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Thermal response to background leakages around an actively heated fiber 
optic sensor for leak detection in water distribution mains: modeling the 
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A B S T R A C T   

Fiber optic distributed temperature sensing (DTS) has been recently proposed as a promising technology to detect 
leaks in water infrastructure. However, it requires a suitable temperature difference between leaked water and 
the subsurface. Coupling active heating with fiber optic DTS could overcome this limitation, but very limited 
information is available on its application to leak detection in water pipelines. In this regard, this study addresses 
for the first time the use of active distributed temperature sensing (ADTS) to detect background leakages, 
ubiquitous and persistent leaks responsible for large losses and practically undetectable with conventional 
technologies. The 3D transient analysis of the thermal response to background leakages under different heating 
powers and times shows that there is potential to detect and locate incredibly small leaks (~ L/d) with a 
detection threshold of 3 ◦C when actively heating a fiber optic sensor placed at distance from the pipe, in a 
location suitable for new and existing pipelines as well as for passive sensors. A potential to quantify background 
leakages also exists, since nonlinear relationships linking temperature alterations to the leak rate were predicted. 
The analysis further shows that it is crucial to determine for how long the detection threshold is overcome, and 
that increasing the heating power is not necessarily the answer. Finally, forced convection is the main heat 
transfer mechanism around the active sensor once reached by leaked water, and it appears that the chance of 
altering temperature and quality of water flowing within the nearby pipe and surrounding soil/groundwater 
would be very limited with ADTS.   

1. Introduction 

Reducing leaks in water supply infrastructure is more urgent now 
than ever before. Every day, the global non-revenue water is around 346 
million cubic meters according to recent estimates (Liemberger and 
Wyatt, 2019). A tremendous figure that hits hard considering that this 
water could meet the needs of millions of people worldwide and instead 
is lost, together with the energy and the chemicals required for its 
extraction and treatment, thus also producing an increase in greenhouse 
gases emissions (FAO, 2012; Stokes et al., 2014). Climate projections are 
alarming, and prolonged periods of drought are expected to become 
more frequent in the next years (IPCC, 2023). By 2030, the global de
mand for water is expected to exceed the available supply by 40 %, and 
half of the world’s population will likely have to face water scarcity 
(McKinsey & Company, 2009; Mazzucato et al., 2023). Agriculture and 
industries (from food to high-tech) heavily rely on water, and, in a 

globalized economy, the effects of water scarcity could unpredictably 
impact areas not yet affected by the water crisis. Therefore, a more 
sustainable and conscious use of the available water resource is 
imperative. 

Aging, corrosion, displacements and damages induced by external 
loads (e.g., land movements, traffic, nearby construction sites, tree 
roots, etc.), poor initial laying and construction are generally among the 
factors causing pipelines to leak. The lack of maintenance and rehabil
itation further exacerbates the problem. Typically, water companies and 
managing authorities mostly aim to address reported and unreported 
leakages, namely bursts and high flow rate leaks in the order of m3/h 
(Lambert et al., 2015a; Li et al., 2015; Adedeji et al., 2017; Hu et al., 
2021), since these can produce detectable feedback in the infrastructure 
(i.e., flow rate increases, pressure drops, and acoustic anomalies) as well 
as in its surroundings (e.g., sinkholes, road pavement collapses, and 
foundation settlements; Waltham et al., 2005). However, there are also 
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other types of leaks that threaten the available water resource: back
ground leakages. From transmission lines to distribution networks, these 
leaks are ubiquitous and rather insidious, and are responsible for large 
amounts of water lost despite being individually in the order of L/ 
d (Lambert et al., 1999; Lambert and McKenzie, 2002; Lambert, 2009; 
Lambert et al., 2015a,2015b). Indeed, background leakages are wide
spread throughout the infrastructure (generally from defective or 
damaged joints) and run continuously, going undetected for a very long 
time, since locally they produce no significant flow rate increase, pres
sure drop, or acoustic anomaly, despite being highly sensitive to 

pressure. 
However, persistent leaks can produce noticeable temperature al

terations in the surrounding soil/utility trench. If collected, this infor
mation could help detecting and locating even small leaks, like 
background leakages. Fiber optic distributed temperature sensing (DTS) 
could be a viable option for this purpose, since every point of the optical 
fiber running along the pipeline would act as a sensing element, 
providing continuous and fast monitoring of temperature (Niklès et al., 
2004, Inaudi et al., 2008, and Wijaya et al., 2021). Although optical 
fibers have been successfully used to monitor strain, temperature, and 
vibrations for numerous environmental and structural health moni
toring problems (Niklès et al., 2004; Inaudi et al., 2008; Bolognini and 
Hartog, 2013; Wang et al., 2017; Drusová et al., 2021; Wijaya et al., 
2021), fiber optic DTS is still being tested for water supply infrastructure 
(Lombera et al., 2014; Xu et al., 2020; Ibrahim et al., 2021; Wang et al., 

Fig. 1. Detail of the utility trench with leaking pipe, active and passive fiber optic sensors (A), YZ (B) and XZ (C) plane views of the conceptual model, and 3D view of 
the model domain in COMSOL Multiphysics® (D). Dotted lines in panel (A) are used to better identify the fiber optic sensors. 

Table 1 
Boundary conditions.  

Boundary (geometric 
entity) 

Boundary Conditions 

Top (surface) no flux 
fixed temperature [12.5 ◦C] 

Symmetry plane 
(surface) 

no flux 
no heat source 

Sides (surface) fixed hydraulic head [1 m] 
no heat source 

Bottom (surface) fixed hydraulic head [1 m] 
fixed temperature [12.5 ◦C] 

Pipe outer surface 
(surface) 

no flux 
fixed temperature [12.5 ◦C] 

Leaky joint (surface) flux [5, 25, or 125 L/d], halved due to the symmetry of 
the model domain 
fixed temperature [12.5 ◦C] 

Active sensor (linear 
segment) 

Stationary 
no flux 
no heat 
source 

Transient 
heat source [10, 30, or 60 W/m] for 
[30, 90, or 180 s] 

Passive sensors (linear 
segment) 

no flux 
no heat source  

Table 2 
Soil properties.  

Parameter Embedment Native Soil 
aResidual water content [m3/m3] 0.045 0.1 
aSaturated water content [m3/m3] 0.43 0.39 
a,*van Genuchten α parameter [1/m] 14.5 5.9 
a,*van Genuchten n parameter 2.68 1.48 
aIntrinsic permeability [m2] 9.591•10− 12 4.230•10− 13 

bSolid phase density [kg/m3] 2000 1900 
bSolid phase specific heat [J/(kg•K)] 729.9 817.3 
bSolid phase thermal conductivity [W/(m•K)] 3 2 
cLongitudinal thermal dispersivity [m] 0.5 0.5 
cTransverse thermal dispersivity [m] 0.05 0.05  

a Carsel and Parrish (1988). 
b The Engineering ToolBox (2001),Dalla Santa et al. (2020). 
c Diersch (2014). 
* van Genuchten (1980),Mualem (1976). 
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2022). Indeed, DTS technology offers promising capabilities to detect 
leaks over tens of kilometers with reasonable spatial and temperature 
resolutions, and optical fibers are very attractive for pipelines moni
toring, being very light and thin, insensitive to humidity, corrosion, and 
electromagnetic interferences, attachable to practically any surface, 
long-term durable, and able to work under very harsh conditions (Niklès 
et al., 2004; Motil et al., 2016; Wijaya et al., 2021). Nevertheless, this 
technology can be useful only if a sufficient temperature difference ex
ists between water within the pipes and the subsurface. D’Aniello (2023) 
showed that temperature alterations within the utility trench induced by 
background leakages with small to moderate temperature differences 
with the surrounding soil could be potentially detected with fiber optic 
DTS despite the influence of pipe temperature, although a relatively 
small detection threshold (0.5 ◦C) would be required. However, seasonal 

temperature fluctuations could erase an initially suitable temperature 
difference between water within the pipes and the surrounding soil for 
prolonged periods, or this temperature difference could not be suitable 
at all from the beginning, thus making fiber optic DTS not applicable. 

To overcome this limitation, the fiber optic cable could be coupled 
with a heating cable (an electrical resistance wire) or could be heated 
itself (using its strength member as electrical resistance) so as to increase 
the temperature difference with the surrounding soil for a short time, 
allowing to collect a thermal response that could be linked to leakage. 
This methodology is known as active distributed temperature sensing 
(ADTS), which relies on active heating, as opposed to the conventional 
methodology henceforth referred to as passive distributed temperature 
sensing (PDTS). Active heating coupled with fiber optic sensing tech
niques has been used for numerous hydrological and hydrogeological 

Fig. 2. Predicted final distribution of the effective water saturation (Sw) for the scenarios with leak rate of 5, 25, and 125 L/d. Transparent colors are used to display 
the results within the numerical domain. 
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monitoring applications (Su et al., 2017; Vidana Gamage et al., 2018; 
Sun et al., 2020; del Val et al., 2021; Sun et al., 2022; Liu et al., 2023; 
Simon et al., 2023; Zhang et al., 2023; Zhu et al., 2023), however, only 
two studies proposed its application for leak detection in water pipe
lines, testing it with quasi-distributed (Li et al., 2021) and distributed 
temperature sensing (Li et al., 2023). 

In this framework, the current study aims to add new preliminary 
theoretical and practical insights to support future field scale experi
ments and applications of this promising technology, addressing for the 
first time its application to background leakages. This study offers a 
detailed transient analysis of the thermal response around an actively 
heated fiber optic sensor to a wide range of fully developed background 

leakages in a realistic 3D numerical environment, accounting for the 
effects of different heating powers and times, of the unsaturated zone, 
and of fluid properties variation with temperature. To further test ADTS 
potential to capture incredibly small leaks, as a worst-case scenario there 
is no initial temperature difference between leaked water and the sur
rounding soil, and the actively heated fiber optic sensor is placed within 
the utility trench at distance from the leaking pipe, in a location suitable 
for both new and existing pipelines, as well as for passive distributed 
temperature sensing. 

2. Methodology 

2.1. Conceptual model and outline of the simulations 

The conceptual model (Fig. 1) includes a section of a pressurized 
water distribution main leaking from one of its joints, laid in a utility 
trench together with two passive fiber optic sensing cables (referred to 
as passive sensors) and an active one (referred to as active sensor). An 
unconfined aquifer lies within the native soil with a static groundwater 
table at 1 m from the bottom of the trench. 

Background leakages are set for the entire length of one the joints of 
the pipeline with leak rates of 5, 25, and 125 L/d, representative of small 
leaks of long duration that would give practically no pressure, flow, or 
acoustic feedback in the network. To reproduce a worst-case scenario 
where passive sensors are ineffective because of the absence of a suitable 
temperature difference between leaked water and the surrounding 
subsurface, water flowing within the pipe and the surrounding soil have 
the same temperature (therefore, the outer surface of the pipe has the 
same temperature as well and there is no temperature difference), set at 
12.5 ◦C. To maintain a zero temperature difference between leaked 
water and the surrounding soil (i.e., worst-case scenario), the effects of 
temperature daily/seasonal fluctuations are neglected. 

According to practice (Howard, 1996; Milano, 2012; Yorkshire 
Water, 2018), the embedment of the utility trench is filled with sand, 
whereas native soil (a sandy clay loam; USDA SCS, 1987) is chosen for 
the remaining backfill. Utility trench dimensions (Fig. 1) are chosen to 
accommodate both rigid and flexible pipes (Howard, 1996; Milano, 
2012; Yorkshire Water, 2018). 

Following the work of D’Aniello (2023), the three sensing cables (2 
passive and 1 active) are placed along the pipe below its bottom (Fig. 1), 
as with passive sensors these locations showed a better performance 
compared to others in terms of recorded temperature alterations and 
detection times of background leakages under different pipe defect 
configurations, while being suitable for retrofit operations of existing 
pipelines as well (in particular, those at the sides of the pipe). Further
more, all cables are placed at sufficient distance from the pipe and the 
sides of the trench to allow them to potentially work as passive sensors 
(i.e., so as to reduce the effects of pipe and native soil temperature on the 
sensing cables if a temperature difference existed). No information on 
the sensing techniques (e.g., Raman or Brillouin) is given as the con
ceptual model aims to be as general as possible and does not aim to 
explore their performance. Type and size of the passive fiber optic cables 
are not provided since even including all their components (i.e., core, 
cladding, inner coating, strength member, and outer jacket) their size 
would fall in a range of few millimeters to roughly a centimeter, thus 
having practically no influence on the flow behavior of leaked water. 
The same applies to the active fiber optic cable, as active heating can be 
provided either by using the strength member as electrical resistance 
(hence, its size would be the same of a passive sensor) or by adding an 
electrical resistance wire to the sensing cable, which would increase its 
size by just a few millimeters. Three heating powers are considered, 
namely, 10, 30, and 60 W/m, which fall in the range of other relevant 
ADTS applications (Sun et al., 2022; Li et al., 2023; Simon et al., 2023; 
Zhang et al., 2023). Heating times are set to 30, 90, and 180 s, in order to 
be compatible with acquisition times typical of DTS systems used for 
kilometers long applications (Niklès et al., 2004; Inaudi et al., 2008; 

Fig. 3. Predicted final distribution of the effective water saturation along the 
fiber optic sensors (active and passive) for the scenarios with leak rate of 5, 25, 
and 125 L/d. 
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Bolognini and Hartog, 2013) and to reduce as much as possible the 
electrical power supply used for active heating. 

Two different time frames are considered for the simulations. At first, 
simulated leaks are allowed to reach steady state, therefore a stationary 
solution is achieved for each leak rate modeled, for a total of 3 stationary 
simulations. Then, active heating is turned on with heating power and 
time defined as above, and for each scenario transient simulations are 
performed up to 600 s (10 min) to fully observe the thermal response 
around the active sensor during heating and cooling. Overall, a total of 
27 transient simulations were performed accounting for 3 different leak 
rates (5, 25, and 125 L/d), 3 heating powers (10, 30, and 60 W/m), and 3 
heating times (30, 90, and 180 s). 

2.2. Numerical modeling 

Version 6.1.0.346 of COMSOL Multiphysics® (COMSOL, 2022) was 
used to model the different scenarios. In particular, the Richards’ 
Equation interface (Subsurface Flow module) was used to solve the 
pressure-based formulation of the generalized form of the equation of 
groundwater flow through variably water saturated porous media (Bear, 
1972; Istok, 1989; COMSOL, 2022). This interface was coupled with the 
Heat Transfer in Porous Media interface (Heat Transfer Module) to solve 
simultaneously the heat equation under the assumption of local thermal 
equilibrium (Nield and Bejan, 2013; COMSOL, 2022). Details on the 
mathematical formulation of the governing equations solved by COM
SOL with the finite element method are provided in the Appendix. 

The numerical domain takes advantage of the symmetry of the 
problem with respect to the cross-sectional plane (YZ plane) passing 
through the leaky joint (modeled as a 0.5 cm long portion of the outer 
surface of the pipe), and its dimensions (3 m × 6 m × 3.35 m, Fig. 1) are 
sufficient to avoid any potential interaction of leaked water with the 
boundaries of the domain. To capture the flow and the heat transfer 
processes occurring along the sensing cables, the model domain is dis
cretized with a considerably fine mesh consisting of 2′047′668 irregular 
tetrahedra. 

Initial conditions used for the three stationary simulations are a 
hydraulic head of 1 m (as water within the unsaturated zone is assumed 
in equilibrium with the static groundwater table prior to the onset of the 
leaks) and a temperature of 12.5 ◦C for the whole domain according to 
the conceptual model described in sec. 2.1. The stationary solution 

achieved for each leak rate (5, 25, and 125 L/d) provides the initial 
conditions prior to active heating used for the transient simulations. 
Boundary conditions are provided in Table 1. Convergence of the 
nonlinear solver is ensured by a relative tolerance of 0.001, whereas the 
time step used for transient simulations depends on convergence history 
with a maximum set to 1 s to have a sufficiently fine temporal dis
cretization during active heating. Each computation was performed on 
an Intel®Core™ i9-8950HK CPU running at 2.9 GHz with 16 GB RAM 
and took about 2 h. 

The temperature dependence of air and water properties (listed in 
the Appendix) is reproduced in the numerical model with polynomial 
interpolations of the data presented in The Engineering ToolBox (2001). 
Conversely, the pressure dependence of fluid properties is neglected 
because modeled pressure alterations are insignificant in this regard. 
Hydraulic and thermal properties of trench filling material and native 
soil are provided in Table 2. 

3. Results 

3.1. Leaked water pathway before and during active heating 

Leaked water predominantly moves downwards in the native soil 
supported by gravity, and its spreading within the embedment is limited 
(Fig. 2). As the leak rate increases, the extent of the plume of leaked 
water increases, as well as water saturation inside it. To better under
stand the flow behavior of water leaked from buried pipelines, the 
interested reader can find more information in D’Aniello et al., 
(2021,2022). Definitions of water saturation and effective water satu
ration are provided in the Appendix. 

The distribution of leaked water does not change from its steady- 
state configuration during active heating. Indeed, the plume of leaked 
water remains symmetric despite active heating occurring on the right 
side, and the distributions of effective water saturation along the passive 
sensor on the left and the active sensor on the right are identical 
regardless of heating power and time (Fig. 3). This occurs because the 
heating time is rather limited (up to a maximum of 180 s) to result in any 
significant temperature rise in the surrounding soil other than at the 
close vicinity of the actively heated sensing cable (the closer to the cable, 
the higher the temperature). Indeed, at the maximum heating power and 
time (60 W/m and 180 s), the temperature rise occurs up to just 1–2 cm 

Fig. 4. Predicted temperature (T) distribution at 180 s for the scenario with leak rate of 125 L/d, heating power of 60 W/m, and heating time of 180 s. Only the 
utility trench and its close surroundings are presented as temperature varies just in proximity to the actively heated fiber optic sensor. Transparent colors are used to 
display the results within the numerical domain. 
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around the active sensor (Fig. 4), with a maximum temperature at dis
tance from the leak of about 40.6 ◦C (roughly 28 ◦C higher than the 
initial temperature) just at the end of the heating phase. Conversely, 
when heating power and time are the lowest (10 W/m and 30 s), the 
maximum temperature rise at distance from the leak is about 15.3 ◦C at 
the end of the heating phase (Fig. 5), roughly 3 ◦C higher than the initial 
temperature. Therefore, fluid properties variation with temperature is 
rather limited, occurring for a short time in a very limited space, and it is 
not sufficient to induce any noticeable natural convection phenomena, 
and thus any change in the overall flow field. 

3.2. Temperature profiles along the sensing cables 

As expected, at distance from the leak temperature is practically 
uniform along the active sensor and increases as heating power and time 
increase (Fig. 5). Since at these locations there is no appreciable varia
tion in the flow field either due to leaked water migration within the 
embedment or due to active heating (sec. 3.1.), heat transfer here is 
conduction dominated (no natural or forced convection occurs). How
ever, a clear temperature drop can be noticed in proximity to the leaky 
joint, suggesting the presence of a forced convection mechanism. 

The length of active sensor affected by the temperature drop depends 
on the leak rate and increases with it (Fig. 5), as leaked water spreads 
more within the embedment at higher leak rates (sec. 3.1.). At given 
heating power and time, the temperature drop becomes more pro
nounced as the leak rate increases, further indicating the convection- 
dominated nature of the heat transfer mechanisms occurring along the 
active sensor in proximity to the leaky joint. In addition, as the leak rate 
increases and the heating power decreases, temperatures reached along 
the active sensor at the leaky joint tend to get closer to each other despite 
the different heating times. Instead, at given leak rate, the temperature 
drop increases and is more abrupt as heating power and time increase, 
simply because the heat flux is higher and/or lasts longer, thus allowing 
the active sensor to reach higher temperatures. Consistently with what 
shown in sec. 3.1., the two passive sensors experience no temperature 
alteration along their length, always maintaining the initial soil tem
perature (12.5 ◦C). 

3.3. Recorded temperatures over time along the actively heated sensing 
cable 

Predicted temperatures recorded over time along the active sensor 
are presented hereinafter (Figs. 6-8). To reproduce measurements taken 
over time by a hypothetical DTS system used for kilometers long ap
plications, temperatures along the active sensor are averaged over a 
length equal to the sampling distance typical for a spatial resolution of 1 
m, namely 0.2 m (halved due to the symmetry of the model domain). 
Specifically, two locations are considered along the active sensor: the 
leaky joint, denoted as “Leak”, and the farthest point from the leak (at a 
distance of 3 m), denoted as “Far”. 

During heating, temperature increases in all cases along the active 
sensor, reaching a maximum at the end of the heating phase. As heating 
stops, temperature decreases abruptly at the beginning of the cooling 
phase, and then asymptotically moves towards the temperature prior to 
active heating. As heating power and time increase, recorded tempera
tures increase as well over time, whereas their growth rate increases 
with increasing heating power. Because of the effect of forced convec
tion induced by the leaks, recorded temperatures are always the lowest 
at the leaky joint and decrease as the leak rate increases, together with 
their growth rate. These aspects are further evident from Fig. 9, where 
recorded temperature variations over time with respect to the temper
ature prior to active heating are plotted on a semi-log10 scale for all 
scenarios. Fig. 9 also shows how temperatures recorded along the active 
sensor increase logarithmically over time during active heating, and 
then decrease in a power law fashion during the cooling phase. 

To explore the ability of the active sensor to detect the selected leaks, 
the difference between the temperatures recorded over time at the 
farthest point from the leak (“Far”) and at the leaky joint (“Leak”) is also 
plotted in Figs. 6-7-8 and compared to a detection threshold. In absence 
of a conventional threshold used for leak detection in water pipelines 
with ADTS, this is set to 3 ◦C, which is generally suggested for PDTS in 
similar applications (Ziemendorff, 2022). Overall, the behavior of the 
temperature difference recorded over time between these two opposite 
locations along the active sensor (i.e., “Far” and “Leak”) is pretty similar 
to the one described previously for the recorded temperatures. In 
particular, the temperature difference increases with increasing leak 
rate, heating power and time, becoming more and more pronounced 

Fig. 5. Predicted temperature distribution along the actively heated fiber optic 
sensor at the end of the heating phase for each scenario, grouped according to 
the heating power. The dashed line represents the predicted temperature dis
tribution along the passive sensors. 
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over time during the heating phase and reaching maximum values at the 
end of it. Indeed, at 60 W/m the selected detection threshold is over
come in all cases, whereas at 30 W/m the recorded temperature differ
ence fails to overcome this threshold only when leak rate and heating 
time are the lowest (5 L/d and 30 s). Conversely, at 10 W/m the selected 
threshold is overcome only when the leak rate is the highest (125 L/d) 
and at higher heating times (90 and 180 s). The time over which the 
selected detection threshold is overcome strictly depends on heating 
time and power and increases with these. 

4. Discussion 

The predicted thermal response to background leakages around the 
actively heated fiber optic sensor modeled in this study (sec. 3.) shows 
that there is potential to detect and locate incredibly small leaks (from 5 
to 125 L/d) in buried water pipelines with active distributed tempera
ture sensing. These leaks would remain undetected otherwise since they 
give no local feedback within the pipeline in terms of flow rate increase, 
pressure drop, or acoustic anomaly. As a result, the actual health of the 
water infrastructure would remain unknown, thus hindering a proper 
planning of maintenance, repair, and rehabilitation operations that 
could prevent further deterioration of the infrastructure. Furthermore, 
the knowledge of the actual distribution of background leakages 
throughout the water infrastructure would also support the formulation 
of tailored pressure management strategies that would help reducing the 

large amount of water lost through these small but persistent and 
ubiquitous leaks. 

Indeed, the numerical analysis showed that actively heating a fiber 
optic sensing cable at 30 W/m and for 90 s could be sufficient to over
come a detection threshold of 3 ◦C for leaks as small as 5 L/d, which is an 
extremely small value if compared to the usual targets of leak detection 
and location operations (generally in the order of m3/h). A lower 
heating power could be used as well, depending on the targeted leaks. 
Indeed, a heating power of 10 W/m for 90 s proved to be sufficient to 
overcome the same detection threshold for leaks as low as 125 L/d. 
Conversely, increasing the heating power up to 60 W/m allowed to 
overcome the detection threshold for the smallest leak modeled (5 L/d) 
even with the shortest heating time (30 s). However, it is important to 
recall that the DTS system would require a certain amount of time (i.e., 
the acquisition time) to retrieve the signal from a given location at a 
given spatial and temperature resolution. Therefore, it is also crucial to 
determine for how long the detection threshold is overcome, so as to 
allow the DTS system to acquire the desired information and give back 
the alarm. Hence, the highest heating power possible is not necessarily 
the answer, and a compromise between heating power and time should 
be found depending on the acquisition time of the DTS system (which 
strongly depends on the length of the pipeline to monitor, the detection 
threshold, the required spatial and temperature resolutions), but also on 
the monitoring strategy (e.g., the numbers of acquisitions during the 
day, the targeted leak rates, and the detection threshold), on the cost of 

Fig. 6. Predicted temperature recorded over time along the actively heated fiber optic sensor at the farthest point from the leak (“Far”) and at the leaky joint (“Leak”) 
together with the difference over time (“Difference”) between the predicted temperatures at these locations for all scenarios with heating power of 10 W/m. The 
dashed line represents the chosen detection threshold of 3 ◦C. 
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the power supply required for active heating, on the presence of other 
heat sources/sinks within the subsurface, and on soil/water temperature 
fluctuations. 

The convective nature of the heat transfer mechanisms occurring 
around the active sensor once reached by leaked water (sec. 3.) could 
also make leak quantification possible. Indeed, the maximum difference 
between temperatures recorded along the active sensor at the farthest 
point from the leak (“Far”) and at the leaky joint (“Leak”) at the end of 
the heating phase if plotted versus the leak rate (Fig. 10) shows a clear 
nonlinear relationship that could be used to quantify leaks. Consistently 
with sec. 3., at given heating power and time, the maximum temperature 
difference recorded increases with increasing leak rate, eventually 
leading towards a plateau once a certain value of the leak rate is 
reached, whereas, at given leak rate, this temperature difference in
creases more with increasing heating power and less with increasing 
heating time. Therefore, simple expressions linking the leak rate to the 
maximum temperature difference recorded could be established in 
practical applications if a series of ADTS recordings were available and 
with a proper calibration of a model (either numerical or experimental) 
representative of on-site conditions. In addition, the length of active 
sensor affected by the temperature drop could also be used to help 
quantify leaks, although differences in this regard were far less pro
nounced in the modeled scenarios as the leak rate varied (Fig. 5). 

It is also worth noting that heating powers and times modeled in this 
study produce a modest temperature rise (up to a maximum temperature 

at the actively heated sensing cable ranging between 15.3 and 40.6 ◦C) 
that is very limited in time and space (of just few minutes and up to 1–2 
cm around the active sensor) and is not sufficient to induce any appre
ciable change to the flow field within the surrounding subsurface. This is 
indeed reassuring for practical applications since there would be a 
reduced possibility of i) altering water temperature and quality within 
the nearby pipe, ii) of inducing the mobilization of contaminants within 
the subsurface (which presence is not unlikely in urban environments), 
iii) of modifying leaked water pathways, iv) and of altering soil/ 
groundwater temperature and properties. 

Overall, the numerical evidence provided within this study is 
promising, especially because these results were obtained in absence of 
any temperature difference between water flowing within the pipe and 
the surrounding subsurface, and by placing the actively heated fiber 
optic sensor at distance from the pipe, on one of its sides (Fig. 1; sec. 
2.1.), in a location suitable for both new and existing pipelines (partic
ularly desirable for retrofit interventions), as well as for passive sensors, 
thus providing considerable flexibility in operation. Indeed, the same 
fiber optic cable used as active sensor could then be used as passive 
sensor once a suitable temperature difference between water inside the 
pipe and the surrounding subsurface is established on site, thus 
temporarily removing the cost of the power supply required for active 
heating. 

However, the analysis described here is by no means conclusive, as it 
is intended as a preliminary investigation to support future field scale 

Fig. 7. Predicted temperature recorded over time along the actively heated fiber optic sensor at the farthest point from the leak (“Far”) and at the leaky joint (“Leak”) 
together with the difference over time (“Difference”) between the predicted temperatures at these locations for all scenarios with heating power of 30 W/m. The 
dashed line represents the chosen detection threshold of 3 ◦C. 
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experiments and applications of active fiber optic distributed tempera
ture sensing. Indeed, additional experimental evidence is required to 
validate these preliminary findings, in order to establish on the field the 
actual operational limits of this technology with regards to background 
leakages and its suitability for detecting, locating, and quantifying leaks 
in water infrastructure. 

5. Conclusions 

This study addressed for the first time the use of active distributed 
temperature sensing (ADTS) to detect background leakages in water 
infrastructure, offering a detailed transient analysis of the thermal 
response around an actively heated fiber optic sensor to a wide range of 
background leakages (5, 25, and 125 L/d) in a realistic 3D numerical 
environment, accounting for the effects of different heating powers (10, 
30, and 60 W/m) and times (30, 90, and 180 s), of the unsaturated zone, 
and of fluid properties variation with temperature. Despite the absence 
of an initial temperature difference between leaked water and the sur
rounding soil, the analysis shows that there is potential to detect and 
locate incredibly small leaks in buried water pipelines with ADTS. 
Indeed, actively heating a fiber optic sensing cable at 30 W/m for 90 s 
could be sufficient to overcome a detection threshold of 3 ◦C for leaks as 
small as 5 L/d, whereas a heating power of 10 W/m for 90 s proved to be 
sufficient for leaks as low as 125 L/d. Instead, increasing the heating 
power up to 60 W/m allowed to overcome this detection threshold for 

the smallest leak modeled (5 L/d) with the shortest heating time (30 s). 
However, the analysis also shows that it is crucial to determine for how 
long the detection threshold is overcome, and that choosing the highest 
heating power possible is not necessarily the answer for a successful leak 
detection strategy with ADTS. Indeed, a compromise should be found 
between heating power and time depending on the acquisition time of 
the DTS system, on the monitoring strategy, on the cost of the power 
supply required for active heating, on the presence of other heat sour
ces/sinks within the subsurface, and on soil/water temperature 
fluctuations. 

As expected, in the modeled scenarios predicted temperature alter
ations show that forced convection is the main heat transfer mechanism 
around the active sensor once reached by leaked water and that the 
maximum recorded temperature difference between leak and non-leak 
locations occurs at the end of the heating phase. Clear nonlinear re
lationships between this temperature difference and the leak rate were 
predicted, information that could be used in practical applications to 
quantify background leakages, given that a series of ADTS recordings 
were available and with proper calibration of a model (either numerical 
or experimental) representative of on-site conditions. 

It is also worth noting that these results were obtained by placing the 
actively heated fiber optic sensor in a location suitable for both new and 
existing pipelines, which is particularly desirable for retrofit in
terventions, and for non-heated fiber optic sensors (passive sensors), 
which would allow to use the same sensor either in active or in passive 

Fig. 8. Predicted temperature recorded over time along the actively heated fiber optic sensor at the farthest point from the leak (“Far”) and at the leaky joint (“Leak”) 
together with the difference over time (“Difference”) between the predicted temperatures at these locations for all scenarios with heating power of 60 W/m. The 
dashed line represents the chosen detection threshold of 3 ◦C. 
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Fig. 9. Predicted temperature variations over time with respect to the temperature prior to active heating (ΔT) recorded along the actively heated fiber optic sensor 
at the farthest point from the leak (“Far”) and at the leaky joint (“Leak”) plotted on a semi-log10 scale for all scenarios. 

Fig. 10. Predicted maximum difference between temperatures recorded along the actively heated fiber optic sensor at the farthest point from the leak (“Far”) and at 
the leaky joint (“Leak”) at the end of the heating phase (ΔTmax,F-L) plotted versus the leak rate for all scenarios. 
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mode depending on the temperature difference between water inside the 
pipeline and the surrounding subsurface, thus providing more flexibility 
in operation and an opportunity to temporarily remove the cost of the 
power supply required for active heating. Furthermore, for practical 
applications it is also reassuring that heating powers and times modeled 
in this study produced only a modest temperature rise (up to a maximum 
of 40.6 ◦C), very limited in time and space (of just few minutes and up to 
1–2 cm around the active sensor), which was not sufficient to induce any 
significant change to the flow field within the surrounding subsurface. 
This suggests that the chance of altering temperature and quality of both 
water flowing within the nearby pipe and surrounding soil/groundwater 
would be very limited. 

At this stage, the new theoretical and practical insights gained with 
this research support the feasibility of using ADTS to monitor the health 
of kilometers long water infrastructure and, specifically, to detect, 
locate, and quantify background leakages with a detection threshold 
that would require reasonable temperature and spatial resolutions. This 
type of leakages would remain undetected otherwise, thus hindering a 
proper formulation of pressure management strategies as well as 
maintenance, repair, and rehabilitation operations that would prevent 
further deterioration of the water infrastructure and reduce the large 
amount of water lost through these small but persistent and ubiquitous 
leaks. However, further experimental evidence is needed to validate the 
preliminary findings presented in this study, in order to establish on the 

field the actual capabilities of this promising technology. 
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Appendix 

Governing equations: unsaturated flow in porous media 

The Richards’ Equation interface (Subsurface Flow module) of COMSOL Multiphysics® version 6.1.0.346 solves the pressure-based formulation of 
Richards’ equation by the finite element method (Bear, 1972; Istok, 1989; COMSOL, 2022). In order to account for fluid properties variation with 
temperature without resorting to the Oberbeck-Boussinesq approximation (Nield and Bejan, 2013), the generalized form of the equation of transient 
groundwater flow through variably water saturated porous media (Bear, 1972; Istok, 1989) was employed: 

∂ρwθw

∂t
− ∇ •

[
ρwkkrw

μw

(

∇pw − ρwg
)]

= Qw (1)  

with θw = Swϕ the soil water content, Sw the water saturation, ϕ the porosity, pw the water pressure, k the intrinsic permeability (a scalar or a tensor 
depending on the presence of anisotropy), krw the relative permeability, ρw the water density, μw the water dynamic viscosity, g the gravity vector, and 

Qw the water mass rate per unit volume (source/sink term). Water saturation Sw is expressed as a function of the effective water saturation Sw =
Sw − Sw,r
1− Sw,r

, 
which varies between 0 and 1. If the soil is fully water saturated (Sw = 1), water content equals porosity and is referred to as saturated water content 
θs, whereas if the soil is at its residual water saturation (Sw = Sw,r), it is referred to as residual water content θr. 

The soil capillary pressure–saturation constitutive relationship is defined according to the van Genuchten retention curve (van Genuchten, 1980): 

Sw =

[
1

1 + (αhaw)
n

]m

(2)  

with haw the capillary pressure head between air (subscript a) and water (subscript w), namely haw = ha − hw = − hw = −
pw
ρwg (as ha = 0 under the basic 

assumptions of groundwater flow through variably water saturated porous media) being h the pressure head and g the gravitational constant, α and n 
the van Genuchten parameters, and m = 1 − 1/n with n > 1 according to Mualem’s model (Mualem, 1976). 

Relative permeability is related to the hydraulic conductivity Kw = krwKsw, with Ksw =
ρwg
μw

k the saturated hydraulic conductivity, and is expressed 
with the van Genuchten-Mualem function (Mualem, 1976; van Genuchten, 1980): 

krw = Sw
1/2

[
1 −

(
1 − Sw

1/m)m ]2
(3)  

which varies from 0 (Sw = 0) to 1 (Sw = 1). 

Governing equations: heat transfer in porous media 

Under the assumption of local thermal equilibrium, the Heat Transfer in Porous Media interface (Heat Transfer module) of COMSOL Multiphysics® 
version 6.1.0.346 solves the following form of the heat equation by the finite element method (Nield and Bejan, 2013; COMSOL, 2022): 
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(ρc)e
∂T
∂t

+ ρwcp,wu • ∇T − ∇ • (ke∇T) = Q (4) 

with (ρc)e the effective heat capacity per unit volume, T the temperature, ρw the water density, cp,w the water specific heat at constant pressure, u the 
apparent groundwater velocity field, ke the effective thermal conductivity (a scalar or a tensor depending on the presence of anisotropy), and Q the 
heat rate per unit volume (source/sink term). 

For a variably water saturated porous medium, the effective heat capacity per unit volume becomes: 

(ρc)e = (1 − ϕ)ρscs + θwρwcp,w + θaρacp,a (5)  

whereas the effective thermal conductivity, assuming heat conduction occurring in parallel in the solid and fluid phases: 

ke = (1 − ϕ)ks + θwkw + θaka (6)  

with ϕ the porosity, ρs the solid phase density, cs the solid phase specific heat, θw the soil water content, θa the soil air content, ρa the air density, cp,a the 
air specific heat at constant pressure, ks the solid phase thermal conductivity, kw the water thermal conductivity, and ka the air thermal conductivity. 
In presence of thermal dispersion, the term kd = ρwcp,wDij is added to the right-hand side of (6), with Dij = λijkl

vkvl⃒
⃒
⃒v
⃒
⃒
⃒

the dispersion tensor, λijkl the dis

persivity tensor (Nield and Bejan, 2013; COMSOL, 2022), v = u /θw and vk, vl the pore water velocity field and its components. 
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