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a b s t r a c t

A time domain reflectometry (TDR)-based system for the localization of water leaks has been recently
developed by the authors. This system, which employs wire-like sensing elements to be installed along
the underground pipes, has proven immune to the limitations that affect the traditional, acoustic leak-
detection systems.
Starting from the positive results obtained thus far, in this work, an improvement of this TDR-based

system is proposed. More specifically, the possibility of employing a low-cost, water-absorbing sponge
to be placed around the sensing element for enhancing the accuracy in the localization of the leak is
addressed.
To this purpose, laboratory experiments were carried out mimicking a water leakage condition, and

two sensing elements (one embedded in a sponge and one without sponge) were comparatively used
to identify the position of the leak through TDR measurements. Results showed that, thanks to the water
retention capability of the sponge (which maintains the leaked water more localized), the sensing ele-
ment embedded in the sponge leads to a higher accuracy in the evaluation of the position of the leak.

� 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The improvement of water resource management has become a
relevant issue worldwide [1], and water loss reduction remains one
of the key strategies for contributing to an efficient use of this
important natural resource. As a result, the localization and repair
of leaks are the aim of every water utility since it leads to improved
economic and ecological efficiency and better service for clients
[2]. Also, a recent study [3] has pointed out that there are at least
ten reasons that justify an increased focus on water loss manage-
ment, among these reasons: operating cost efficiency (related to
the repair of the leaks); capital cost efficiency (nowadays, water
pipes are considered as tangible assets for Water Companies [4]);
reduced health risks (pollutants and contaminants can infiltrate
the pipes through leaks); and reduced ecological stress.

In such a context, the possibility of carrying out frequent and
efficient leak-localization campaigns is crucial for an effective
water resource management. However, traditional leak localiza-
tion systems (which are mostly based on acoustic methods [5])
are time-consuming and their performance in localizing the leaks
is influenced by several factors (e.g., environmental noise; water
pressure; geometry and material of the pipes). As a result, with tra-
ditional leak detection system, the choice of a particular technique
depends on the specific conditions at hand [6]. To overcome these
limitations, innovative methodologies for achieving the best
results to reduce water loss are constantly being investigated.

In this regard, recently, a time domain reflectometry (TDR)-
based method for the localization of water leaks has been devel-
oped by the authors [7,8]. This system, being based on an electro-
magnetic measurement technique, has proven immune to the
limitations that affect acoustic leak-detection methods.

In this TDR-based system, a wire-like sensing element (SE) is
buried along the pipe at the time of installation. The SE remains
permanently buried with the pipe and can be interrogated when-
ever it is necessary to verify the presence of leaks. Once a pipe sec-
tion has been equipped with the SE, it takes approximately five
minutes for the operator to localize the leaks. This TDR-based leak
detection system has been recently implemented on a large scale
by the largest European Water Operator. Results have already
shown that the employment of this TDR-based system expedites
considerably the leak-localization procedure and the related costs,
thus allowing to carry out more frequent leak-detection
campaigns.

Starting from the positive results obtained thus far, in this work,
an improvement for further enhancing the accuracy in the TDR-
based localization of the leaks is proposed.

In fact, in the TDR-based system, when a leak has been leaking
for a long time, the escaped water diffuses through the soil and
may end up being sensed by portions of the SE that are 2–3 m
far from the leak point. On one hand, this behavior is beneficial
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as it gives the operator a tangible idea of the entity of the leak and
allows him/her to schedule the repair intervention accordingly. On
the other hand, this water diffusion may increase the uncertainty
in the localization of the exact leakage point.

To circumvent this issue, in this work, the possibility of employ-
ing a low-cost, water-absorbing sponge to be placed around the
wire-like SE for enhancing the accuracy in the localization of the
leak is addressed. To this purpose, laboratory experiments were
carried out mimicking a leakage condition, to comparatively assess
the performance of the TDR-based system when used with a ‘tradi-
tional’ SE or with a sponge-equipped SE. Results showed that the
presence of the sponge effectively increases the accuracy in the
identification of the leakage point. In fact, thanks to the water-
retaining capability of the sponge, the water escaped from the pipe
remains more localized and, hence, the position of the leak can be
identified more accurately.

In the following, after a brief description of the theoretical back-
ground, the measurement procedure and the experimental results
are presented and discussed.

Background

TDR is an electromagnetic (EM) measurement technique that
has been used since the 1960s for a number of applications, such
as for the characterization of electronic devices [9,10]; for
dielectric spectroscopy measurements [11,12]; for landslide
monitoring [13]; for liquid level measurements [14–16], etc.
However, over the years, fault detection along cables [17,18] and
soil characterization [19–21] have been considered as the pivotal
applications of TDR. As detailed in the following, the TDR-based
leak localization system, basically, combines these last two
applications [7,8].

TDRmeasures the reflections that result from an EM signal trav-
elling through a transmission line, which is embedded in (or in
contact with) the system to be investigated and acts as a sensing
element [20]. Typically, a step-like voltage signal is used as test
signal.

The TDR output is a waveform which represents the combina-
tion of the incident step (Vi) and of the reflections (Vr) generated
when the propagating TDR signal encounters impedance variations
[22]. The relation between these two quantities is often expressed
in terms of reflection coefficient, qðdÞ:

qðdÞ ¼ VrðdÞ
Vi

: ð1Þ

The quantity qðdÞ can also be expressed in terms of electrical
impedance:

qðdÞ ¼ ZLðdÞ � Z0

ZLðdÞ þ Z0
; ð2Þ

where Z0 is the characteristic impedance of the line; whereas ZLðdÞ
is the load impedance at the line section at distance d and it
depends on the effective dielectric permittivity (eeff ) of the trans-
mission line at the considered section.

To summarize, in TDR measurements, variations of the dielec-
tric characteristics of the propagation line will cause variation of
the electrical impedance. This, in turn, will provoke the partial
reflection of the TDR test signal. Finally, through an appropriate
analysis of the reflected signal, it is possible to retrieve the desired
information on the system under test.

The output of a TDR measurement is often represented as a
reflectogram, which displays the value of q as function of the elec-
trical (or apparent) distance, dapp, travelled by the TDR signal along
the SE. The quantity dapp is related to the physical distance trav-
elled by the TDR signal through the following equation:
dapp ¼ d� ffiffiffiffiffiffiffi
eeff

p
: ð3Þ

As a result, TDR allows not only to sense the electrical impe-
dance variations, but also to localize where they occur. This princi-
ple is at the basis of the TDR-based leak localization system.

Fig. 1 shows the typical experimental apparatus of the TDR-
based leak localization system. Basically, while the water pipe is
being installed, a biwire (e.g., two 1-mm2 copper wires mutually
insulated by a dielectric) is buried with the pipe. In the figure,
points B and E indicate the beginning and the end of the SE, respec-
tively; and L indicates the position of the leak. For pinpointing the
leak, the operator connects the TDR instrument to the connection
point (point K in Fig. 1), which remains accessible through a
man–hole or through an inspection well. Basically, the SE and
the surrounding soil represent a transmission line, along which
the TDR signal can be propagated.

When there is no water leak, then the transmission line consti-
tuted by SE and the soil exhibits a practically-constant dielectric
permittivity; hence, the TDR signal will travel all along the SE
and will be reflected back only at the far end of the SE (point E).

In presence of a leak, the escaped water (whose relative dielec-
tric permittivity is in the order of 78) increases the effective dielec-
tric permittivity of the soil (which typically has a dielectric
permittivity in the range 3–10). As a result of this local increase
of permittivity, the TDR signal will be partially reflected back when
it encounters the water leakage and the q curve will exhibit a local
minimum in correspondence of the position of the leak.

Additional details on the TDR-based leak detection system can
be found in [7,23].
Materials and methods

To comparatively assess the performance of the TDR-based sys-
tem when used with a ‘traditional’ SE or with a sponge-equipped
SE, laboratory experiments were carried out mimicking a leakage
condition.

To this purpose, a 300 cm � 20 cm � 28 cm wooden formwork
was used as container for the soil. The formwork was filled with
soil, thus mimicking the underground soil. A bifilar SE (two copper
wires, separated by a dielectric insulator) was cut to the suitable
length to fit in the formwork. The SE was inserted inside the
sponge (SE1), and then it was placed in the formwork and covered
with the soil. The water-absorbent sponge had approximate
dimensions 290 cm � 10 cm � 4 cm.

For comparative purposes, another SE (without sponge) was
placed inside the formwork (SE2), parallel to SE1.

The length of each SE was equal to LSE ¼ 2:90 m.
Figs. 2 and 3 show the schematization of the longitudinal sec-

tions of the formwork, in correspondence of SE1 and SE2, respec-
tively. Points B and E indicate the beginning and the open-
circuited end of each SE; point K indicates the connection point
to the TDR instrument. To clearly identify the position of B in the
TDR reflectograms, thus using this point as reference point, an elec-
trical impedance mismatch was intentionally introduced at point B
in the SEs.

After the SEs were buried, the presence of a water leak was
mimicked as follows. As shown in Figs. 2 and 3, A hollow cylindri-
cal tube was positioned at a distance LL;ref ¼ 1:40 m from point B.
Water was poured through the tube and diffused through the soil,
similarly to a leakage condition when water escapes from an
underground pipe.

Water was poured at 0.3 L at a time, every 15 min (so as to give
water the time to diffuse). A total of 1.8 L of water was poured in
six steps. For each water addition step, a TDR reflectogram was
acquired through SE1 and SE2. The acquired reflectograms were
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Fig. 1. Schematization of the TDR-based leak detection apparatus (not to scale).

Fig. 2. Longitudinal section of the formwork in correspondence of SE1 (not to scale).
The yellow-colored area represents the water-absorbent sponge. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. Longitudinal section of the formwork in correspondence of SE2 (not to scale).
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then processed to evaluate the position of the leak, as it had been
unknown.

The TDR measurements were carried out through the HL1500
[24], a portable reflectometer that generates a step-like voltage sig-
nal with a rise time of approximately 200 ps.
Fig. 4. (a) Reflectograms acquired through SE1, as water content increased. The
approximate positions of points B; L, and E are also indicated. (b) Zoom in
correspondence of the position of the simulated leak.
Experimental results

Figs. 4 and 5 show the reflectograms acquired from SE1 and SE2
respectively, as the water content increased. With reference to SE1,
from Fig. 4, it can be seen the presence of first minimum at approx-
imately dapp ffi 4:4 m, which corresponds to the impedance varia-
tion that was intentionally introduced at point B, so as to identify
it more easily in the reflectogram.

The value of q remains approximately stable, until dapp ffi 6:5 m,
which corresponds to the apparent distance of the leak (point L). As
expected, for increasing values of water content, the value of q
decreases. Also, from Fig. 4, it can be noticed that the local mini-
mum caused by the presence of the leak is steep and well defined.
This is a direct result of the presence of the sponge surrounding the
SE; in fact, the sponge retains the water (and then releases it as
sketched in Fig. 2), keeping only a limited portion of the SE wet.
Once the sponge portion near the leakage point is saturated, the
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Fig. 5. (a) Reflectograms acquired through SE2, as water content increased. The
approximate positions of points B; L, and E are also indicated. (b) Zoom in
correspondence of the position of the simulated leak.
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Table 1
Summarized results for the evaluation of the position of the leak through SE1.

Water dappE dappB dappL
LL;SE1 jErrSE1j

½L� [m] [m] [m] [m] [m]

0.0 8.74 4.35 – - -
0.3 8.84 4.41 6.49 1.36 0.04
0.6 8.84 4.41 6.50 1.37 0.03
0.9 8.86 4.41 6.51 1.37 0.03
1.2 8.87 4.40 6.51 1.37 0.03
1.5 8.87 4.41 6.51 1.37 0.03
1.8 8.87 4.40 6.52 1.38 0.02

Table 2
Summarized results for the evaluation of the position of the leak through SE2.

Water dappE dappB dappL
LL;SE2 jErrSE2j

½L� [m] [m] [m] [m] [m]

0.0 9.56 4.36 – – –
0.3 9.55 4.37 6.96 1.45 0.05
0.6 9.59 4.36 7.00 1.46 0.06
0.9 9.62 4.36 7.08 1.50 0.10
1.2 9.64 4.36 7.11 1.51 0.11
1.5 9.69 4.36 7.20 1.54 0.14
1.8 9.73 4.37 7.14 1.49 0.09
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water falls by gravity towards the underlying area up to the ground
and the resulting water diffusion does not wet the SE.

After the leak, in the reflectogram, the q value increases again
up to approximately 0.36, and it remains approximately constant
until the TDR signal reaches the open circuit at the distal end of
the SE (point E, at approximately dapp ffi 8:8 m).

Similar considerations apply for the reflectograms acquired
through SE2. From Fig. 5, it can be seen that also in this case, the
value of the minimum in correspondence of the leak lowers as
the water content is increased. However, differently from the SE1
case, in these reflectograms the valley of the minimum point is
wider and extends over a longer portion of distance. This is a direct
result of the fact that when there is no sponge (as for SE2), water
diffuses through the soil and reaches areas that are far from the
actual fault (as also schematized in Fig. 3), thereby increasing the
uncertainty in localizing where the fault is.

The acquired reflectograms were processed through the algo-
rithm described in [7] to pinpoint the position of the simulated
leak. Basically, the algorithm calculates the position of the leak,
LL from the reflectogram through the following equation:

LL ffi LappL

LappSE =LSE
ffi dapp

L � dapp
B

ðdapp
E � dapp

B Þ=LSE
ð4Þ

where LSE indicates the physical length of the SE; LappSE is the electri-
cal length of the SE; and LappL is the apparent position of the leak. The
quantities LappSE and LappL are inferred from the reflectogram by iden-
tifying the abscissae dapp
B ;dapp

E ; and dapp
L , corresponding to points B; E

and L, respectively. For the sake of example, Fig. 6 shows one of the
reflectograms acquired from SE1 and the corresponding first deriva-
tive. Typically, the first derivative of the reflectogram emphasizes
the impedance variations in the reflectogram [25], thus allowing a
more accurate evaluation of the abscissae dapp

B ;dapp
E ; and dapp

L .
Tables 1 and 2 summarize the obtained results. The quantities

LL;SE1 and LL;SE2 indicate the distance of the leakage point (L) from
the beginning of the SEs, as obtained from the SE1 and from the
SE2, respectively.

It can be seen that the SE1 reflectograms provide a higher accu-
racy in the evaluation of the leak position. This is clearly a result of
the presence of the sponge which retains the water.

In fact, considering LL;ref ¼ 1:40 m as the true value of the posi-
tion of the leak, it is possible to estimate the measurement error
(Err) obtained from the two SEs in the evaluation of the position
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of the leak. Tables 1 and 2 also summarize the results for the error
estimate. It can be seen that, as the quantity of added water
increased, the absolute error in the evaluation of the leakage point
for SE2 is higher than the error that is obtained from SE1. It is
worth mentioning that, in practical applications, the presence of
the water-absorbent sponge is expected to bring an additional ben-
eficial effect. In fact, the sponge might also act as an equalization
layer able to compensate for possible dielectric inhomogeneities
in the soil, thus leading to flatter/smoother reflectograms.

Conclusions

In this work, the possibility of employing a SE embedded in
water-absorbent sponge for enhancing the accuracy in the TDR-
based leak localization system was investigated. To this purpose,
experimental tests were carried out by comparatively using a SE
embedded within a sponge and a SE without sponge for localizing
the position of an imposed leakage-like condition. Results showed
that the SE embedded in the sponge effectively leads to a more
accurate evaluation of the position of the leak. In practical applica-
tions, the employment of a water-absorbent sponge around the SE
would represent a cost-effective solution to achieve a higher accu-
racy in pinpointing the position of the leaks. This, in turn, would be
crucial to limit the excavation area (and, hence, the operative
costs) when the leak is being repaired.
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