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Abstract: Geophysical methods, especially selected electrical and electromagnetic ones, have been used for many 
years for the non-invasive detection of leakages from water supply networks. In this paper, the author focuses on 
theoretical aspects and numerical simulations to analyse the possibilities and limitations of the application of the 
selected electromagnetic method, i.e., the ground-penetrating radar (GPR) method for the aforementioned pur-
pose. Various measurement techniques are used in the GPR method but in the paper the author refers to the most 
commonly used technique known as short-offset reflection profiling (SORP). As demonstrated in the paper, the 
detection of water leakages into a homogeneous and isotropic geological medium using the GPR method is a sim-
ple matter. However, the detection of leakages occurring in heterogeneous ground subjected to strong anthropo-
pression and with the presence of electromagnetic interference becomes a difficult task, and interpretation may 
be difficult or even impossible. An important issue analysed in the paper was the phenomenon of the scattering 
of electromagnetic waves on underground anthropogenic objects, which very often occurs in urbanised areas. 
The results of the numerical modelling carried out for various scenarios of water leakages into typical ground al-
lowed the possibilities and limitations of using the GPR method for the detection of leakages from water supply 
networks to be determined.
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INTRODUCTION

Water supply networks in Poland are located be-
tween depths of ca. 1–2 m below the freezing zone 
(Fig. 1A) in different ground types which are usu-
ally a mixture of sand, silt, and clay (Fig. 1B). In 
many other countries, both the depth location 
of water pipes and types of grounds will be sim-
ilar to those analysed in the paper; therefore, the 
conclusion drawn in the paper may be treated as 
universal. 

Damage of pipe and the subsequent under-
ground leakage of water is the most often moni-
tored using pressure and flow sensors installed in 
the network nodes. Additionally, different detec-
tors may also be used for this purpose. Geodetic 
observations of the movement of the earth surface 
as well as the monitoring of subsidence (caused by 
suffosion) are also useful tools for location of leak-
age region. For leakage detection and monitor-
ing its impact on the ground, geophysical meth-
ods are usually applied; among the wide range of 

http://www.wydawnictwa.agh.edu.pl
https://doi.org/10.7494/geol.2023.49.4.357
mailto:tomislaw.golebiowski@pk.edu.pl
https://orcid.org/0000-0002-4005-2265
https://creativecommons.org/licenses/by/4.0/


358

https://journals.agh.edu.pl/geol

Gołębiowski T.

geophysical methods available for the detection of 
water leakage, mainly selected electrical (i.e. ERT  – 
electrical resistivity tomography, SP  – self poten-
tial) and electromagnetic (i.e. GPR  – ground-pen-
etrating radar, GCM  – ground conductivity 
meter) methods are used (Stampoli dis et al. 2003, 
Pilcher et al. 2007, Crocco et al. 2009, 2010, Eras-
mus 2009, Bimpas et al. 2010, Puust 2010, Demirci 
et al. 2012, Ayala-Cabrera et al. 2013, 2014, Catal-
do et al. 2014, Hadjimitsis et al. 2014, Hawari et al. 
2016, Lai et al. 2016, Amran et al. 2018, De Coster 
et  al. 2019, El-Zahab & Zayed 2019, Aslam et al. 
2017, 2022, Yang et al. 2022).

In the paper, the author focuses on the most 
commonly used electromagnetic method applied 
for the detection of underground water leakages, 
i.e., the GPR method. The analysis of the litera-
ture presented above delivers information that the 
most often applied technique in the GPR meth-
od is the so-called short-offset reflective profiling 
(SORP) technique and for this technique, all anal-
yses were performed. 

In the literature there are many examples of 
the application of the SORP technique for the de-
tection of water leakages from pipes, where the 
authors usually used antennae in frequency range 
between 250–1000 MHz (the highest frequencies 
were applied during laboratory tests). Some ex-
amples present the detection of leakages in real 

conditions (Hunaidi & Giamou 1998, Halimshah 
et al. 2015, Hawari et al. 2016, Cheung & Lai 2019), 
other in laboratory or in testing sites (Demir-
ci et al. 2012, Ayala-Cabrera et al. 2013, 2014, Lai 
et al. 2016, Amran et al. 2017, 2018, De Coster et al. 
2019, Aslam et al. 2022) and numerical modelling 
of this problem is also shown in literature (Nakh-
kash & Mahmood-Zadeh 2004, Crocco et al. 2010, 
Carrive et al. 2022).

Leakage detection using the SORP technique 
in homogeneous and isotropic ground, when 
the surface is not covered by asphalt/concrete, 
is a  simple matter that has been shown and dis-
cussed in the literature mentioned above. Detec-
tion and monitoring of water leakages in urban-
ised areas is a much more difficult task and this 
problem is analysed in this paper on the basis of 
theoretical and numerical analyses. In towns, the 
geological medium has been subjected to strong 
anthropopression in the past and therefore it is al-
ways a heterogeneous medium and may also be an 
anisotropic one; in such ground, a scattering effect 
often appears and this phenomenon is also dis-
cussed in this paper. In urbanised areas, the earth 
surface is often covered by asphalt, concrete, stone 
with substructures made of sand/gravel and addi-
tional electromagnetic interference often occurs  – 
all these factors were taken into account during 
the analyses. 

Fig. 1. Depths of the location of water supply networks in Poland (Ustawa… 1994, p. 414) (A); ground classification (PN-EN ISO 
14688-1:2006) (B)
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METHODS AND RESULTS

In the first part of this section, the theoretical as-
pects of the GPR method and the SORP technique 
are presented.

Among of the GPR devices, different measure-
ment systems are used and different constructions 
of antennae are implemented. In the further part 
of the section, the most popular presently GPR 
construction, i.e., impulse system with bistatic an-
tennae used for 2D surveys carried out from the 
surface will be described. 

In the GPR method, electromagnetic (EM) 
wave is generated by a  transmitter antenna (Tx) 
and such wave may be presented in form of the 
TEM (transverse electro-magnetic) wave (Fig. 2A). 
Transmission of EM wave from typical GPR di-
pole antenna is shown in Figure 2B, C but for the 
further analyses a simplified transmission was as-
sumed (Fig. 2D). Propagation of EM wave depends 
on electromagnetic properties of geological medi-
um, i.e., electrical permittivity ε  [F/m], magnetic 
permittivity µ  [H/m] and electrical conductivity 
σ [S/m]; in the further analyses, relative permit-
tivity, i.e., εr [–] and µr [–] were taken into account 
according the Formulae (1) and (2): 

ε
ε

=
ε

0

 r  (1)

µ
µ

=
µ

0  
r  (2)

where: 
 εr, ε, ε0 – adequately relative electrical permittivi-

ty [–], electrical permittivity of geological 
medium [F/m] and electrical permittivi-
ty of vacuum [F/m] (ε0 = 8.85 ⋅ 10−12 F/m), 

 µr, µ, µ0 – adequately relative magnetic permittivi- 
ty [–], magnetic permittivity of geological  
medium [H/m] and magnetic permittivi- 
ty of vacuum [H/m] ( µ0 = 4π ⋅ 10−7 H/m). 

In the SORP technique, the transmitter (Tx) 
and receiver (Rx) antennae move along the profile 
with constant and short offset between Tx and Rx 
(Fig. 2E); short offset means that the distance be-
tween Tx and Rx is less then wave length generat-
ed by Tx and some simplifications may be assumed 
in theoretical analysis. The transmitter antenna 
emits electromagnetic wave at every specified dis-
tance interval (∆x) and in consequence four kinds 

of waves may be distinguished in the geological 
medium (Fig. 2E), i.e., incident wave (IW), reflect-
ed wave (RW), transmitted wave (TW) and direct 
ground wave (DGW); in the air, additional di-
rect air wave (DAW) and evanescent ground wave 
(EGW) are created. In the paper, incident and re-
flected waves in form of the TEM waves will be 
analysed, because only IW and RW are important 
in the SORP technique.

The incident wave reflects off underground 
objects (e.g., from water saturated part of the 
ground) and geological boundaries (Fig. 3A, B) 
and propagates back to the surface (Fig. 2E); for 
the SOPR surveys, simplification of reflection pre-
sented in Figure 3C is proper and therefore it will 
be assumed for the further analyses. The contrast 
of values of εr in the examined medium decides 
upon the value of the reflection coefficient R [–], 
and in consequence upon the amplitude of the re-
flections recorded on the radargram. The analy-
ses presented in the further part of the paper will 
only be conducted for low-loss media, i.e., for me-
dia with electrical conductivity σ  <<<  10  mS/m 
(assumed that σ ≈ 0 mS/m); for such media and 
for simplification presented in Figure 3C reflec-
tion coefficient may be described with Formula (3) 
where assumed that µr = 1 (i.e., non-magnetic me-
dium). 

Detailed analysis of the reflection coefficient 
will be carried out in the “Discussion” section.

ε

-ε

ε
=

+

ε1 2

1 2

r r

r r

R  (3) 

where: 
 R  – reflection coefficient [–], 
 εr1, εr2 – adequately relative electrical permittivi-

ty of analysed mixture built of sand, silt, 
clay, and leakage zone [–].

The reflected waves are recorded by the receiv-
er antenna (Rx) and displayed on the computer 
during the measurement in the form of a  radar-
gram. The horizontal axis on the radargram is 
presented as the distance scale x [m], whereas the 
vertical axis is presented as the time scale t [ns]; 
during the processing of measured data, the time 
axis is converted into the depth axis z [m], taking 
into consideration the information about the ve-
locity v [m/ns] of the TEM wave within the stud-
ied medium. 
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Fig. 2. Idea of the TEM wave (A); transverse magnetic TM (H plane) and transverse electric TE (E plane) components of the TEM 
wave (Arcone 1995) for: medium with εr = 5 (dry sand) (B) and medium with εr = 81 (water) (C); subsequent positions of different 
waves’ heads for subsequent time steps of analysis (Annan 2001) (D); idea of the SORP surveys (E); γ [deg] – determines a cone 
contouring of TM and TE components of the TEM wave

Fig. 3. Reflection of TM component of the TEM wave (A); reflection of TE component of the TEM wave (B); simplification of 
reflection of the TEM wave assumed for further theoretical and numerical analyses, proper for the SORP surveys (C)

To carry out the GPR surveys for different 
depths and with adequate resolutions, antennae 
with different frequencies have to be applied. The 

typical frequency range of the antennae is be-
tween 10 MHz to 1 GHz, but antennae with lower 
and higher frequencies are used for some specific 
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surveys. As shown in the “Introduction” section, 
different authors used antennae in the frequency 
range between 250–1000 MHz for the detection 
of water leakages. The highest frequencies were 
used only during laboratory tests, so the numeri-
cal modelling carried out by the author was made 
for antennae with frequencies of 250 MHz and 
500  MHz. The frequency of the antenna defines 
the resolution of measurements (Table 1), ade-
quately to the simplified Formulae (4)–(7):

λ
∆ ≥  

4
r  (4)

λ ⋅
∆ ≥  

2
hl  (5)

λ =  
c

v
f  (6)

ε
=

r

cv  (7)

where: 
 ∆r – vertical resolution [m], 
 λ – electromagnetic wave length [m],
 ∆l – horizontal resolution [m],
 h – depth [m],
 v – velocity of electromagnetic wave [m/s], 
 fc – central frequency of transmitter antenna [Hz], 
 c – light velocity [m/s], i.e., 3 ⋅ 108 m/s.

Vertical and horizontal resolutions as well as 
depth penetration of the TEM wave (Table 1) are 
very important information to carry out proper 
measurements  – these issues will be analysed in 
the “Discussion” section. 

The next important matter is velocity of the 
TEM wave which will also be analysed in the 
“Discussion” section. For the media analysed in 
the paper, velocities were calculated on the basis 
of Formula (7) and presented in Table 2.

Another important matter is the attenuation of 
the TEM wave. Incident wave, travelling through 
the ground (Fig. 2E) loses part of its energy due 
to attenuation, where the attenuation factor αtotal 
[dB/m] is defined by two components: ohmic at-
tenuation αo and scattering attenuation αs accord-
ing to the Formulae (8)–(10). The first component 
of the attenuation factor i.e., ohmic attenuation 
calculated for low-loss media from Formula (9) is 
presented in Table 2.

=α α α+total  o s  (8)

⋅
σ

α
ε

= 31.69 10  o
r

 (9)

α
ξ

=
2

e
s

N A  (10) 

where: 
 αtotal – attenuation factor [dB/m],
 αo – ohmic attenuation [dB/m],
 αs – scattering attenuation [dB/m],
 N – number of scatterers per 1 m3, 
 ξ – fraction of power which is reemitted by 

everyone scatterers [W],
 Ae – effective cross-section of everyone scat-

terers [m2]. 

To date, the analysis of scattering effects and 
scattering attenuation has only been tackled in the 
geophysical literature relatively rarely (Radzevi-
cius & Daniels 2000, Annan 2001, Muller 2005, 
Grimm et al. 2006, Al-Qadi et al. 2008, Ying et al. 
2019, Ponti et  al. 2020). In practice, the attenua-
tion factor is usually described only by ohmic at-
tenuation and scattering attenuation is omitted in 
analysis; this is due to the fact that it is very diffi-
cult to properly describe the unique distribution 
of scatterers, their properties, dimensions etc. 

Table 1
Basic parameters of the GPR antennae usually used for water leakage detection (on the basis of literature presented in the “Intro-
duction” section)

Central frequency of 
antennae fc [MHz]

Vertical resolution ∆r [m]  
in typical ground  

where εr = 9

Horizontal resolution ∆l [m] 
in typical ground  

where εr = 9 

Max. depth range hmax [m]  
in lossless media* 

250 0.10 0.45 at h = 1 m
0.63 at h = 2 m 10.0

500 0.05 0.32 at h = 1 m
0.45 at h = 2 m 5.0

1000 0.02 0.22 at h = 1 m
0.32 at h = 2 m 1.5

* Information from materials delivered by the firm Guidelinegeo (www.guidelinegeo.com).
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In urbanised areas, where different scatterers 
often occur in the ground, scattering attenuation 
plays a more important role than ohmic attenua-
tion. To illustrate the magnitude of scattering at-
tenuation, a  simplified Formula (11) was used to 
count values of αs (Fig. 4). Example calculations 
were carried out for spherical metallic scatterers 
(εr = 1) with diameters a equals 0.1 m and 0.25 m, 
located in dry and water saturated mixture of 
sand, silt, clay  – adequate value of εr of mixture 
was taken from Table 2. Analysis was carried out 
for volume of 1  m3 with regularly distributed in 
space metallic spheres with different their num-
bers N, i.e., N = 64 and N = 125. 

-α = ε ⋅2 6 4 610s r cNa f  (11) 

The analysis of the information presented in 
Figure 4 allows a general conclusion to be drawn 
that scattering attenuation does not have an im-
portant influence on the TEM wave with frequen-
cies below 100 MHz. As mentioned before, anten-
nae with frequencies 250, 500, 1000 MHz (Table 1) 

are usually applied for water leakage detection 
and then scattering attenuation should be taken 
into account (see Fig. 4), especially in urbanised 
areas where scatterers often occur. 

The comparison of the values of ohmic attenu-
ation (Table 2) and scattering attenuation (Fig. 4) 
shows that in the analysed situations, values of αo 
vary from 0 to 102 whereas values of αs vary from 
101 to 107; therefore, the analysis of scattering at-
tenuation is more important than the analysis of 
ohmic attenuation and such an analysis will be 
carried out in the further part of this section us-
ing numerical modelling. 

In the second part of this section, numerical 
modelling will be performed, based on the theoreti-
cal aspects presented above. Numerical simulations 
were carried out for simplifications and assump-
tions described in the earlier part of this section.

The most popular technique for modelling 
of electromagnetic wave field for the GPR meth-
od is the FDTD (finite difference time domain) 
technique (Yee 1966, Fomberg 2003, Gołębiowski 
2004, 2006, 2015). 

Table 2
Mean values of material properties for media analysed in the paper on the basis of Plewa & Plewa (1992), Annan (2001), 
Saarenketo (2003), Porubiaková & Komačka (2015), and Wutke et al. (2019)

Medium*

Relative 
electrical 

permittivity
εr [–]

Relative 
magnetic 

permittivity
µr [–]

Electrical 
conductivity

σ [mS/m]

Velocity of TEM 
wave

v [m/ns]

Ohmic 
attenuation 

factor
αo [dB/m]

Dry – water saturated sand 4–30 1 0.01–1 0.15–0.06 0.01–1

Dry – water saturated silt 5–30 1 1–100 0.13–0.06 1–100

Dry – water saturated clay 5–40 1 1–1000 0.13–0.05 1–300

Dry mixture  
(built of sand, silt, clay) 9 1 1 0.10 1

Water saturated mixture 
(built of sand, silt, clay) 30 1 10** 0.06 10

Void filled with water 81 1 0.5 0.03 0.1

Suffosion zone filled with air 1 1 0 0.30 0

Concrete/asphalt 6 1 0.01 0.12 0.01

Substructure  
(dry compacted sand) 4 1 0.01 0.15 0.01

Scatterers – stone, asphalt, 
concrete, ceramic 4–9 1 0.01–1 0.15–0.10 0.01–1

 * With grey colour marked values assumed for numerical modelling. 
 ** Max. values of conductivity of water saturated media are 102–103 mS/m; for the GPR method conductivity equals ca. 10 mS/m is max. value 

above which surveys have no sense due to high ohmic attenuation – therefore for numerical modelling σ = 10 mS/m was assumed.

https://journals.agh.edu.pl/geol
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Fig. 4. Values of scattering attenuation factor αs for media analysed in the paper; water saturated mixture of sand, silt, clay 
refers to leakage zone

Numerical modelling was carried out in 3D 
mode with the use of module Modelling (based on 
the FDTD technique) of computer program Re-
flexW, ver. 10, licence number 1288 (www.sand-
meier-geo.de).

In a  discrete model (Fig. 5) material proper-
ties (Table 2) were defined in the grid points and 
the components of the electromagnetic wave field 
were also only solved in the grid points. 

In all models, 2″ metal water pipes were insert-
ed  – material properties of pipes were as follow: 
εr = 1, µr = 1, σ = 100 S/m.

On the upper boundary of numerical mod-
els, a strip with the material properties of air was 
introduced; on the other boundaries, absorbing 
boundary condition was applied (Fig. 5). 

For excitation of propagation of the TEM wave 
in the models, sources with frequencies 250 MHz 
and 500 MHz were defined; sources as well as 
registration points were defined as shown in Fig-
ure 5.

Solving was carried out in time window 
T = 100 ns with time steps ∆t = 0.01 ns. Simulations 
were carried out for three scenarios (Figs. 6A–9A):
1) water leaks very slowly from a damaged pipe 

and fully fills a porous space in the ground and 

process of suffosion is not observed  – part of 
the model called “Water saturated mixture”;

2) water leaks very intensively from a  damaged 
pipe and water destroys the ground and pro-
cess of suffosion is observed  – part of the mod-
el called “Void filled with water”;

3) an underground hole was created by suffosion 
and water flowed in deeper parts of the ground 
and the hole is filled with air  – part of model 
called “Suffosion zone filled with air”.
For all of the mentioned situations, additional 

noise was applied during the modelling which is 
typical for the GPR surveys conducted in urban-
ised areas and simulates interferences:
– noise with amplitude equals 10% of max. am-

plitude of source signal and frequencies ade-
quate 500 MHz and 250 MHz  – figures with 
signature B;

– noise with amplitude equals 25% of max. am-
plitude of source signal and frequencies ade-
quate 500 MHz and 250 MHz  – figures with 
signature C;

– noise with amplitude equals 50% of max. am-
plitude of source signal and frequencies ade-
quate 500 MHz and 250 MHz  – figures with 
signature D.

http://www.sandmeier-geo.de
http://www.sandmeier-geo.de
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The most difficult stage of preparing the mod-
els was the proper construction of the ground 
with scatterers for the simulation of the geological 
medium which occurs in urbanised areas, where 
many anthropogenic objects often appear. Usual-
ly, it is impossible to describe the dimensions of 
several scatterers and their distribution in space, 
impeding the reproduction of the detailed materi-
al properties of a medium built of sand, silt, clay, 
and scatterers. In such situations, the only con-
struction technique for such a  medium in a  nu-
merical model seems to be via the application of 
a stochastic model. A detailed description of the 
application of stochastic model in the interpre-
tation of the GPR data was presented in publica-
tions by Gołębiowski (2012, 2015) but only the 
fundamental information is presented in the next 
paragraph.

At the first step of preparing the models, the 
material properties (i.e., εr, µr, σ) for a dry mixture 
of sand, silt, clay (from Table 2) were introduced to 
the numerical models. As the second step, a ran-
dom generator was applied for random location 
of scatterers in the analysed mixture; for this step, 
adequate addresses i, j, k of grid points were ran-
domly chosen; then, for every randomly chosen 
grid point, randomly generate values of εr and σ of 
debris consists of stone, asphalt, concrete, ceramic 
were prescribed  – values were chosen from periods: 

εr = 4–9 and σ = 0.01–1 mS/m (Table 2). During the 
simulations, a constant value µr = 1 was assumed 
since non-magnetic media were analysed. 

The results of the modelling are shown in the 
following figures:
– Fig. 6  – synthetic radargrams for a  model of 

an isotropic and homogenous mixture build of 
sand, silt, clay and 500 MHz source,

– Fig. 7  – synthetic radargrams for a  model 
of a  mixture with small (dimension 0.1  m × 
0.1 m) scatterers and 500 MHz source,

– Fig. 8  – synthetic radargrams for a  model 
of a  mixture with small (dimension 0.1  m × 
0.1 m) scatterers and 250 MHz source,

– Fig. 9  – synthetic radargrams for a  model of 
a  mixture with bigger (dimension 0.25  m × 
0.25 m) scatterers and 250 MHz source.
Amplitudes in synthetic radargrams (graphs B, 

C, and D in Figures 6–9) were presented in nor-
malised form with normalisation to the max. am-
plitude of the source signals.

Numerical simulations were conducted for 
both antennae and for locations of water pipes in 
different depths, between 1–2  m (Fig. 1A); addi-
tionally different dimensions of scatterers and dif-
ferent shapes of leakage zones were analysed. In 
Figures 6–9 only the most interesting results are 
presented since they seem sufficient to draw some 
general conclusions. 

Fig. 5. Outer view of numerical model constructed for analysis of water leakages into the ground

https://journals.agh.edu.pl/geol
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Fig. 6. Cross-section of numerical model from Figure 5 at y = 7.5 m: A) model of isotropic and homogenous mixture with 
water pipes located at depth of 2.0 m (Zone IV, Fig. 1A) and 500 MHz source; B) synthetic radargram with noise equals 10%;  
C) synthetic radargram with noise equals 25%; D) synthetic radargram with noise equals 50%
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Fig. 7. Cross-section of numerical model from Figure 5 at y = 7.5 m: A) model of mixture with small scatterers (0.1 m × 0.1 m) and 
water pipes located at depth of 2.0 m (Zones IV, Fig. 1A) and 500 MHz source; B) synthetic radargram with noise equals 10%; 
C) synthetic radargram with noise equals 25%; D) synthetic radargram with noise equals 50%
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Fig. 8. Cross-section of numerical model from Figure 5 at y = 7.5 m: A) model of mixture with small scatterers (0.1 m × 0.1 m) and 
water pipes located at depth of 2.0 m (Zones IV, Fig. 1A) and 250 MHz source; B) synthetic radargram with noise equals 10%; 
C) synthetic radargram with noise equals 25%; D) synthetic radargram with noise equals 50%
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Fig. 9. Cross-section of numerical model from Figure 5 at y = 7.5 m: A) model of mixture with bigger scatterers (0.25 m × 
0.25 m) and water pipes located at depth of 2.0 m (Zones IV, Fig. 1A) and 250 MHz source; B) synthetic radargram with noise 
equals 10%; C) synthetic radargram with noise equals 25%; D) synthetic radargram with noise equals 50%

A

B

D
epth z [m

] at v=0.1 [m
/s]

D
epth z [m

] at v=0.1 [m
/s]

D
epth z [m

] at v=0.1 [m
/s]

C

D

https://journals.agh.edu.pl/geol


369

Geology, Geophysics and Environment, 2023, 49 (4): 357–373

Theoretical aspects and numerical modelling of the GPR method to analyse its possibilities for the detection of leakages...

DISCUSSION

In this section, five factors important for the SORP 
surveys will be analysed, i.e., reflection coefficient, 
polarity of reflections, resolution, velocity, and at-
tenuation of the TEM wave. 

Reflection coefficient
For all of the situations analysed in the paper, re-
flection coefficients R were counted on the basis 
of Formula (3) and information from Table 2 and 
were presented in Table 3.

At the beginning, reduction of source signal en-
ergy caused by the reflection of the TEM wave from 
the boundary between the pavement (i.e., asphalt/
concrete) and the substructure (i.e., dry compact-
ed sand) as well as between the substructure and 
the dry mixture (built of sand, silt, clay) should be 
analysed. Values of R for both boundaries are low 
(Table 3), so only a small fraction of signal energy 
is reflected back and most of the energy is transmit-
ted into the ground; as a result, these boundaries 
should not be disturbed during surveys. 

Table 3
Values of reflection coefficients R [–] for media analysed in 
the paper

Media R* [−]

Dry mixture (εr = 9) and water saturated 
mixture (εr = 30)

−0.3

Dry mixture (εr = 9) and void filled with water 
(εr = 81)

−0.5

Dry mixture (εr = 9) and suffosion zone filled 
with air (εr = 1)

0.5

Pavement (εr = 6) and substructure (εr = 4) 0.1

Substructure (εr = 4) and dry mixture (εr = 9) −0.2

* Positive and negative values denote polarity of reflections.

The results of theoretical analysis (Table 3) 
and numerical modelling (Fig. 6B–D) for isotro-
pic and homogenous dry mixture deliver infor-
mation that the detection of water leakage from 
pipe located between depths of 1.0–2.0  m (see 
Fig.  1A) is a  simple matter; similar conclusion 
may be found in literature citated in the “Intro-
duction” section. The appearance of low (Fig. 6B), 
medium (Fig. 6C) and high interferences (Fig. 6D) 
during the surveys should not prevent their 

proper interpretation, because the high value of R 
(Table 3) allows high-amplitude reflections to be 
recorded on radargrams. In all three cases anal-
ysed in the paper, there is no possibility to outline 
anomalous zones but only reflections from the top 
of these zones may be recorded and interpreted; 
this fact constitutes a limitation of the GPR meth-
od for leakage detection. It should be noted, that 
in real conditions, some level of heterogeneity al-
ways occurs in the ground and anisotropy is often 
observed during GPR surveys; in such real condi-
tions, unambiguous interpretation of leakages at 
greater depths (i.e., >2.0 m ) in the urbanised areas 
(where interference often occur) may be difficult, 
especially for the situation called “water saturated 
ground” (Fig. 6D). 

Analysis of reflection coefficients for a  mix-
ture of sand, silt, clay with scatterers will be car-
ried out together with the analysis of attenuation 
in the “Attenuation of the TEM wave” sub-section. 

Polarity of reflection
The polarity of reflections recorded in radargrams 
(positive and negative values in Table 3) may be 
a useful interpretation tool only for simple geolog-
ical situations; in such situations, change of polar-
ity of several reflections compared to the polarity 
of the source signal allows the proper interpreta-
tion of material filling of void/porous space. For 
example, void filled with water and air both have 
the same values of R but have the opposite polarity 
(see Table 3, Fig. 6B–D). Unfortunately, in the cas-
es analysed in this paper, the presence of scatterers 
with different material properties precludes the 
use of the polarity of reflections during interpre-
tation, but in some simple situations (e.g., Fig. 6B) 
this factor should be taken into account. 

Resolution
Horizontal and vertical resolutions of the GPR 
method which are a  function of wave length 
(which follows from antenna frequency) and the 
velocity of the TEM wave are not constant values 
(Table 1). Numerical simulations were carried out 
for leakage zones with different shapes and di-
mensions; the shapes did not significantly influ-
ence the possibility of leakage detection but the 
dimensions strongly influenced the results. After 
simulation of precipitation during modelling, the 
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resolution was higher in the wet medium than in 
the dry one, which explains Formulae (4)–(7). In 
the wet medium, the detection of small suffosion 
zones is easier than in the dry one but it should be 
stressed that the reflection coefficient between wet 
medium and water-saturated zone is lower and it 
makes difficult to detect leakages. Usually, a leak-
age is large, so resolution is not as important as 
the value of the reflection coefficient and there-
fore it is better to carry out the GPR surveys in dry 
ground where the resolution of measurements is 
lower (see Table 1). 

Velocity of the TEM wave
Velocity may be a  factor used to distinguish the 
material (in analysed situations, water and air) 
filling the void/porous space of the ground. Tak-
ing into account velocity during interpretation is 
done by the analysis of the position of the geolog-
ical boundary (or known anthropogenic object) 
recorded below the leakage zone. In the suffosion 
zone filled with air (Fig. 6–9A) the velocity of the 
TEM wave equals 0.3 m/ns but in water-saturated 
mixture and in void filled with water (Fig. 6–9A) 
the velocities are similar and vary between 0.03–
0.06  m/ns (Table 2). This difference in velocities 
means that reflections from a boundary/object lo-
cated below a leakage appear in the radargram for 
a lower time for air-saturated region and a great-
er time for water-saturated areas; in consequence, 
an apparent curvature of horizontal geological 
boundary may be an indicator which can deliv-
er information about whether the ground around 
a pipe is dry (suffosion zone filled with air) or wet 
(ground filled with water). 

Attenuation of the TEM wave
A dry mixture of sand, silt, and clay has a higher 
value of ohmic attenuation αo (Table 2) than typ-
ical sandy ground but the value of αo of dry mix-
ture does not strongly influence the possibility of 
detection. 

After precipitation, ohmic attenuation will reach 
high values in the analysed mixture (Table 2) and 
detection will be impossible. The presence of water 
in the ground surrounding a leakage zone also re-
duces the contrast of material properties between 
wet ground and the leakage area which was dis-
cussed in the “Reflection coefficient” sub-section. 

If the heterogeneity of ground appears in the 
form of scatterers located in the geological me-
dium, detection of leakages at depths between 
1.0–2.0 m (Fig. 1A) only seems to be possible for 
low level of interferences (Fig. 7B); the possibili-
ty of leakage detection results from the fact that 
reflection coefficients for three analysed scenarios 
of leakages are sufficiently high compared to the 
effects on radargram caused by scattering and in-
terference.

For medium and high interferences (Fig. 7C, D), 
location of leakages is rather impossible due to the 
fact that high amplitudes of reflections on radar-
grams are caused by scattering effects and interfer-
ence rather than by the value of the reflection coef-
ficient in leakage zones. 

The solution to the detection problem present-
ed in Figures 7C, D may be the application of an-
tennae with lower frequencies which are less sus-
ceptible to scattering attenuation (Fig. 4) and, due 
to their lower resolution (Table 1), they are not as 
sensitive to small scatterers. The numerical sim-
ulation carried out for a source with a lower fre-
quency, i.e., 250 MHz confirms the presented as-
sumption; for leakage which may appear relatively 
deep, i.e. at depth of 2 m, for all scenarios anal-
ysed in the paper, readable reflections are noticed 
for low and medium level of interferences due to 
the sufficiently high values of reflection coefficient 
(Fig. 8B, C); it may be assumed that for high inter-
ferences, the proper location of the leakage zone 
will be difficult (Fig. 8D). 

The application of antennae with a  lower fre-
quency, e.g., 250 MHz, may solve the interpreta-
tion problem even when bigger scatterers occur 
in the ground but a  limitation will be the level 
of interference (Fig. 9B–D). When in the exam-
ined ground, bigger scatterers occur and level of 
interferences is medium and high, the detection 
of effects caused by leakages is impossible, espe-
cially for the situation known as “water saturated 
ground” (Fig. 9C, D) which appears the most often 
in reality. This is due to the fact that amplitudes of 
reflections on radargrams resulting from the re-
flection coefficient in leakage zones are too low in 
comparison to amplitudes generated by scattering 
effects and interferences. 

Successive lowering of the antennae frequency 
might theoretically solve the problem of scattering 
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attenuation (Fig. 4) but antennae with frequencies 
lower than 100 MHz have very low resolutions 
and cannot detect small leakages and voids. Addi-
tionally, low-frequency antennae are not shielded 
and the interference which often occurs in urban-
ised areas may make any interpretation impossible. 

Numerical modelling is a  certain simplifi-
cation of real conditions and this was presented 
and discussed in the theoretical part of the pa-
per; therefore, not all of the relevant aspects may 
be analysed during simulations. The results of the 
theoretical and numerical analyses should be re-
garded as suppling qualitative information but 
general conclusions may be drawn on the basis of 
the results presented. 

CONCLUSION

On the basis of the theoretical analysis and nu-
merical simulations presented in this paper, the 
GPR detection of leakages from water supply net-
works in urbanised areas is far from an easy mat-
ter. Two main problems which appear in such ar-
eas are: (a)  interferences which always occur but 
have different levels and (b) presence of different 
scatterers in the geological medium which cause 
the scattering attenuation of electromagnetic 
wave. Occasionally, an additional problem will be 
large amounts of clay in the ground which increas-
es the ohmic attenuation.

Water supply networks in Poland are located 
between depths of 1–2 m (in other countries these 
are similar depths), so antennae with frequen-
cy of 500 MHz seem to be the most suitable for 
terrain surveys; for specific situations, antennae 
with higher or lower frequencies may be used. The 
analyses presented in the paper were carried out 
for ground which was a mixture of sand, silt, and 
clay; such a mixture may be treated as typical ref-
erence ground. 

As demonstrated in the paper, if leakages ap-
pear in isotropic and homogenous medium of 
typical ground, the detection of leakage zones is 
possible even when the interference level is rela-
tively high. This assumption was confirmed by 
the results of numerical modelling performed for 
500 MHz antennae. The maximum level of inter-
ferences assumed during the simulations was 50% 
of the amplitude of the transmitted signal. It is 

obvious that for amplitudes of interference high-
er than 50%, the detection possibility decreas-
es. General conclusions which may be drawn for 
isotropic and homogenous typical ground are: 
(i)  leakage detection is possible in dry ground 
with small amounts of clay; the detection possi-
bility strongly decreases in wet ground due to the 
increase in ohmic attenuation; (ii) if the level of 
interference is lower than 50%, leakage detec-
tion should be possible; (iii) resolution of the GPR 
method increases in wet ground but the reflection 
coefficient between wet ground and the leakage 
zone decreases in such a medium, making leakage 
detection more difficult. All these conclusions are 
also valid for typical ground with scatterers. 

When leakages appear in a medium with scat-
terers, and such media are typical for the urban-
ised areas, detection of leakages becomes a more 
difficult task. Small scatterers, with dimensions 
similar to the resolution of selected antennae, in-
fluence to some extent the increase in the scatter-
ing attenuation. If the dimensions of scatterers are 
larger than the resolution of the antennae, scat-
tering attenuation can make interpretation more 
difficult or even impossible. It has to be noted that 
both ohmic and scattering attenuations increase 
after precipitation in wet ground, and the detec-
tion of leakage zones may be impossible. In ar-
eas where scatterers occur, the detection poten-
tial of the GPR method may be increased by the 
application of antennae with lower frequency, 
e.g., 250  MHz, but the resolution of the surveys 
will suffer.

As scatters often occur in urbanised areas, 
with additional interferences with low (ca. 10%) 
and medium (ca. 25%) amplitudes appearing, this 
may make interpretation difficult and ambiguous. 
Among the three analysed cases, i.e., water saturat-
ed ground, void filled with water and void filled with 
air, the most difficult for GPR detection is the first 
and which in reality appears the most frequently. 

If both scatterers and high interferences (great-
er than 50%) occur in the measurement sites, detec-
tion of leakages using of 250 and 500 MHz anten-
nae is very difficult or even impossible; a solution 
to this problem seems to be application of low- 
frequency shielded antennae, e.g., 100 MHz; the 
application of such antennae allows only large 
leakages to be detected. 



372

https://journals.agh.edu.pl/geol

Gołębiowski T.

In the paper, theoretical and numerical analy-
ses were carried out for typical ground and for se-
lected scenarios of water leakages into the ground; 
also, selected type of interferences and scatter-
ers were analysed. Such assumptions allowed the 
general conclusions presented above to be drawn. 
Further laboratory tests and terrain surveys for 
different ground types where scattering effects 
are observed and different interferences may oc-
cur are needed for confirmation/modification of 
the theoretical and numerical analyses presented 
in the paper. 

The paper was financed by a  research grant 
from the Department of Geoengineering and Water 
Management, Faculty of Environmental Engineer-
ing and Energy, Cracow University of Technology.
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