the SE, there is also a decrease of the p value.

4.1.1. Discussions on the use of the proposed system for
monitoring building structures

As well known, it is extremely important to be able to
constantly monitor the structures and to promptly inter-

0.30

}:l‘ valule:
—=—(0cm
0.25 = 115cm
—_ —<4—12.5cm /
% -—— 14.5cm
Té‘ 0.20 = 17.0cm
20151 /
E i
o010 'E‘/[\'Tt\f.
=
0.05

08 12 1.6 20 24255260 2.65 2.70 2.75 2.80 2.85 2.90
d™ (m)

Figure 8. Reflectograms acquired as the infiltration of water pro-
ceeded.
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Figure 9. Schematization of the possible implementation of SE’s for
monitoring building structures.

vene with the necessary maintenance, otherwise mois-
ture/water infiltration may lead to severe deterioration
phenomena of building infrastructures.

In practical applications, for example in a building, the
connection to the SE (the point indicated as B) could
be left accessible simply through a wall socket, thus
facilitating the connection to the TDR instrument and
speeding-up the analysis. Fig. 9 shows a schematization
of a possible practical implementation of the proposed
sensing system. Similarly to monitoring in civil build-
ings, viaducts, bridges and a lot of other infrastructures
could benefit from the embedding of these SE’s. Addi-
tionally, the application of this system is not limited to
moisture content profiling; on the contrary, it would also
allow to periodically monitor the health status of the
structures. The embedded SE’s, in fact, could also be
used to detect the incipient growth of cracks. For exam-
ple, by acquiring the TDR response right after a struc-
ture has been completed, it would be possible to store
it in a data-base and to use it for subsequent compara-
tive purposes when checking for the health status of the
structure (ex-post monitoring): any change in the TDR
response could be related to possible degradation/aging
of the structure.

4.2. Experimental results for TDR-based diffused soil-
moisture measurements in agriculture

In the conditions depicted in Fig. 4, the soil was
moistened 10 m at a time, starting from the end of the
SE (point E) up to the beginning (point B); at each
moistening step, the corresponding TDR reflectogram
was acquired. Fig. 10(a) shows the acquired reflec-
tograms; Ly indicates the total length of the moist-
ened portion of soil. It can be seen that, starting from
the dry condition (Lye = 0 m) to the totally-moistened
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Figure 10. Reflectograms acquired, with the experimental setup
shown in Fig. 4, by moistening 10 m of soil at a time, starting from
the end of the buried SE (a). Comparison of two reflectograms (b).

TDR instrument

Distributed/SE's

Figure 11. Schematization of the possible configuration of a network
of diffused SE’s for optimization of irrigation in agriculture.

condition (Lye; = 90 m), the apparent length of the SE
increased. In particular, as a result of the increase of
the e.¢ value of the portion of moistened soil, the ab-
scissa of the end of the SE shifts towards higher appar-
ent distances. For the sake of clarity, Fig. 10(b) shows
the comparison between the reflectogram acquired for
Lyee = 0 m and the reflectogram for Ly = 70 m. The
obtained results show that, even in long distances and
even in presence of turns, one single SE can allow to
obtain comprehensive information on a large area, eas-
ily discriminating between wet and dry portions of soil.

4.2.1. Discussions on the use of the proposed method
for irrigation management in agriculture

In practical applications, such diffused monitoring
system could be used not only to monitor the soil wa-ter
content of cultivations, but also to localize possible
portions of the cultivation affected by water shortage. In
fact, through specific calibration curves, it would be
possible to associate the apparent distance as calculated
from the reflectogram, to the actual position of the por-
tion of soil in need of water. The TDR-based
monitoring system could be integrated with the
irrigators; therefore, when the measured soil water
content falls below (or ex-ceeds) a pre-established
threshold, the monitoring sys-tem will activate (or
deactivate) the irrigation system, completely or
partially.
For the sake of example, Fig. 11 shows the schemati-
zation of a possible application of a TDR-based system
for monitoring irrigation in agriculture: each diffused
SE monitors the water content of an entire row of trees
(rather than having a punctual sensing element at the
roots of each tree) and a multiplexing unit allows con-
rolling a multitude of SE’s through a single TDR in-



strument.

5. Experimental assessment of the performance of
different biwires

In order to assess the proposed monitoring system
from a metrological point of view, in this experiment,
six different types of SE were covered with soil and their
TDR response, with varying moisture conditions, was
observed. First, while the soil was still dry, a reflec-
togram was acquired through each of the SE: the ob-
tained reflectograms are shown in Fig. 12(a). It can be
seen that, overall, in the dry condition, all the reflec-
tograms are practically horizontal in correspondence of
the sensing element (except for the effect of the tran-
sition coaxial/multiwire, which causes a small change
in correspondence of d*”’? = 7 m). Clearly, each type
of SE exhibits a different behavior, due to the different
characteristic electrical impedance. In particular, it can
be seen that SE3 and SE4 have a similar behavior. Also,
SES5 and SE6’s behavior is similar; although the corre-
sponding reflection coefficient is higher than that of SE3
and SE4 (as a result of the higher electrical impedance).
SE2 has a higher reflection coefficient and a shorter ap-
parent length; this is probably a result of the higher
distance between the two metallic wires. Finally, SE1
behaves similarly to the previous experiments; and its
characteristic electrical impedance is the lowest among
the considered SE’s.

Successively, the soil was moistened in correspon-
dence of P1 (as depicted in Fig. 5(a)), and the corre-
sponding reflectograms were acquired; the results are
shown in Fig. 12(b). It can be seen that a local mini-
mum (due to the presence of P1) has appeared between
d*? =12.5 m and d*’? = 16.0 m.

Similarly, Fig. 12(c) and Fig. 12(d) show the reflec-

tograms acquired in correspondence of the conditions
depicted in Fig. 5(b), and Fig. 5(c), respectively.
It can be seen that, as the number of moistened por-
tions of soil increased, the number of minima in re-
flectograms increased. From each reflectogram, the po-
sition of the moistened portions of soil was evaluated
through the leak-localization procedure reported in [40].
For example, considering SE1, from the reflectogram in
Fig. 12(b), the position of P1 was calculated as
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Figure 12. Reflectograms acquired, through the six SE’s, with dry
soil (a); in presence of P1 (b); in presence of P1 and P2 (¢); and in
presence of P1, P2 and P3 (d).



Table 1. Summarized data related to the evaluation of the positions of
P1, P2 and P3 through the different SE’s. The corresponding
percentage error values are also reported

Levarpt  |%epil  Levapz  |%ep2|l  Levaps  |%epsl
(m) (m) (m)
SE1 5.62 2.2 - - - -
5.75 4.5 8.88 4.5 -
5.84 6.2 9.03 6.2 2.82 12.8
SE2 5.57 1.3 - - -
5.60 1.8 8.90 4.7 -
5.74 4.4 9.09 6.9 2.81 12.4
SE3 5.77 49 - -

5.81 5.6 9.34 9.9 -
6.07 10.3 9.74 14.6 2.80 12.0

SE4 5.99 8.9 - -
6.02 9.5 6.41 24.6 -
6.23 133 9.71 14.2 2.78 11.2

SE5 5.74 44 - - - -
5.73 42 8.43 0.8 - -
5.85 6.4 8.59 1.1 2.61 44

SE6 5.80 5.5 - - - -
5.82 5.8 8.56 0.7 -

5.94 8.0 8.78 33 2.59 3.6

Table 1 summarizes the results related to the evalu-
ation of the position of P1, P2 and P3. Table 1 also
reports the percentage error values (%ep;, %epr and
Jep3). For this calculation, the central points of each
moistened area were considered as reference 'true' val-
ues. The obtained percentage error values are in agree-
ment with the 5% percentage error obtained in [7], when
using the SE1 in a similar scenario (i.e. for the evalu-
ation of the position of a leak in an underground pipes
through TDR measurements). It should be pointed out
that it was decided to use the percentage error as a fig-
ure of merit of the performance of the system (rather
than evaluating the experimental uncertainty), because
in the experiments there are some variables which are
difficult to repeat (one being the unpredictable diffusion
of water in possible repetitions of P1, P2, and P3).

When only one moistened portion is present (P1),
SE1 and SE2 provided the lowest errors. However,
when P1, P2, and P3 are simultaneously present, the
sensing elements SES and SE6 are affected by the low-
est error. Probably, the reason is that the configuration
of SES5 and SEG6 resembles that of a three-rod probe, and
the distribution of the EM field is more simmetric. In
addition to this, the fact that the wires are closer than in
SE3 and SE4, probably leads on one hand to a smaller
sensing volume (in the transverse section, but on the
other hand allows a better discrimination of moisture
differences in areas in close proximity.

Opverall, it can be seen that, for each SE, the evaluation
of the position of P1, P2 and P3 is affected by a higher
error as the number of moistened portions of soil in-

creases. This is due to the fact that, in presence of mul-
tiple moistened points, there is a slight overestimation
of the involved distances, caused by a slight overesti-
mation in the estimated value of &.4. Indeed, a more
accurate algorithm should consider the variation of the
effective dielectric constant every time a new portion of
soil is moistened; this will be the subject of further stud-
ies; however, for the sake of the purposes of this work,
the obtained results confirm the optimal potential of the
method. In fact, the evaluation of the positions of the
three moistened portions of soil when they are simulta-
neously present in such a short length (i.e. 11 m) is not
a trivial task, and provides indication also of the sen-
sitivity of the method in discriminating closely-spaced
moistened portions.

From the operating point of view, the SE1 and SE2 con-
figurations may be more suitable for those applications
in which it is expected to have to locate only one transi-
tion between moistened area and dry area. For example,
in building structures, the rising damp (coming from be-
low) is expected to provoke a single transition between
moistened and dry areas. Vice versa, for applications
such as water content control in agriculture, in which
one may expect to have a more articulated distribution
of moistened areas, the SE5 and Se6 configurations may
be more suitable.

6. Conclusions

In this work, the possibility of using diffused, flex-

ible, wire-like SE’s in conjunction with TDR for di-
agnostic and monitoring purposes was addressed. In
particular, two practical applications contexts were con-
sidered, namely monitoring of building structures and
monitoring of water irrigation process in agriculture.
The experiments carried out for each of these applica-
tions confirmed the practical feasibility of the proposed
system. Furthermore, in order to test the influence of
different SE configurations on the TDR response, an ad-
ditional experiment was performed to compare the per-
formance of six types of SE.
While additional experiments are to be carried out in
order to fully test and characterize the proposed sys-
tem for the intended purposes, the ultimate challenge, in
the long-term, will be to realize a comprehensive mon-
itoring platform, based on ‘sensing elements networks’
that could possibly be interfaced with a common (sin-
gle) technological infrastructure and that could be sim-
ply controlled through smartphone or computer-based
applications.
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