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ABSTRACT

The main application of the mobile geo-electrical measurement is the detection of the presence and
determining the location of leakage in sewer systems. To do so, this method relies on the increase in the
measured electrical current between an electrode inside and an electrode outside the sewer system. To
use this technique for the quantification of leakages further assumptions on the measured current are
required. In this study, a model to simulate the geo-electrical measurement system is developed.
Laboratory experiments are conducted to investigate the influence and contribution of the model
components on the measured current and the validity of the assumptions. The experimental results
demonstrate that multiple components significantly contribute to the measured current apart from the
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leakage in the pipe. As a consequence, the properties of the leakage in the pipe are likely to be
significantly under- or overestimated in most measuring systems currently applied in practice.

Introduction

The in- and exfiltration of (waste) water in urban drainage
systems is one of the main defects occurring in these ageing
systems (Tscheikner-Gratl et al. 2019). On one hand, exfiltration
poses a potential risk on the contamination of groundwater. On
the other hand, infiltration may induce a significantly increased
hydraulic load on wastewater treatment plants (WWTP’s) indu-
cing capacity and efficiency reduction and, next to that, the
occurrence of sinkholes is also a known consequence of infil-
tration (e.g. Davies et al. 2001; Stani¢, Langeveld, and Clemens
2014; Lee et al. 2015).

On the scale of an urban catchment, a range of methods has
been developed and applied to quantify the amount of infiltration
(e.g. Weil3, Brombach, and Haller 2002; De Bénédittis and
Bertrand-Krajewski 2005a; De Bénédittis and Bertrand-Krajewski
2005b; Zhang et al. 2018; Zhao et al. 2020). The need for relatively
few and simple data is an advantage of these methods. However,
when information is needed on a smaller scale, difficulties arise to
obtain reliable estimates for the location of a leak and the in- or
exfiltrating quantities. The application of tracer-based methods to
quantify exfiltration in a stretch of conduits has been reported in
the literature (Rieckermann et al. 2007). Identifying the exact
location of the in- or exfiltration is more cumbersome to achieve.
Fibre optic DTS cables can be used to localize infiltration (Hoes
et al. 2009; Beheshti and Saegrov 2018; Panasiuk et al. 2019), and
can potentially also detect and locate exfiltration. This method,
however, requires the installation of a fibre optic cable in- and/or
outside the pipe. Visual inspection (CCTV) of urban drainage
systems is less labour intensive than the latter, but is known to
suffer from biased, inaccurate and incomplete information

(Dirksen et al. 2013). Apart from that it is very likely that, especially
exfiltration, is easily ‘missed’ using this method of assessment as it
can only indirectly be observed (e.g. when a crack is observed it is
assumed this may give way to exfiltration, however, the latter
cannot be observed directly).

Geo-electrical measurements can be used to detect and
locate in- and exfiltration. A mobile geo-electrical measurement
method that measures the electrical current between an elec-
trode in the pipe and an electrode (i.e. grounding pin) in the
surrounding soil (e.g. ASTM 2018) has already been applied in
practice for some decades. In the measuring set-up an electric
potential is applied between a mobile electrode in the pipeline
and a stationary electrode at the surface. While the electrode is
moved through the (partially) water-filled pipeline, the electri-
cal current and the position are recorded. Subsequently, any
changes in the measured current are related to changes in
impedances in the electrical circuit. The leakage in the pipeline
(induced by e.g. a crack, a hole or a defect joint) and the
resulting in- or exfiltration creates a local decrease in impe-
dance; hence, an increase in current is obtained. This is illu-
strated in the current-position diagram in Figure 1.

For the mobile geo-electrical measurement system, a range
of electrode configurations are described in literature. In its
simplest form, it is one electrode in the pipeline and one
electrode on ground level; also referred to as the ‘mise-a-la-
masse’ method (Wood and Palmer 2000). More advanced con-
figurations consist of three conductive electrodes grouped in
a cylinder with a mutual axis, commonly referred to as ‘the
probe’. While the central electrode is referred to as the mea-
surement electrode; the outer electrodes are called the shield
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Figure 1. The measurement principle of a mobile geo-electrical measurement system. The current-position diagram indicates the position of possible leakages.

or guard electrodes, see Figure 1. These electrodes have the
purpose to screen the central electrode from the environment
in the pipe. In this way the electrical field of the central elec-
trode is to a certain extent isolated from the outer impedances
of the pipe increasing the sensitivity of the set-up to lateral
changes in impedances. This configuration is known as the
Focused Electrode Leak Localization set-up or FELL (e.g.
Gokhale and Graham 2004; ASTM 2018; Wolf 2003). This con-
figuration is also used in geophysical applications like borehole
logging (Selley and Sonnenberg 2015).

The main application of the mobile geo-electrical measure-
ment in buried pipelines is the detection of the presence and
determining the location of in- and exfiltration in underground
(waste) water systems (e.g. Selvakumar et al. 2014; Malik 2019;
Henley and Hansen 2019). Quantification of the potential leak
discharge is mentioned by (Moy, Wilmut, and Harris 2012), who
claim that the focussed geo-electrical measurement can also be
used to estimate the potential leak discharge in pipes below the
groundwater table. To quantify the potential leak discharge,
assumptions are made with respect to water depth above the
top of the pipe (fixed at 308 mm) and that the defect is a crack
with a fixed width (0.635 mm). It is stated that under these
conditions the measurements have shown that water will flow
into the pipe at the rate of 0.0012 I/s/mm?Z Subsequently, the
potential leak discharge is calculated with the cross-sectional area
of the defect, which is derived from the focussed geo-electrical
measurement. Hence, the quantification depends on the validity
of two major underlying implicit assumptions:

e The change in the current due to a leakage in the pipe can
be attributed to the electrical resistance of the leakage;

e The electrical resistance of the leakage is related to the
dimensions of the leakage.

Assuming homogenous conditions in electrical conductivity,
pipe wall thickness and cross-sectional area, the second
assumption is applicable to quantify the defect area. This,
however, requires the electrical resistance of the leakage to
be known from the first assumption.

To the authors’ knowledge an independent experimental
validation of the first assumption has not been reported in
literature to date, therefore an experimental set-up is build
and presented in Section 2 of this article. In this section,
a model to simulate the geo-electrical measurement system is
presented as well. The experimental results; the electrical cur-
rent, resistance and capacitance of the individual model com-
ponents are presented in Section 3 along with the electrical
resistance of the leakage as measured using 21 experimental
measurement geometries. Section 4 discusses the results and
finally, the main conclusions are presented in Section 5.

Model, materials and methods
Model

A model to simulate the geo-electrical measurement system has
been developed, as shown in Figure 2. The model is implemented
in a Matlab © (2019b) script and is used to simulate the electrical
current flowing through the network. The model equations are
presented in Appendix A. The required model input are admit-
tances and the applied electrical potential between the electro-
des. The voltage follower is implemented in the model as well.

The electrical current measured is the result of the combined
effect of the individual components in the electrical circuit.
These components in the circuit are defined as:

e Ymm is the shunt resistor. In parallel to the shunt resistor
is the cable-capacitance. The latter is formed between the
central cable conductor and the two cable conductors
feeding the outer electrodes. In addition, the capacitance
is also formed between the central cable conductor and
the cable shielding/the environment;

e YIm and Yrm are formed by the electrical conductivity in
the water between the central and the outer electrodes as
well as the capacitances between the three electrodes
and capacitances between the cable-conductors;

e Ymh, Ylh, Yrh are, respectively, the electrical conductivity
in the water between the central, left or right electrode
and the upper area of the leakage.
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Figure 2. The model; an electrical circuit of the geo-electrical measurement system. The left side shows the nodes and their mutual connections, the right side shows
how the admittances are related in a typical field application. The corresponding colours and numbers indicate the links between the components on both sides of the

figure.

e Yh is the admittance of the leakage. This is the electrical
conductivity of the soil/water in the leakage;

® Yms is the electrical conductivity and capacitance
between the central electrode and the soil around the
leakage in the vicinity of the pipe;

e Y, is the admittance of the soil between the leakage and
the deeper soil layers around the pipe. This is the electrical
conductivity of the soil between the leakage and the soil
further away from the leakage;

e Yld and Yrd are respectively the electrical conductivity and
the capacitance between the outer left or the outer right
electrode and the soil further away from the area around
the leakage in the pipe;

® Yds is the electrical conductivity in the soil layers further
away from the leakage in series with the grounding pin
connected to the return of the generator;

e Yia is the input admittance of the voltage follower.

The admittance of the leakage (Yh) is of main interest
because it holds potential information on the leakage dimen-
sions. To uniquely identify the admittance of the leakage, the
characteristics of all other components should either be
known to a certain degree of accuracy and precision or they
should a priori be known to have a negligible influence on the
measuring result. In practice however, several of these com-
ponents are unknown. Hence, strictly mathematical speaking,
the model equations cannot be solved for the unknown
admittance of the leakage. Consequently, relaxation of the
demand on the required information will result in
a systematic error in the estimate of the admittance of the
leakage and the derived properties such as the leakage area.
To which extent this is so, also depends on the contribution of
the different components to the measured current. To quan-
tify this, research as described in the following sections is
performed.

Materials

Experimental set-up

The experimental set-up comprises 4 main components:
a polyethylene (PE) tank containing sand, a PVC sewer pipe
filled with water, a moving platform to vary the position of the
probe in the pipe and a geo-electrical measurement system.

Sand filled tank. The PE tank is filled with a layer of gravel and
a layer of sand separated by geotextile. The gravel embeds
a drainage construction, referred to as the bottom layer while
the top layer consists of sand typically used as filling material at
sewer constructions. The water level of the main tank is con-
trolled, allowing to mimic different groundwater levels. The
ground temperature, water level, water temperature and
water conductivity are monitored separately. A schematic over-
view and the layout of the experimental set-up are presented in
Figures 3 and 4.

PVC sewer pipe. A PVC pipe (external @ 20 cm, wall thickness
0.5 cm, length 196 cm) is installed horizontally in the main tank.
The crown of the pipe is removed to allow access for measure-
ments. At the bottom of the pipe a leakage is created with the
geometry of a circular hole (@ 1 cm). The water depth in the
pipe is kept constant; water is added continuously with
a controlled pump to compensate for the leakage. Abundant
water will return to the water tank via an overflow construction.
The water depth in the sewer pipe, water temperature and
conductivity are measured at the start of and after finalizing
an experimental run.

Moving platform. A moving platform is placed on top of the
tank to move the probe aligned through the pipe. The probe is
placed in a suspension construction to alter the vertical
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1 Moving platform

2 Suspension construction
3 Main tank

4 Transparent PVC pipe

5 Water tank with pump

6 Flow control

Figure 4. An overview of the experimental set-up.

1 Central measurement unit

2 Electrode inside the pipe (@ 1 cm)

3 Electrode outside the pipe (J 1 cm)
4 Electrode in the sand layer (1 x 1 cm)
5 Grounding pin

6 Probe

Figure 5. The electrodes in the measuring set-up.
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Table 1. The electrode pairs used in the experimental set-up to determine
admittances.

Electrode Input model

pair® Parameters obtained component

2+6 Current, resistance and capacitance between the  Ymh, Yih, Yrh
probe and the leakage

3+5 Current, resistance and capacitance of the soil Yds
between the leakage and the grounding pin

5+6 Current, resistance and capacitance between the Total
probe and the grounding pin

4+5 Current between the electrode in the sand layer -

and the grounding pin (soil bulk current)

*see Figure 5.

position of the probe, see Figure 3. The speed (max 7.5 cm/s)
and the horizontal position of the probe is controlled and
recorded.

Geo-electrical measurement system. The geo-electrical mea-
surement system contains two main parts: (1) a central unit to
measure the current between (2) a pair of stainless-steel elec-
trodes. The central unit consists of a function generator and
a shunt resistor to measure the electrical current between two
electrodes. To this end the obtained voltage across the resistor
is amplified and recorded. Different electrode pairs can be
mounted to the central unit to determine different admittances
(see Figure 5 and Table 1). Only one pair of electrodes can be
mounted to the system at a time. Consequently, the resistance
and capacitance of each individual admittance is measured
separately and not simultaneously. This also applies to the
components Ymh (the admittance between the central elec-
trode and the leakage), Y/h and Yrh (the admittance between
the outer electrodes and the leakage). Depending on the com-
ponent, the current flow at one of the electrodes of probe is
measured and the voltage follower is connected to the other
electrodes of the probe.

The design of the probe electrodes is based on literature
(e.g. Martel, Feeney, and Tuccillo 2011). The used probe consists
of three cylindrical shaped electrodes (diameter 7 cm) aligned
in a mutual axis being isolated by plastic compartments (max-
imum diameter 7.5 cm). The outer electrodes have a length of
24.7 cm, while the central has a length of 6.5 cm.

Data acquisition
The equipment is directly connected to a data acquisition
system: a computer-controlled A-D Converter to ensure
synchronisation.

Laboratory experiments

The laboratory experiments have been done at 21 measure-
ment geometries. These geometries are selected based on
preliminary experiments in which controllable parameters
were changed to assess the sensitivity of the results.
Subsequently, the parameters for which the results were rela-
tively sensitive have been varied in the measurement geome-
tries. While the controlled speed of the probe was fixed at
5.0 cm/s for each experiment, the vertical distance of the
bottom of the probe with respect to the leakage location has
been tested at 7 different heights (0.015 m - 0.075 m). The

water depth in the sewer pipe remained constant at 0.11 m and
the water level in the main tank varied between 32 and 33 cm
below surface level to simulate exfiltration conditions. Given
the stable pressure difference and the fixed dimensions of the
leakage, the leak discharge is assumed to be constant and was
approximately 1.9 I/min. The horizontal distance of the ground-
ing pin with respect to the leakage location has been tested at
7 distances (0.2 m - 0.8 m) perpendicular to the pipe. The latter
experiments were performed with the grounding pin at two
different depths (0.3 and 0.5 m), respectively above and also
partly below the groundwater level. An overview of the mea-
surement geometries applied is presented in Appendix B.

In each measurement geometry, the admittances between
the electrodes of the probe and the leakage (Ymh, YIh and
Yrh) are measured separately. The admittances between the
electrodes of the probe and the surrounding soil (Yls, Yms
and Yrs) are a combination of the admittance of the water,
the pipe wall and the surrounding soil. While the impedance
of the water and the soil will likely be in the order of 0.1-
1 kQ, the impedance of the PVC-pipe wall will likely be >
10"° Q. These impedances are in parallel with the impedance
of the leakage in the pipe wall which is expected to be in the
order of 1-2 kQ. Consequently, when the probe is at the
leakage location, the contribution of the admittances includ-
ing the pipe wall are expected to be negligible and therefore
these are not taken into consideration in the experiments.
The admittances between the central and the outer electro-
des (Yrm and YIm) are not considered in the experiments
either: the potential of the electrodes remains the same by
the voltage follower implying there is no current between
the electrodes. The admittances between the leakage and the
grounding pin (Ys and Yds) are jointly measured in each
measurement geometry and named Yds. The model is
adapted to the given situation.

Methods

Electrical current

The measurements are performed with an alternating current
(AC) to prevent a charge build-up at the electrode/medium
interface (i.e. polarisation).

The selection of the frequency of the alternating current
depends on the conductivity and capacitance of the medium
between the electrodes and other (unknown) parasitic capaci-
tances. In this study the measurements are performed at an AC
frequency of 400 Hz. This proved to be workable trade-off to
decrease the contribution of the contact serial capacitance to
a level of insignificance on one hand, and minimising
unwanted parasitic effects on the other hand.

Data processing
The data processing consists out of four main steps. These steps
are implemented in Matlab © (2019b) scripts.

Step 1 - Amplitude and phase shift. In the first step, the
recorded time series are divided into subsections; a time win-
dow k with each holding N data points.



In each time window k, frequency, amplitude and phase of
the applied potential difference over the function generator are
determined with a standard build in Matlab® (2019b) function
(nlinfit; a nonlinear least-squares solver). In parallel, the ampli-
tude and the phase shift of the measured potential difference
across the shunt resistor are determined using a discrete
Fourier analysis (e.g. Spiegel 1974).

Step 2 - Current, resistance and capacitance. In the second
step, the current and subsequently the resistance and capaci-
tance are determined. To do so, the electrical circuit as shown
in Figure 6 is considered. The potential difference over the
signal generator (V) and the potential difference (V;;) across
the shunt resistor (Ry) are measured. Due to the selected
resistance of the shunt resistor, the influence of the parallel
capacitance Cy is reduced into an order so that it can be
neglected. The occurring phase difference is represented by ¢,.
Zy is the known impedance of the shunt resistor. Ry; and Cy;
are the unknown resistance and the capacitance of the impe-
dance (Zy) between the two electrodes.

Using the impedance of this electrical circuit, the unknown
capacitance of the medium Cy; is given by Equation (1). The
unknown resistance (Ry;) is in parallel with the resistance of the
voltage follower (R;4). The unknown resistance of the medium
(Rx7) is given by Equation (2) and the total resistance (R,) is
given by Equation (3) for stationary conditions.

\/v,ang,, +2V2R, R+ V2R — V2R2,

RRuw /V2 — V2

_ Ry - Ria
Ria — Ry

Ca =

Rx1 (2)

. <Rm V3 —Roy V2V K3+ tan?(@;) - R - V3 — ko + tan?(¢) - Ry - V2 - vm)
=
K

3

Where:
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Ky =tan*(¢,) - Vo — V2 - Vin +V;,

Ky = Rm - Vg - V2 - \/tan?(¢,) + 1

Kz = Rp - V3 - \/tan?(¢,) + 1

Step 3 - Uncertainty propagation. In the third step the 95%
confidence interval for the output parameters is calculated using
the Monte Carlo method. In sampling, the probability distributions
and the known mutual correlations between the parameters are
accounted for. In the Monte Carlo process stable results of the
mean, standard deviation and skewness of the parameter output
distribution are obtained between 30.000 and 50.000. Therefore,
a sample of 100.000 is used throughout this study.

Step 4 — Data and image export. In the final step, for each
time window k, the output data is stored and plotted against
the average distance (dy) or average time (ty).

Electrical resistance of leakage

With conductive media such as (waste) water and a sand/water
mixture, the capacitance is negligible and the resistance deter-
mines the electrical current. Hence, if the admittance of the leak-
age is known, the electrical resistance of the leakage can be
determined.

Given the measurements of the individual resistances and the
measured current between the central electrode and the ground-
ing pin, the model equations are solved to quantify the electrical
resistance of the leakage (Rhc). The model is calibrated at a fixed
position in the sewer pipe; the central electrode of the probe is
directly above (1) the leakage or (2) above the adjacent electrode
inside the sewer pipe. In doing so, each individual component is
represented by only one data point in the model input.

In parallel, a reference electrical resistance of the leakage
(Rhr) is determined given the dimensions and resistivity of the
water filling the leakage. For the latter, the dimensions of the
leakage, the specific conductivity and the temperature mea-
sured in the PVC sewer pipe are used.

The 95% confidence intervals for Rhc and Rhr are quantified in
line with the procedure described at step 3 of the data processing.

Electrode 1

Rx1 § cx1 T

GND

Ria

Electrode 2

Figure 6. The electrical circuit with impedances in the experimental set-up.
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Figure 7. The current and phase angle measured at Total (a). The resistance and capacitance measured at Total (b). The probe moves in a horizontal direction and is

fixed at a vertical position of 0.045 m above the leakage.

Results
Model components

Figure 7(a) presents the measured current and the phase angle
between the central electrode of the probe and the grounding
pin (Total). While the current increases towards the location of
the leak, the phase angle decreases to a minimum at the
location of the leak. In Figure 7(b) the resistance and the
capacitance are shown. Although the capacitance increases
towards the leakage location, the capacitive current is less
dominant and becomes negligible at the leakage location.
The results of the individual in-pipe components, the impe-
dances between the electrodes of the probe and the leakage
in the pipe wall (Ymh, Ylh, Yrh) show that a similar reasoning is
applicable.

In Figure 8(a,b) the measured currents for Ymh and Ylh are
presented at different vertical distances between the probe
bottom and the leakage. At a vertical distance of 0.055 m and
0.075 m the probe is only partly submerged. A ‘diffusion’ like

change in the current-position diagram is observed.
Consequently, the properties of the peak: the prominence
and the width change.

In Figure 9 the total resistance (Total) and the resistance of
the different components at the location of the leakage are
presented at measurement geometry 1 to 7. The vertical posi-
tion of the probe is projected on the x-axis. With increasing
vertical distance, an increase in resistance can be observed
between the central electrode and the leakage (Ymh) and in
the total resistance between the central electrode and the
grounding pin (Total) while the resistance between the outer
electrodes and the leakage (Y/h and Yrh) decreases. The resis-
tance between the leakage and the grounding pin (Yds)
remains constant.

Figure 10 presents the total resistance and the resistance of
the different components at the location of the leakage at
different distances of the grounding pin to the leakage (mea-
surement geometry 8 to 14). The grounding pin is above the
groundwater level. With increasing distance, an increase in
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Figure 8. The current at Ymh (a) and Ylh (b) measured at different vertical distances of the probe with respect to the leakage at the bottom.
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Figure 11. The calibrated electrical resistance of the leakage (Rhc) and the reference electrical resistance of the leakage (Rhr) at the measurement geometries.

resistance can be observed between the leakage and the
grounding pin (Yds) and in the resistance between the central
electrode of the probe and the grounding pin (Total). This
while the resistances between the three electrodes of the
probe and the leakage (Ymh, Ylh and Yrh) remain almost
constant.

The results of the components at an intrusion depth of the
grounding pin of 30 cm are largely similar to the results of the
components at an intrusion depth of 50 cm (measurement
geometry 15 to 21). The main differences are the reduction of
resistance Yds (70-100 Q) and the reduction of Total (110-
150 Q).

Resistance of the leakage

In Figure 11 the results of the calibrated electrical resistance of
the leakage (Rhc) and the reference electrical resistance of the
leakage (Rhr) are presented at the 21 measurement geometries.
The difference between the two estimates of the electrical
resistances of the leakages (Rhc and Rhr) ranges between 148
and 196 Q (Pearson’s p= 0.71).

Discussion
Electrical current

Logically, the measured current is at its highest at the leakage
location. This observation is line with literature (e.g. Wolf 2003).

The shape of the current-position diagram is of main inter-
est for the relationship between the increase in current and
leakage quantification. With respect to the validity of the
leakage quantification assumptions, it is required that the
measured current at the leakage location only depends on
the dimensions of the leakage. This has not been observed in
the results of the experiments. Although not explicitly inves-
tigated, a clear dependency between the leak discharge and
the measured current has also not been observed. It is

demonstrated that the shape of the current-position diagram,
and the current at the leakage location, also depends on the
vertical distance between the probe bottom and the leakage
in the pipe wall. Thus, while the dimensions and discharge of
the leakage remain constant, this study demonstrates that
a smaller vertical distance to the leak results in an increased
current between the central electrode and the grounding pin
and a sharper peak in the current-position diagram. As
expected, this is the result of the difference in the vertical
distance of the probe and the interplay of the central and the
outer electrodes near the leakage. If the central electrode is at
the location of the leakage and the vertical distance is
reduced, the resistances and their ratio will change.
Therefore, the ratio of the electrical current between the
different electrodes of the probe and the leakage will also
change, this is also illustrated Figure 12.

If the central electrode is further away from the leakage and
the vertical distance decreases, the current between the central
electrode and the leakage reduces. As a result, the width of the
peak in the current-position diagram decreases when the vertical
distance between the probe and the leakage reduces. According
to ASTM (2018) the apparatus manufacturer should be consulted
regarding the relationship between the measured current and
the pipe leak size and its classification. To the authors’ knowl-
edge this information is not publicly available and/or known to
have been validated. Regrettably the main findings of this
research could not be validated with data from other parties.

Resistance and capacitance

The resistance reaches a minimum at the leakage location
while the capacitance is close to its maximum at the same
location. A deviation (~2 ¢cm) in the position of the maximum
capacitance is observed, this is likely caused by inhomogene-
ities. This has not been investigated any further since the
contribution of the capacitance is deemed to be negligible.
Local inhomogeneities, due to for example void formation,
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1 Vertical position of the probe

Figure 12. An indication of the electrical current between the electrodes of the probe and the leakage. The dashed lines indicate the main direction and the order of
magnitude of the electrical current between the different electrodes of the probe and the leakage. If the vertical position of the probe is reduced (1b); the ratio
between the resistances will change since the decrease in distance between the central electrode and the leakage is larger than the decrease in distance between the

outer electrodes and the leakage.

and small differences in the physical contact between the
grounding pin and the surrounding soil are expected to be
responsible for small deviations as well. These deviations can
be seen in the linear increase in the resistance with the
increasing horizontal distance of the grounding pin to the
leakage. When the intrusion depth of the grounding pin is
increased, the change in resistance between the leakage and
the grounding pin (Yds) and the resistance between the probe
and the grounding pin (Total) show a deviation. This is rather
unexpected since other parameters remain constant. The
exact origin of this difference has not been investigated any
further, but local conditions around the leak, such as piping
and void formation, are likely to contribute to this. These
conditions and inhomogeneities cannot be prevented, even
under laboratory conditions.

Electrical resistance of the leakage

As expected, a systematic error in the quantification of the
electrical resistance of the leakage is observed. Logically,
the largest errors can be observed if the resistance between
the probe and the grounding pin is assumed to represent
the electrical resistance of the leakage. The resistance
between the probe and the grounding pin is a factor 3.0-
6.5 times higher as the estimated reference electrical resis-
tance of the leakage at the investigated geometries. This
error reduces if more information is included in the estimate
of the electrical resistance of the leakage. For example, if
the resistance of the soil (Yds) is included in the estimate,

the ratio between the obtained resistance of the leakage
and the estimated reference electrical resistance of the
leakage (Rhr) ranges between 2.0 and 5.5. If the resistances
between the electrodes of the probe and the leakage (Ymh,
Ylh and Yrh) are also included, the ratio between Rhc and
Rhr decreases to 1.1.

The remaining difference between the calibrated electrical
resistance of the leakage (Rhc) and the estimated reference resis-
tance of the leakage (Rhr) is likely due to a combination of factors:

e The presence of parasitic capacitances in the experimen-
tal set up and the resulting electrical currents are unavoid-
able. These affect the accuracy of the measurement
system. Despite efforts made to reduce the parasitic cur-
rents, they are likely to contribute to the observed
difference.

e Changes in the conductivity at the leakage location due to
flowing water in the leakage itself could affect the elec-
trical resistance of the leakage. This process cannot be
measured with the experimental set-up.

e Conditions at the leakage itself are different from the con-
ditions at the adjacent electrode in the soil or water. This is
due to the possible inhomogeneity of the sand/water mix-
ture and the possible local temperature differences.

Conclusions

This study aims at validating the required assumptions to
quantify leakage with a geo-electrical measurement system.
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In total 21 measurement geometries are tested in the experi-
mental set-up. In the experimental set-up the capacitive cur-
rent at the leakage location is negligible and the maximum
current is observed at the leakage location. Depending on the
horizontal and vertical position of the probe or the grounding
pin, the width and height of the peak in the current-position
diagram varies. Additional research is needed to investigate the
transferability of the results between different leakage sizes
and pipe diameters.

This study demonstrates that the mobile geo-electrical mea-
surement system can detect and accurately locate potential
leakages. However, the authors believe that this method in its
current application is not suitable to reliably quantify leakage
dimensions and/or leakage rates. The results presented in this
study do not support the assumption that a change in the
current due to a leakage in the pipe is uniquely attributable to
the electrical resistance of the leakage. Although not explicitly
investigated, the results of this research do not suggest a clear
dependency between the measured current and the leak dis-
charge. As indicated by the results; next to the leakage, the
water surrounding the probe and the interplay between the
central and outer electrodes and the resistance of the soil
surrounding the pipe has shown to influence the measured
current at the leakage location as well. Consequently,
a systematic error is introduced if these components are
ignored. The results of the lab set-up demonstrate that the
electrical resistance of the leakage is overestimated by a factor
of 3.0 to 6.5 at the investigated geometries. Hence, the leakage
dimensions are significantly underestimated. Although experi-
ments have been performed at exfiltration conditions only, the
authors cannot think of any reason why these findings would
not also be valid for infiltrating conditions.

The required additional data to reduce the systematic error is
often unknown and/or difficult to obtain in practice. Moreover,
to quantify the leakage solely with data from the geo-electrical
system, a clear relation between the measured current and the
leakage’s size and/or discharge must be available. This study
shows that the measured current and the resistance is influenced
by the distance and depth of the grounding pin and the distance
between the probe and the leakage. Leakage dimensions and
discharge, however, remain constant. Hence, the required
assumptions with respect to the leakage quantification are not
easily met, making leakage quantification with the mobile geo-
electrical measurement in sewer systems a challenging subject.
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Appendices
Appendix A. Model equations

Model equations and background information are presented in this appendix.

Complex impedance and admittance
Each of the complex impedances (2) of the electrical circuit is a sum of a real part (Resistance, R) and an imaginary part (Reactance, jX). In general, the
complex impedances (2) are expressed by equation A.1 in which j is the imaginary unit (-).

Z=R+jX (A1)
The reactance of a capacitor is expressed by equation A.2, in which C is the capacitance and w is the radial frequency.

X = (A.2)

1
w-C

In the electrical circuit both the resistance and the parallel capacitance of each component are taken into account. Because of the use of admittances (Y,
equation A.3), the reciprocal of impedances is more convenient to use. The general form of the admittance with a resistor (Yres) in parallel with a capacitor

(Ycap) can be expressed by equation A.4.

__1 (A3)

1 . (U) N Rxx : Cxx)2 + 1
Yix = Yres + Ycap = F +/w- Cu = R— (A.4)
XX XX

Node equations full model

For each node in the electrical circuit (N, N, NyNy) a Kirchhoff equation can be written. All currents flow into the nodes. Using Ohm’s law, writing the
currents as functions of the node voltages (V,,Vp, V,, V) and the admittances, the equations are given by equation A.5 to A.8.

Node Nd:

YS'VS_YS'Vd+Y/d'Vm_Y/d'vd+Yds'oa_Yds'vd+Yrd'Vm_ rd'Vd:() (AS)

Node Ns:
Yh'Vh_Yh‘Vs+Yms'Vm_Yms'Vs+Ys'Vd_Ys'Vs:0 (A~6)

Node Nh:
Yo - Vin =Yoo Vo + Y - Vo =Y - Vo + Y - Vs = Yo - Vo +Yip - Vip = Vi - Vp =0 (A7)

Node Nm:

Ymm'Vg*Ymm'Vm+Ylm'Vm*Ylm'Vm‘FYms'Vs*Yms'Vm‘i’
Ymh‘Vh*Ymh'vm+Yrm‘Vm*Yrm‘vm+yla'oafvm‘yfa:0
Solving this system of equations (A5 to A.8) for V,V,V,Vys results in respectively equation A9, A.10, A11 and A.12.

(A.8)

V, = Vg - Ymm (A.9)

Yy T
vt Yo <Y1h+Ymh+th +hT—21)
. Tms 11
Yia + Ymh + Yimm + Yms T Yo +Yin+Ymn+Yin

Where:

_ Yo - (Yin + Ymn -+ Yen) s (Yig + Yra)
T1 - Yms +
Yo+ Y +Yon +Ym  Yas+Yig+Yg+ Vs
Yh y:
Yo+ Y +Yon +Ym  Yas+Yig+ Y+ Vs

To=Yh+VYms + Vs —

VoY + Vin'Ys (Yia+Yrd) | Vin Yo (Yin+Ymn+Yem)
_ m ms Yas+Yia+Yra+Ys Yo+Yin+Ymh+Ym (A .IO)
= 72 v .
— h _ s
Yh + Yms + Ys Yo +Yi+Ymh+Ym Yas+Yia+Yra+Ys

Vs

Vm Ys(Yig+Yrg) | Vm Y (Vi +Ymn+Yem)
YastYid+Yra+s ' YtV mh+Vim

Yh (Vm‘Yms f
Vin(Yin + Y + Yin) + 7 v

Yh+Yms+Ys YthVlh*C

mh+yrh YdS+V/dind+VS
(A.11)
Yo+ Y+ Ymn + Y

vy — Vin(Vig + Yra) + Vs - Vs (A.12)
Yas +Yig + Yig + Vs

Vh =

Subsequently, the measured current can be written as:

Im= (Vg = Vi) - Yoom (A.13)

2Ground
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The laboratory experiments have been done at 21 measurement geometries. Detailed information of each geometry is presented in Table B1.

Table B1. Measurement geometries.

Geometry (Nr.) Vertical distance bottom probe-leakage (m) Depth grounding pin (m) Horizontal distance grounding pin - leakage (m)
1 0.035 0.30 0.500
2 0.025 0.30 0.500
3 0.015 0.30 0.500
4 0.045 0.30 0.500
5 0.055 0.30 0.500
6 0.065 0.30 0.500
7 0.075 0.30 0.500
8 0.035 0.30 0.500
9 0.035 0.30 0.650
10 0.035 0.30 0.350
1 0.035 0.30 0.800
12 0.035 0.30 0.200
13 0.035 0.30 0.425
14 0.035 0.30 0.575
15 0.035 0.50 0.500
16 0.035 0.50 0.650
17 0.035 0.50 0.350
18 0.035 0.50 0.800
19 0.035 0.50 0.200
20 0.035 0.50 0.425
21 0.035 0.50 0.575
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