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Featured Application

Leak detection in ponds that store liquids, for example irrigation water ponds, or slurry
ponds in the swine sector.

Abstract

Leaks in ponds are a problem due to the loss of water resources, although the problem
is greater when the ponds store livestock or agricultural waste (slurry or wastewater),
in which case there is a risk of hydrogeological contamination of the environment. The
proposed leak detection system is based on distributed temperature sensing (DTS) with
hybrid fiber optics using the Raman effect. Using active detection techniques, i.e., applying
a specific amount of electrical power to the copper wires that form part of the hybrid
cable, it is possible to increase the temperature along the fiber and measure the thermal
increments along it, detecting and locating the point of leakage. To validate the system, a
full-scale prototype reservoir (25 m x 10 m x 3.5 m) was built, equipped with mechanisms
to simulate leaks under the impermeable sheet that retains the reservoir’s contents. For
environmental reasons, the tests were carried out with clean water. The results of the leak
simulation showed significant differences in temperature increases due to the electrical
pulse in the areas affected by the simulated leak (1 °C increase) and the areas not affected
(5 °C increase). This technology, which uses hybrid fiber optics and a low-cost sensor, can
be applied not only to ponds, but also to other types of infrastructure that store or retain
liquids, such as dams, where it has already been tested, to measure groundwater flow, etc.

Keywords: DTS sensor; leak detector; leak detector in ponds; DTS detection system

1. Introduction

Ponds are storage infrastructures in the agricultural sector and can be designed both
to contain water for irrigation and to accumulate water for livestock farms. In both cases,
losses of the stored water are very frequent and, for the case of irrigation installation, can
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imply a significant reduction in terms of available resources. On the other hand, in the case
of livestock waste ponds, losses and their consequent infiltration into the subsoil constitute
a clear risk of contamination of the ground and surface water environment, slurry being an
obvious example.

This work is part of the Digit-Balsa project as a pilot test for the detection of leaks in
slurry ponds, the system was launched in the spring of 2023. The validation tests on the
leak detection system have been carried out using water as a loss effect, for two reasons.
The first one is the contamination of water resources for possible irrigation and drinking
water when producing a slurry leak, and the second one is due to the fact that in the
literature, the systems that use this technology do it for the detection of water flow.

Within the agricultural sector, leak detection systems in irrigation ponds are important
to avoid leaks in the ponds due to deterioration of the impermeable sheet that retains water,
as an environmental safety measure.

In the specific case of ponds intended to store slurry, the European normative refer-
ence document on best available techniques to be applied for intensive pig and poultry
farming [1] established the need to annually check the structural integrity of existing slurry
ponds, given that they did not have the leak detection systems already required for newly
constructed ones.

For these reasons, the early detection of leaks of liquids stored in a pond, as well
as the location of the leakage point with certain precision, is a field of obvious interest
in the maintenance and control of water infrastructures, both from an economic and
environmental perspective, bringing the agricultural and livestock sectors.

Traditionally, leaks in slurry ponds are detected by visual inspection, identifying a
leak when liquid flows from the drainage pipes. Although this technique does not allow for
leak location or early detection, the speed of detection depends on the size of the leak—the
larger the leak, the less time it will take for liquid to flow out of the drainage pipes—as well
as on periodic visual inspection.

One technique for monitoring hydraulic infrastructure that allows distributed tem-
perature measurement using a fiber optic (FO) system is the use of Fiber Bragg Grating
(FBG), although this technology requires a sensor for each temperature measurement point,
rapidly increasing the cost of deployment as the number of measurement points increases.

Another Distributed Temperature Sensor (DTS) measurement technique is the use of
hybrid fiber optics based on Raman effect temperature measurement. In this technology,
the hybrid fiber optic is the sensor itself, allowing temperature measurement along its
length with a linear resolution that depends on the Raman interrogator used. The fact that
the optical fiber is the distributed sensor reduces the cost of the system. Given that the
target application is in the livestock and agricultural sectors, the cost of the system must be
reduced so as not to increase the price of food products.

Given the characteristics of a pond, a low-cost distributed measurement system is
required to detect leaks over long distances in the subsoil. For a monitoring system with
these characteristics, the use of hybrid fiber optics as a DTS is a suitable solution [2]. The
use of fiber optics has been applied in different types of hydraulic works with the aim
of qualitatively and quantitatively detecting possible water seepage [3-5]. Hybrid cables
consist of one or more fiber optic cables and one or more copper cables, all within the same
insulation, allowing not only to perform temperature measurements, but also to supply
the thermal pulse to analyze the behavior of the ground around the buried fiber along the
entire monitored length.

Within the systems based on the measurement of distributed temperature with optical
fiber to detect water flows, we can find mainly two types, passive and active. Passive
systems do not intentionally or actively modify the operating conditions of the fiber by
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taking the distributed temperature measurement of the environment as it is. The specific
characteristics of each type of work require a prior definition of the measurement conditions,
adapted to each particular situation [6].

Due to the cost of implementing the systems in man-made hydraulic infrastructures,
it is common to develop laboratory systems either in controlled environments, such as
those presented in [7,8] which shows a scale simulation of levee seepage, or the previous
laboratory work that precedes the present work [9] where a leakage from a controlled
impermeable sheet is simulated.

In these types of systems, different detection mechanisms have been reported in [10].
In the analysis of a leak detection system through distributed temperature measurement
with optical fiber, we will focus on two, the passive method, i.e., without heating the hybrid
cable, and the active method with heating. In both cases, the applications that can be found
are very similar.

First, we will review the detection systems by passive methods, which are based on
the measurement of the temperature distributed along the cable over time. Subsequently,
an analysis is made of the data collected and the differences shown with respect to the
same time of the year, as well as nearby points of the fiber.

Within the systems, we find different fiber distributions, either transversally detecting
temperature variations according to the depth of penetration of the cable or longitudinally
along a linear work.

In this first case, refs. [11-13] have been found, where the researchers are studying
the behavior of the civil work of canalization of the Adige river, close to a highway, with
distributed optical fiber sensors (DFOSs).

On the other hand, we found systems that heat the fiber as a perturbation medium for
detecting water flows. These systems have a higher detection accuracy, at the cost of the
energy consumption to heat the fiber through the copper wires that are part of the hybrid
cable. Given the a priori higher resolution of detection and the relatively small water flow
that can be produced by a leak in an irrigation or slurry pond, this last system will be used
in this project.

In [14], the authors present a system for monitoring temperature and detecting ground-
water discharge under a river. In this case of active detection, hybrid fiber cables are
deployed in deep boreholes perpendicular to the earth’s surface for detection [11-13].

Other authors propose the combination of passive and active sensing systems such
as [15,16]. The former combines passive and active measures to locate and quantify the
variability of groundwater discharge in a stream, while the latter uses it as a downhole tool
in hydrogeology. With this same combination in [17], they use this technique to estimate
infiltration rates in a managed aquifer recharge framework.

With a use more similar to the one related to this project in [5,18] a real-time dam leak
detection system has been found with an FO cable distribution along the dam line. This
technology is applied as a complement to conventional sensors used in dam monitoring
systems, and this new technique avoids problems due to point measurements and late
detection that often occurs when the processes of slope instability or seepage in the body of
the dam are already too advanced, with significant environmental impacts and potential
risk of irreversible deterioration of the infrastructure.

Passive methods have the advantage of not requiring a cable heating system, although
they do require a high-precision integrator, as the thermal variations to be detected are
between 0.1 and 0.5 °C. In addition, precise calibration of the interrogator is necessary.
However, active methods detect thermal variations above one degree Celsius, which
requires less precision in measurement and provides greater reliability in detection.
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Following the tests carried out on the laboratory model, which were presented in [9]
and which proved to be satisfactory but on a limited scale, this paper proceeds to the design
and construction of a full-scale model with the aim of validating the methodology on a
full scale.

The paper is structured as follows: Section 2 provides a description of the infrastructure
developed for the full-scale model of the leak detection system in ponds. Section 3 presents
the results of the measurements in different tests performed. Section 4 compares the results
obtained in this study with the results obtained in other types of applications. Finally,
Section 5 presents the conclusions of the work.

2. Materials and Methods

The first subsection of this section explains the location of the constructed pond.
In the following subsection, we study the constructive development, including the con-
struction plans of the civil works and the installation and distribution of the optical fiber.
Finally, the third section describes the active DTS measurement system with the necessary
instrumentation for monitoring leaks in the basin.

2.1. Ponds Location

The reservoir is located in the town of La Almunia de Dofia Godina, Spain, at the
geographical coordinates 41°29'22.1” N-1°23'36.1" W.

At present, due to environmental considerations, the pond is intended for clean water
storage as simulations of losses of the stored content are to be carried out. However, in
constructive terms, the project has been executed as if it were to be filled with slurry,
complying with the applicable regulations for the operation of this type of pond.

Tertiary materials identified as “calcareous crusts” according to the Geological Map of
Spain (sheet 410, La Almunia de Dofia Godina) outcrop on the plot where the reservoir is
to be built. Figure 1 shows the area of the geological map, at a scale of 1:50,000, where the
planned reservoir is located.
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Figure 1. Location of the pond projected on the geological map at scale 1:50,000.

The substratum of this entire geographical area is made up of tertiary materials that
are geotechnically of the coarse-grained soil type, appearing partially cemented, giving rise
to calcareous crusts of sub-metric thickness.

2.2. Ponds Construction, Fiber Deployment, and Leakage Simulation System Design

The most realistic method to simulate a leak would be to create a controlled rupture
in the waterproofing sheet. However, this approach presents significant difficulties: each
simulation would require rupturing a new area, emptying the basin, repairing the sheet,
and refilling the reservoir. This process would have a very high cost both in time between
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simulations and in the consumption of water resources in the filling and emptying of
the pond.

The proposed solution is to introduce under the pond, buried under the geotextile
that protects the impermeable layer of the soil, and a set of PVC pipes controlled by valves
and connected to a pump.

The design of the basin, together with the fiber distribution and the leakage simulation
system, must be carried out in combination prior to the construction of the basin. The pond
has been constructed in accordance with the standard for slurry storage ponds.

Figure 2 shows the plan drawing of the construction design of the prototype basin. In
the center of the plan, the bottom drains, which will collect the water from the leaks, can
be seen in purple. In dashed pink, the distribution of the hybrid fiber is shown. It leaves
the control house towards the upper slope of the image, going to the leftmost slope where
it turns at a lower level closer to the bottom of the basin and returns parallel to the inlet
fiber line at the same level. When it reaches the left-hand slope, it turns towards the base
and runs parallel to the first of the drains. It is carried to the other end of the raft base
parallel to the drain and turned again to return parallel to the drain. In this way, the fiber is
distributed parallel on both sides of the drain.

5m 3m 3m 3m 3m 4m

10m

Figure 2. Floor plan of the pond. The dark blue lines represent the pipes simulating leaks found
under the geotextile fiber and on the ground. The pink lines show the layout of the hybrid fiber optic
cable on the upper slope of the image and at the base of the pond. The purple lines are the dredging
pipes. The cyan lines correspond to the outline of the pond on the outside and the flat base of the
pond on the inside of the image. The black numbers are the identifiers of the pipes where the leak
point is located, and the gray numbers are the metric points of the fiber in meters. The valve number
is abbreviated as # for the rest of the text.

The objective of this distribution is for the fiber to be able to detect leaks originating
both on the slope and at the bottom of the reservoir.

Figure 3 shows the transverse section of the raft. At the bottom, the drains can be seen,
where the fluids from possible leaks will be collected. Therefore, it is to be expected that
in the event of a leak, the liquid will flow into them. For this reason, the fiber has been
distributed around the drains, and leak simulation taps have been installed close to them.
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Drainage ditch

Figure 3. Transversal section of the basin.

On the other hand, leakage simulation taps have also been distributed in different
parts of the basin slope, and the hybrid fiber has been distributed along the same slope. In
this way, the aim is to check whether it is possible to detect leaks produced in the slope, the
possibility of detecting the flow water towards the drains as it has to pass through the fiber
at multiple points, and finally, to see whether the drains collect the possible leaks.

The pipes appear located in the detailed drawing of the basin in Figure 3, where they
are marked in blue and are in different longitudinal and transverse positions in relation
to both the drains and the distribution of the fiber optics, with the aim of being able to
simulate as many situations as possible. The leakage simulation valve control system is
located inside the control house and is shown in Figure 4.

Figure 4. Valves for leak simulation. The numbering of the valves is directly related to the representa-
tion of the leak points in Figure 2.

The leak simulation system is activated manually by operating the valves shown in
Figure 4. These valves control the flow of water to the pipes located under the geotextile
fiber and on the ground where the geotextile and geomembrane rest. Figures 2 and 3 show
that there are seven pipes that simulate leaks at the points indicated in Figure 2, both on
the slopes and at the base of the pond. The pipes are always located under the geotextile
fiber so as not to damage the geomembrane and cause a real leak due to erosion.

Figure 5a,b show the deployment of the optical fiber under the bottom of the raft. While
the images in Figure 5¢,d show how the geotextile layer (white) is made on Polyethylene
Terephthalate (PET) (GeoProtec SIS, Impermeabilizaciones Valcruz S.L., Valencia, Spain)
that protects the waterproofing sheet (black) from possible erosion when it rubs against
the soil. The waterproofing sheet, the geomembrane (Atarfil HD, Atarfil, Granada, Spain),
is made on High-Density Polyethylene (HDPE) with 2 mm of thickness. The cable model
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deployed is a Helucom A-DSQ(ZN)B2Y (Urkunde, Mendaro, Spain) with 4 Multimode
G50/125 optic fiber cables with 4 copper wires inside.

(c) (d)

Figure 5. Photographs of the construction process of the basin. (a) Installation of the fiber, detail of the
entrance to the control house. (b) Preparation of the installation of the taps for the simulation of leaks.
(c) Installation of the geotextile fiber. (d) Installation of the waterproofing layer on the geotextile fiber.

Finally, Figure 6 shows the constructed basin before filling with water.

Figure 6. Photograph of the raft just after its construction was completed and before its first filling.

https:/ /doi.org/10.3390/app16010465
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2.3. Ponds Leakage Detection System Design

In the previous subsection, the construction of the basin, the full-scale model that will
allow validation of the leak detection measurement system using DTS, was presented. In
this section, the detection system itself, whose conceptual diagram is shown in Figure 7,
will be presented.

Grid | ( Yokogawa ) [ -
230V (RMS) | DTSX200 »
50Hz Interrogator ptic

N\

o

Hybrid
Secundary Jumo Wire
Supply |, TYA 201
200V (RMS)[ | Industrat ,
50Hz Thyristor Wire
. J

Figure 7. Schematic diagram of the detection system.

The diagram in Figure 7 shows two subsystems, the first one formed by the Yokogawa
DTSX200 (Yokogawa Iberia, Madrid, Spain) interrogator, which is connected to the optical
fiber and allows, by means of the RAMAN effect, to determine the fiber temperature with a
thermal accuracy of 0.3 °C for a range of 1 km cable length and a spatial resolution that can
vary at will from 1 m to 10 cm with a measurement periodicity of 1 min.

With the construction dimensions of the prototype basin in which 143 m of hybrid
cable have been deployed (of which are buried under the basin, from meter 20 to meter
130), a resolution of 20 cm has been used, which will provide 550 instant and simultaneous
measurements under the waterproof sheet.

Figure 8 shows the computer running the interrogator control software that allows the
collection of temperature data at different points along the fiber.

Figure 8. Photograph of the monitoring system (inside the control building).

The second subsystem enables fiber heating and comprises the active monitoring and
detection system. For this, use is made of the resistance of the copper cables themselves
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and an auxiliary resistor that reduces the peak current given the power supply available at
the location of the raft.

At this location, the power supply system consists of photovoltaic panels, which are
located on the roof of a building for the storage of tools and pumps filling a nearby farm.

The installation, in addition to the photovoltaic panels and their energy storage batter-
ies, consists of an inverter that supplies a single-phase voltage of 230 V RMS as the main
voltage. This power supply will be used to feed the interrogator and the control computer.

On the other hand, a secondary auxiliary power supply system has been used for the
heating system, providing an output voltage of 200 V RMS, sufficient to power the Jumo
TYA 201 (Jumo, Madrid, Spain) industrial thyristor that will control the power transmission
in the cables. The power supply diagram is shown in Figure 9.

Jumo
TYA201
Secundary AULXi ! icajry
Supply oa
200V (RMS)@ Copper
50Hz
Hybridwire

Figure 9. Electrical power supply diagram.

For an adequate detection, the power supplied by the heating system should be
10 W/m according to [19], while ref. [20] indicates that it should be between 30 and 40 W/m.
In the system developed here, a power of 10 W/m has been adopted in order to reduce
the electrical cost of the development, having proved to be sufficient to measure leakage
in the present experimental conditions, according to the conclusions of [21], laboratory
work whose conditions are similar to those verified in laboratory work prior to the one
presented here [9].

Under these conditions, we proceed to calculate the theoretical resistance of the
deployed cable, in order to subsequently be able to adjust its power. The cable resistance
(R) is calculated by Equation (1):

L
R=p—= 1)
where p is the resistivity of copper (1.68 x 108 Q)-m), L is the length of the cable, and A is
its cross-section.

In order to increase the resistance and take advantage of the four copper cables inside
the hybrid fiber, these will be connected in series, so that the 143 linear meters deployed
will become a total length of 572 m of copper with a section of 1.5 mm, according to
the manufacturer. With these data, the resistance achieved is 5.44 (). An experimental
measurement is made and its value provided is 7.77 (), and this difference may be due to
the electrical resistance of the copper wire splices to obtain the length of 572 m.

The Jumo TYA 201 industrial thyristor is configured with an integral control so its
peak current (Ipe) at 200 V root mean square (RMS) supply voltage (Vrus) is given by
Equation (2):

I = Y2 VRas _ V2200V
R 7.77 Q)
This current value is very high, being outside the working capacity of the thyristors

=364 A. @)

used, and being a very high value for a conventional single-phase electrical installation, so
a resistive electrical load is installed in series with the hybrid cable whose experimental
measurement provides a resistance of 18.27 () as a whole. With this resistance, applying
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Equation (2), we obtain a peak current of 15.48 A. This value is already within the operating
range of the thyristor and a more conventional electrical installation.

As the system presents a resistive load and has an integral control in the AC/AC
conversion, the voltage of the load is represented in Figure 10 in a generic way.

A

3001 ~ ~ » ~ ~ » ~ 1

200 (\

100

voltage (V)
o
| ]
a
a
o))
v

A

=}
A 2
v

—100 -

200 UU 7 r r | r 7 U

=300 |

L

Figure 10. Output voltage waveform or at load with integral thyristor control.

In Figure 10, n is the cycle number while m is the number of signal cycles in which the
thyristors remain in cutoff and no power is supplied to the load. The sum of the two is the
number of cycles and thus the time period over which control is applied.

Applying the definition of voltage root mean square to the wave of Figure 10, we
obtain the expression of Equation (3):

n 27 ) n
VORMS = \/[27{(11—1—7;1)/0 2V s sin? (wt)-d(wt)] = VGrms y/ o 3)

where Vg is the supply voltage and V¢ the output voltage both values in root mean square

(RMS). Vo is the voltage supplied to the equivalent resistance of the hybrid cable. If, in this
expression, we extract the relation between n and m as a constant k, shown in Equation (4)

k= —" @)

n+m’

so that the expression for the RMS output voltage is as in Equation (5),
Vorms = Verms-Vk, )
applying 5 to the power calculation in the load, Equation (6) is obtained as follows:

V2 V2 -k
Po = OﬁMS: GRIIQ\/IS ©)

where Pg is the output power or power delivered to the equivalent resistance of the hybrid cable.

The Jumo thyristor is configured to perform a power control for a resistive load, so
that when configured to work at 50% power, the k factor of Equation (6) refers to the power
level to be provided. In the test conditions k = 0.5, so that the power provided to the load
is 1065.5 W, divided by the number of meters of cable deployed, we obtain that in these
conditions, the power delivered is 7.5 W/m, lower than the values of 10 W/m proposed
in [19] and much lower than the 3040 W/m proposed in [20]. As we will see later, this
power level is sufficient to allow leak detection.

https:/ /doi.org/10.3390/app16010465
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2.4. Description of the Test Methodology

Once the location and characteristics of the terrain where the raft is located, the
construction and deployment of the fiber and, finally, the active heating system of the
hybrid cable have been indicated, it only remains to describe the test methodology used.

The tests were carried out sequentially in different steps, each of them lasting 30
min. Experimentally, both in the laboratory test bench [9] and in the tests carried out on
the full-scale model, it has been seen that this time is sufficient to raise the peak value,
i.e., to reach the maximum value where the fiber temperature stabilizes. The sequence is
the following:

1. First of all, the temperature is measured without any alteration, neither by heating the
hybrid cable, nor by simulating a leak. This allows us to have some initial conditions
of the state of the soil. (30 min)

2. The fiber is heated for 30 min.

The fiber is allowed to cool for another 30 min.

=

The tap acting on the target area of the leak simulation is opened for 30 min, while
monitoring continues.

The fiber is heated for 30 min with the tap running.

The fiber is allowed to cool for another 30 min with the tap running.

The tap is closed and measured for another 30 min.

The fiber is heated for 30 min.

The fiber is allowed to cool for another 30 min.

W oo N

Steps 1 to 3 allows us to obtain a reference temperature value and, under these
conditions, to observe the thermal rise that can be reached along the fiber without leakage.

Steps 4 to 6 reproduce the effect of the leakage both in the unexcited temperature and
the increment obtained during the heating and cooling of the same.

Finally, steps 7, 8, and 9 allow us to see the effect of a wetted zone after leakage on the
detection system.

3. Results

This section describes the results obtained in different tests. Although the number of
tests has been greater, some representative results are shown here. In all the tests, results
similar to those detailed below have been obtained. The raw results of the measurements
have been included as Supplementary Materials.

Figure 11 shows the thermogram in absolute values of the complete measurement
process, as detailed in the previous section. The thermograms show, in abscissae,
the different reading points distributed along the fiber, which are indicated according
to the distance to the interrogator. The ambient temperature during the test ranged
from 10 to 18 °C without rainfall, data extracted from the State Meteorological Agency
(Agencia Estatal de Meteorologia, AEMET).

Figure 11 shows, according to the Y-axis on the left, that the measurement process
began at approximately 9:30 a.m. From that moment on, changes in the measurement cycle
can be detected every 30 min, following the steps indicated in the previous section.

This information in absolute values, although it provides interesting data, makes it
difficult to visualize the thermal behavior of the fiber. Therefore, the initial measurement
value was taken as a reference, and subsequently, the increments and thermal increments
along the hybrid cable were used.

The interrogator used is a laboratory instrument. The objective of the work is not to
obtain a precise measurement of the temperature along the cable, but rather to measure
its temperature variations, mainly those due to excitation by the heating system. For this
reason, the temperature values prior to the simulation of a leakage situation are taken as a
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Time

reference, these being 0 °C increases. From these, the increases in the heating processes and
thermal excitation of the hybrid FO are obtained.

On the other hand, to improve the incremental resolution, the first and last cable
sections will be eliminated, since they are not located under the geotextile, but are the
sections that carry the cable inside the control house, with a length of about 10 m inside the
control house that serves as a reference to detect possible undesired operation of the system.
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Figure 11. Measurements during the detection process along the entire length of the hybrid cable.

Figure 12a shows the plan presented in Figure 2 in detail. The areas that, as a starting
hypothesis, are expected to be affected by the simulated leaks when valves #2 and #6 are
activated are highlighted in red.

This assumption regarding water flow is based on the construction design, whereby the
drainage pipes should collect any water flowing beneath the surface of the geomembrane
due to both the capillary action of the soil and gravity. It is also assumed that the water will
flow towards the drainage system via the shortest route, although this may not necessarily
be the case in reality.

Focusing on the area of interest, i.e., the optical fiber under the water layer between
meters 20 and 125 approximately, the thermal increments are more clearly visible, as shown
in Figure 12b, which corresponds to the data presented in Figure 11.

The detail shown in Figure 12a allows us to observe the possible affected area. If we
look at the position of tap two and the nearest drain, we can see that the area affected by
the leak will be around meter 114 of the fiber, even wetting the area near meter 87.

However, from valve #6, which is located on the slope, the water will flow to the upper
drain in the plan. This is reflected in Figure 12b, where we observe the thermal increment
obtained between 20-30 m, 43 m, 70-75 m, and 90 m, and these zones have correspondence
with the water flow and the surrounding wetted areas.

By representing the same test temporarily, the representation shown in Figure 13 is
obtained. It shows the thermal increments with respect to time at three specific points on
the hybrid cable. These points correspond to tap #2 (Figure 13a), in an area affected by
the leakage simulation, meters 92 and 120, orange and green, respectively. In addition, a
point, meter 100, unaffected by the leak, is taken as a reference. The graph also highlights in
orange the heating periods and in blue the moments when the valves are open to simulate
the leak.
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Figure 12. (a) Detail of Figure 2 highlighting the area expected to be affected by a simulated leak
in valves #2 and #6. (b) Measurements of the area of interest with ambient temperature between
10 and 18 °C, without precipitation simulating leaks in valves #2 and #6 The valve number is
abbreviated as #.

For the zone affected by valve #6, Figure 13b, the metric points selected for the
representation are meter 32 (orange) and meter 47 (green); meter 100 again, as a reference,
is not affected by the leakage simulation.

Analyzing the results of Figure 13a, it is possible to observe that, in the first heating,
the thermal increments in each of the metric points are different and are between 3 and
5 Celsius degrees. This different behavior between points is due to the different height
positions of the control points considered, such that those located lower reflect a lower
temperature increase as they have a greater height of water column capable of dissipating
the heat generated by the thermal pulse. It is also possible to highlight how activating the
tap produces a negative increment in the absence of thermal pulse.

Then, with existing water flow, it is observed that the application of the thermal pulse
at the reference control point remains the same, while at the points affected by the water
flow, the increment achieved is lower, two to three degrees lower, which is consistent with
what was expected.

Finally, in the third pulse with the valves closed and the soil under the basin humid-
ified, it can be seen how the heating increment is again higher than with flow, without
reaching the levels before the leak, allowing us to discern that the area is humidified. The
100 m reference point maintains its behavior as in the previous steps.
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Figure 13. Representation of the time evolution of a test: (a) zone affected by valve #2; (b) zone
affected by valve #6.

In Figure 13b, the behavior is similar to that described in Figure 13a for the metric
points selected for the representation.

Doing a different analysis, studying the maximum values achieved in the thermal
pulses, peak values along the fiber, the graph in Figure 14 is obtained.

The above graph shows how the heating with the valves open is significantly lower,
due to the thermal dissipation capacity of the water.

Table 1 summarizes the temperature increases in the different steps described in
Section 2.4 for different points along the fiber. The table includes the times that the system
remains in each of the states related to the graph in Figure 12b.

We can see that during stable periods, temperature increases are below half a degree.
On the other hand, in general, heating pulses achieve increases above one degree when
there is no leak simulation, step 2. Whereas with thermal pulse and leak simulation, step 6,
the thermal increases obtained are below one degree, the metric reference point reaches a
temperature increase of more than 4 °C.
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Figure 14. Peak values obtained in the three heatings along the fiber during a simulated leak in valves
#2 and #6.
Table 1. Summary table of maximum temperature increases (°C) reached in the steps described in
Section 2.4 for leakage simulation on valves #2 and #6. The valve number is abbreviated as #.
Meter/Affection Stabilization Heating Cooling Stabilization = Heating Cooling Stabilization Heating Cooling
Valve # Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9
100/Unaffected —0.18 5.01 —4.62 0.12 443 —441 0.01 456 —445
Control Point
32/#6 —0.19 4.34 —3.65 0.02 0.99 —1.16 0.92 3.05 —3.08
47 /#6 —-0.22 3.71 —-3.33 —0.06 0.83 —1.05 0.58 2.35 —2.87
92/#2 —0.04 4.07 —3.47 —0.19 0.36 —-0.75 0.23 248 —2.35
120/#2 —0.36 3.18 —2.75 0.01 0.19 —0.85 0.36 1.74 —2.09
Time Range 09:30 10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30
& 10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00

When the leak disappears, even with the soil moistened by the previous leak simula-
tion, during heating, step 8, temperature increases of more than 1.75 °C are again achieved
at the different metric points of the fiber taken for data representation.

A second test performed the day after the one shown in the previous results is shown
below. This second test on consecutive days demonstrates the feasibility of using the system
in the event of a leak after repairing a previous leak. Figure 15a shows in detail the area
near tap #7, highlighting in red the area expected to be affected by a simulated leak at
this point under the same conditions as indicated above. Figure 15b shows the thermal
increments obtained in the area of interest, with a temperature that ranged from 14 °C at
the start of the trial and down to 9 °C, plus there was precipitation from 11 am to 14 am
ranging from 0.2 L/m? to 1.8 L/m?. In this case, the leakage is simulated at valve #7.

Figure 16 shows the time evolution of four metric points, the control point at meter 60
(blue) not affected by the simulation. The points at meter 32 (orange) and 47 (green) are
close to the leakage zone, while meter 105 (red) is within the clear zone of leakage action.

The behavior of the control zone is similar in the three thermal pulses, while in
meter 32, a higher temperature increase is achieved, this is due to the fact that this zone is
outside the water cover, attached to the impermeable sheet. In meter 47, there is hardly
any difference with the control measurements, while in meter 107 with water flow, the
thermal increment achieved in the put is 1 °C, whereas at the beginning it was 4.5 °C.
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Finally, without leakage simulation, the thermal pulse obtains an increment of 3 °C. The
detection could be satisfactorily performed.

40

End of Process
Fiber Cooling

Fiber Heating

Close Valve 7

%
| ra
g Fiber Cooling
2
o
2 Fiber Heating
gl |2
'Q
Open Valve 7
Fiber Cooling

Fiber Heating

Initial Measurement
60 80 100 120
Distance (m)

(b)

Figure 15. (a) Detail of Figure 2 highlighting the area expected to be affected by a simulated leak
in valves #7. (b) Measurements of the area of interest with ambient temperature between 14 and
9 °C, with precipitation simulating leaks in valve #7. The valve number is abbreviated as #.As in
the previous case, the thermogram allows us to have an overview of the thermal behavior of the
detection system along the entire length of the fiber. In it, we can see that between 38 and 45 m, 70
and 80 m, and 110 and 115 m, the thermal increment is lower with the effect of the valve open in the
areas where the water flows to the drains, coinciding with what is observed in the plan of Figure 2.

As in the previous case, the increases obtained for the steps described in Section 2.4
are analyzed again for different points of the fiber. These values are shown in Table 2. The
table includes the times that the system remains in each of the states related to the graph in
Figure 15b.

The results are consistent with those presented in the previous case. The temperature
increases achieved during heating without leakage (step 2) are above three degrees. Mean-
while, in the event of leakage, the increase in the areas affected by the leakage during the
thermal pulse (step 5) only reaches a temperature increase of around one degree. Again, in
the absence of leakage with the soil moistened after the simulation, it can be seen that the
capacity to increase the temperature is around 3 degrees (step 8).
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Figure 16. Representation of the time evolution of a test, zone affected by valve #7.

Analyzing again the behavior of the system with the heating peaks in the three pulses
shown in Figure 17, it is observed how the thermal increments under the effect of the
leakage simulation are clearly lower in the zones of action of the water flow.
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Figure 17. Peak values obtained in the three heatings along the fiber during a simulated leak in valve #7.

These results allow us to validate the performance of the leak detection system to
establish the location of the leak with a heating power of 7.5 W/m.
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Table 2. Summary table of maximum temperature increases (°C) reached in the steps described in
Section 2.4 for leakage simulation on valve #7. The valve number is abbreviated as #.

Meter/Affection Stabilization Heating Cooling Stabilization = Heating Cooling Stabilization Heating Cooling
Valve # Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9
60/ Unaffected 0.16 3.37 -353 0.1 3.54 —3.87 0.2 411 —422
Control Point
42/#7 0.19 3.66 —-391 -0.7 0.66 —0.95 0.32 3.22 -3.3
77 /#7 0.13 3.33 —2.93 —0.87 1.1 —1.52 0.09 2.94 —2.99
105/#7 0.2 3.18 —-3.42 -0.35 1.01 -1.39 0.51 3.05 -3.01
Time Range 09:00 09:36 10:06 10:30 11:06 11:36 12:07 12:36 13:06
09:36 10:06 10:30 11:06 11:36 12:07 12:36 13:06 14:00

4. Discussion

Subsurface monitoring systems based on DTS using hybrid fiber optics with Raman
effect interrogators for monitoring water detection in hydraulic infrastructures enable both
the detection and localization of leaks in these infrastructures.

The application of this technique requires a study of the specific type of hydraulic
infrastructure to which it is to be applied. For this reason, passive monitoring systems can
be found, i.e., those that do not produce external excitation or heating of the fiber, but rather
perform a distributed measurement of the temperature along the length of the fiber over
time, similar to the measurement recorded by a weather station at a single point in space.

In contrast to these passive systems, there are active systems, which use a thermal
pulse to modify the hybrid temperature and allow the measurement, in addition to the tem-
perature along the fiber of the thermal dissipation along the fiber produced by interaction
with the environment, the response to which will not be solely dependent on the natural
temperature conditions in the subsoil.

In [11-13], the authors monitored a river dam to assess the behavior of water in the
dam body under flood conditions, work that they have carried out for years, developing
the project and whose study has given rise to the aforementioned publications. These
publications collect measurements taken during the four seasons of the year, observing
different river floods. During these floods, the thermal variation of the hybrid fiber optic
cable was around 2 °C with a passive monitoring system. The monitoring system is
not based solely on DTS measurement with fiber optics, but also relies on sensors from
other technologies. For distributed temperature monitoring, they use an Oryx SR DTS
interrogator, capable of 2 m spatial resolution and 0.1 °C temperature resolution for 2 km.

Focusing on systems that use active measurement, we find [14], where the aim is
to perform distributed temperature measurement to determine the specific flow rate of
groundwater under a branched river. To do this, approximately 100 m of hybrid fiber optic
cable is laid under the river at a depth of approximately 5 m. The interrogator is a Silixa
XT-DTS with a resolution of 0.01 °C and a spatial resolution of 0.25 m. To measure the
thermal increment, an electrical pulse with a power of 15 W/m is applied to the cable for
1 h. After this time, the cable is left to cool for approximately another hour. Under these
conditions, the thermal increase obtained is approximately 5 °C.

For their part, ref. [17] uses this technique to estimate infiltration rates in a managed
aquifer recharge framework. In their model, they use about 50 m of hybrid cable, to which
they only apply the thermal pulse at 7.5 m. They use a hybrid system for detection, which
is both passive and active at the same time. The interrogator used is a DTSN4386B with a
resolution of 25 cm. They apply a thermal pulse of 17.98 W/m for 9.5 h.

Another active and passive measurement system is presented in [15], which uses
the same interrogator as in [14] (Silixa XT-DTS with a resolution of 0.01 °C and a spatial
resolution of 0.25 m) with a structure similar to [17]. However, 150 m of cable is laid for the
measurement, buried under the stream, and 60 m of this is connected to allow it to be heated
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by a thermal pulse. The thermal pulse applied is 35 W/m for 4 h, with monitoring during
the 3 h following heating to see how the cable cools down. Under these conditions, thermal
increases ranging from 19 °C to 36 °C are obtained after 3 h and 45 min of pulse. The
objective of this project is to locate and quantify the variability of groundwater discharge in
a headwater stream.

In [5], a system similar to the one described in this paper was implemented, whereby
an active DTS system was installed for dam auscultation. In this system, 2369 m were dis-
tributed with a thermal pulse excitation power of 0.732 W/m, achieving thermal increases
of 0.5 °C in the dam body with an excitation time of 30 min.

In this study, the active DTS monitoring system with FO based on the Raman effect has
been adapted to the construction conditions of the ponds, and measurement procedures
have been established and validated based on the results of the laboratory work presented
in [9]. The measurement conditions tested in the prototype raft for a cable length of 150 m,
applying a thermal pulse of 7.5 W/m for 30 min, yielded thermal increases of 4.5 °C in the
absence of leakage, 1.5 °C with leakage, and 3.5 °C after stopping the leakage simulation
with the soil moistened.

The results obtained validate the proposed development with the established excita-
tion power, and the pulse times allow us to distinguish between dry, wet, and saturated soil
conditions. Furthermore, increasing both the power and the excitation time could increase
the thermal increments achieved, thereby increasing the detection capacity.

The determination of the absolute values of the thermal increments recorded along
the optical fiber is influenced by heat dissipation processes, which affect the behavior and
temperature increase obtained during the thermal pulse. This behavior is due to both
thermal conduction (which in turn depends on the moisture conditions of the subsoil) and
advection in the event that there is a flow of water that allows a greater amount of heat
caused by the thermal flow to be evacuated.

In addition, increasing the excitation power or duration may enhance thermal incre-
ments and consequently improve detection sensitivity.

5. Conclusions

The results obtained from the scale model of the leak detection system have made
it possible to verify the operating conditions of this type of monitoring system for its
implementation in ponds, with the aim of identifying and locating possible leaks during
their useful life.

Leaks in hydraulic infrastructures, except in catastrophic situations involving a seri-
ous structural failure, are slow processes in all other cases, so their surveillance requires
continuous monitoring in order to detect them accurately and at an early stage.

The proposed system allows us, by means of distributed temperature measurement
(DTS) and the application of a thermal pulse, to generate and detect a thermal increment
intense enough to be able to determine the location of a leak in a pond due to the change
of thermal behavior in the optical fiber, a change due to the alteration of the hydraulic
conditions of the soil.

The tests performed have made it possible to record the thermal increments along the
optical fiber deployed in different environmental conditions and in a real prototype pond.

The temperature increases recorded showed significant differences between areas not
affected by a simulated leak event, reaching temperature increases of 5 °C, while during the
same test, the temperature at points affected by a simulated leak increased by 1 °C when
an electrical pulse of 7.5 W/m was applied. These tests have validated the technology for
use in a real-life situation. Leakage from the waterproofing sheet can be identified by the
thermal increment.
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irrigation water storage ponds, leak detection is an improvement in the management of
the planet’s water resources, while in a slurry storage pond, early detection of leaks is
a fundamental advance in environmental conservation, especially to preserve the good
condition of the receiving media, especially the hydrogeological environment.
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