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Leakages in water distribution network

■ Leakages in distribution networks represent ∼80% of the total water loss:

31. R. Liemberger, Water Supply 19 (3), 2018. 2. World Water Assessment Programme, 2018. 3. C.M. Fontanazza, et al., Procedia Eng. 119, 2015
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➢ Financial problem:

  → 10s B$/year lost due to leakages1

➢ Supply problem: 

  → >50% of population will suffer from water scarcity at least one month each 

year by 20502

➢ Risk for public health: 

  → pollutants can contaminate drinkable water through leakages3
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http://dx.doi.org/10.2166/ws.2018.129
https://www.unwater.org/publications/world-water-development-report-2018
http://dx.doi.org/10.1016/j.proeng.2015.08.904


4

Common techniques of 

water leakage detection

Acoustic techniques Non-acoustic techniques

Aquaphones
Noise 

correlator

NOT A UNIQUE APPROACH (it depends on environmental noise level, pipe material, etc)

Gas tracer

Ground 

Penetrating 

Radar (GPR)

Thermography
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■ In atmosphere, fast neutrons slow down 

to epithermal (0.4 eV < E < 0.1 MeV) 

and thermal (E < 0.4 eV) energies

■ Soil further moderates neutrons, which 

may diffuse back to air (albedo 

neutrons)

■ Above ground neutron flux depends on 

soil composition and moisture: 

- H effectively moderates neutrons → 
increase in soil moisture results in a 
decrease epi in favor of th

- Thermal neutrons are also absorbed 
in soil → decrease of th
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Cosmic-ray neutrons for leakage detection 

64. M. Zreda et Al., Res. Lett. 35 (21), 2008. 5. L. Sostero, et al, NIM-A, Volume 1059, 2024.

■ The Cosmic Ray Neutron Sensing (CRNS4) technique has been developed for above 

ground monitoring of the environmental humidity:

→ Absolute assessment of water content in soil

→ Elaborate multivariate models are needed

https://doi.org/10.1029/2008GL035655.
https://doi.org/10.1016/j.nima.2023.168951.
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■ The Cosmic Ray Neutron Sensing (CRNS4) technique has been developed for above 

ground monitoring of the environmental humidity:

→ Absolute assessment of water content in soil

→ Elaborate multivariate models are needed

■ We propose an innovative non-invasive technique to identify water leakages in 

underground pipelines:

→ Relative variations with respect to a reference position in the above ground 

neutron flux along the pipe

→ Data-driven measurement

→ Based on thermal neutrons

→ Results published in Nuclear Inst. and Methods in Physics Research, A (2024)5

4. M. Zreda et Al., Res. Lett. 35 (21), 2008. 5. L. Sostero, et al, NIM-A, Volume 1059, 2024.

https://doi.org/10.1029/2008GL035655.
https://doi.org/10.1016/j.nima.2023.168951.


■ To investigate the potential of the technique, a set of Monte Carlo simulations, 

based on GEANT4 was performed

■ Some (realistic) scenarios of water leakages were simulated

Monte Carlo simulations

GEANT4CAD Software
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■ Soil composition is 90% SiO2 and 10% Al2O3, with a porosity of 50% (sandy soil)

■ Pore space filled with air and eventually with water (environmental or leakage)

■ Leakage on the top of the tube modelled as a distribution of soil moisture that 

varies from 50% to 10% in volume of water6

Monte Carlo simulations: geometry

86. X. Wang, et al., J. Clean. Prod. 406, 2023.

http://dx.doi.org/10.1016/j.jclepro.2023.137157


■ Cosmic ray neutrons from a planar source, according to the PARMA analytical model7

■ Scoring of neutrons with a sensible volume of air above ground

■ Counts are corrected by the efficiency of the COMMAND detector

Monte Carlo simulations: source and scoring

Detector 30 x 30 cm 

@ x = 0 cm

97. T. Sato, PLoS One 10 (12), 2015. 

~100 MeV

~1 MeV

Epithermal 

shoulder

Thermal

peak

https://doi.org/10.1371/journal.pone.0144679


■ For a sandy soil in dry condition (soil 

moisture 2%), max variation of 26% in 

correspondence of the centre of the 

leakage (x = 0 cm)

■ The generated statistics corresponds 

to a data taking of 30 min

■ FWHM of ~ 50 cm (good localization) 

Simulations: sandy soil in dry condition
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x

L. Sostero, et al, NIM-A, Volume 1059, 2024

https://doi.org/10.1016/j.nima.2023.168951.


■ The proposed scenario of dry sandy 

soil is one of the most favourable for 

leakage detection using cosmic ray 

neutrons.

■ The limits of the technique might come 

from:

– the chemical composition of soil

– the initial water content in soil 

(environmental soil moisture)

– the leaked water distribution 

around the pipe

– the acquisition time

Limits of the technique
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L. Sostero, et al, NIM-A, Volume 1059, 2024

https://doi.org/10.1016/j.nima.2023.168951.


■ We compared:

– Sandy loam

– Clay loam

– “Andreasen” soil: with P, K, Ca, 

Ti, Fe and traces of Gd 8

– “Quinta-Ferreira” soil: with P, K, 

Ca, Ti, Fe, Cl, Mn, U and Cd 9

■ Small influence of the soil 

composition in absence of thermal 

neutron absorbing elements

Simulations: impact of soil composition

8. M. Andreasen et al., Water Resour. Res. 56 (11), 2020. 9. M. Quinta-Ferreira et al., Environ. Earth Sci. 75 (14), 2016. 12

L. Sostero, et al, NIM-A, Volume 1059, 2024

http://dx.doi.org/10.1029/2019wr026588.
http://dx.doi.org/10.1007/s12665-016-5901-1.
https://doi.org/10.1016/j.nima.2023.168951.


Simulations: impact of soil composition

13

L. Sostero, et al, NIM-A, Volume 1059, 2024

■ Far from the leakage (reference position), 

epi is thermalized more in depth → more 

absorption of th

■ Higher count variation, although lower 

counts in absolute terms (larger error bars)

https://doi.org/10.1016/j.nima.2023.168951.


■ Linear gradient of soil moisture from 

0 mm to 750 mm in depth in a sandy 

soil

■ Environmental water makes the local 

excess of moisture around the 

leakage less significative

Simulations: impact of soil moisture
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0 mm – water 2.0%

750 mm – water 5.0%

Higher 

environ. 

water 

content

L. Sostero, et al, NIM-A, Volume 1059, 2024

https://doi.org/10.1016/j.nima.2023.168951.


■ We considered other two additional 

models of leaked water distribution:

– Case #1: leakage from an orifice 

on the top of the tube (as before)

Simulations: impact of leaked water distribution
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■ We considered other two additional 

models of leaked water distribution:

– Case #1: leakage from an orifice 

on the top of the tube (as before)

– Case #2: as #1, but with a 

leakage 50% in volume smaller

– Case #3: leakage from an orifice 

on the side of the tube

■ Shape and position of the leakage, 

which evolve with time, have an 

impact on the count variations.

Simulations: impact of leaked water distribution
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L. Sostero, et al, NIM-A, Volume 1059, 2024

https://doi.org/10.1016/j.nima.2023.168951.


■ Band of significance (signal/uncertainty) for difference scenarios, accounting for a 
maximum displacement of the detector of 20 cm from the leakage point.

■ In most of the cases here presented, a data-taking of 5 minutes would be enough to 
achieve a significance level of  2.

Simulations: impact of acquisition time
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L. Sostero, et al, NIM-A, Volume 1059, 2024

https://doi.org/10.1016/j.nima.2023.168951.


■ COMMAND detector: COMpact Muon 

and Neutron Detector for the 

identification of (also) underground 

water leakages

■ Thermal neutron detection based on 

a lithium enriched phosphor detector 

(th~36%) enclosed in a 3D printed 

shell

COMMAND detector

PLC

Neutron 

modules

Muon 

modules

17
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■ Scintillation light collected by an array of four silicon photomultipliers (SiPMs)

■ Data acquisition on-board through a dedicated PLC

COMMAND detector

18



■ This study investigated the possibility of using cosmic ray thermal neutrons for the 

identification of underground water leakages

Conclusions
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■ This study investigated the possibility of using cosmic ray thermal neutrons for the 

identification of underground water leakages

■ Extensive MC simulations were performed on realistic scenarios of a leaking pipe

■ Simulations suggest that the variation of the relative rate of the thermal neutrons 

along the leaking pipe can be used to detect water leakage, especially in fast 

draining soils (low environmental water content)

■ We designed a low-cost detector, suitable for the identification of underground 

leakages: the COMMAND detector

■ First field measurements are ongoing

Conclusions
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Backup slides



■ The counts from simulations were corrected by the estimated efficiency of the EJ-

426HD-PE2 detector from Eljen Technology, which is the one chosen for COMMAND. 

Efficiency of Li-6



■ Uniform wetter conditions (typical of 

clay soils)

■ Negative variation of counts, since 

such wet conditions leads to the 

same level of moderation, and the 

increased water content due to 

leakage leads only to a further 

absorption of neutrons

■ Water leakage detection still possible

Simulations: impact of soil moisture

L. Sostero, et al, NIM-A, Volume 1059, 2024

https://doi.org/10.1016/j.nima.2023.168951.


Thermal neutrons cross-section

M. Quinta-Ferreira et al., Environ. Earth Sci. 75 (14), 2016.

http://dx.doi.org/10.1007/s12665-016-5901-1.


XRF soil composition

+0.5 ppm Gd

M. Andreasen et al., Water Resour. Res. 56 (11), 2020     M. Quinta-Ferreira et al., Environ. Earth Sci. 75 (14), 2016.

http://dx.doi.org/10.1029/2019wr026588.
http://dx.doi.org/10.1007/s12665-016-5901-1.


Thermal neutrons footprint

Jakobi et al., Geophysical Research Letters (2021)

Horizontal intensity of simulated thermal neutrons as a function of distance from the first 

interaction in the soil (detector at 2 m from ground)

https://doi.org/10.1029/2021GL094281
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