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ABSTRACT

During an induced polarization survey, both electrical conductivity and chargeability can be imaged. Recent petrophysical models have been developed to provide a
consistent picture of these two parameters in terms of water and clay contents of soils. We test the ability of this method at a test site in which a controlled artificial
leakage can be generated in an embankment surrounding an experimental basin. 3D tomography of the conductivity and normalized chargeability are performed
during such a controlled leakage. Conductivity and induced polarization measurements were also performed on a core sample from the site. The sample was also
characterized in terms of porosity and cation exchange capacity. Combining the 3D survey and these laboratory measurements, a 3D tomogram of the relative
variation in water content (before leakage and during leakage) was estimated. It clearly exhibits the ground water flow path through the embankment from the outlet
of the tube used to generate the leak to the bottom of the embankment. In addition, a self-potential survey was performed over the zone of leakage. This survey
evidences also the projection of the ground water flow path over the ground surface. Both methods are found to provide a consistent picture. A 2.5D time lapse
tomography of the electrical conductivity and normalized chargeability was also performed and evidences the position of the preferential flow paths below the
profile. These results confirm the ability and efficiency of induced polarization to provide reliable information pertaining to the detection of leakages in dams and

embankments.

1. Introduction

Embankment dams and dikes can be weakened by internal erosion
and suffusion phenomena due to preferential flow paths and this on-
going weakening can cause their failure (e.g., Foster et al., 2000; Peyras
et al., 2008). Early warning associated with the concentration of flow
paths in an embankment is therefore an important task to prevent its
failure. On one hand, traditional geotechnical technics (e.g., cone pe-
netration test and/or standard penetration tests) have limitations re-
lated to cost-effectiveness and the perturbation on the structures
themselves (e.g., Fauchard and Mériaux, 2007; Cardarelli et al., 2014).
Temperature measurements using fiber optics can be used to evaluate
leakages (Beck et al., 2010; Khan et al., 2014), but such approaches are
unfortunately intrusive. On the other hand, geophysical methods can
provide fast and non-intrusive 3D and 4D tomograms of leakages using
a variety of techniques (e.g., Rittgers et al., 2013; Ikard et al., 2015).

Different geophysical methods can be used to detect preferential
flow paths in embankment dams and dikes including ground pene-
trating radar, passive and active seismic methods (Himi et al., 2018),
and geoelectrical (galvanometric) methods including the self-potential
method (Al-Saigh et al., 1994) and electrical conductivity and induced
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polarization methods (e.g., Martinez-Moreno et al., 2018). Ground Pe-
netrating Radar (GPR) constitutes a fast and reliable method for shallow
investigations. However, the so-called skin depth of GPR (i.e., the depth
of penetration of the electromagnetic waves at a given frequency) can
be very small in conductive media, such as, for instance, in presence of
clays (Di Prinzio et al., 2010). Geoelectrical (galvanometric) methods
(electrical conductivity, induced polarization, and self-potential) do not
suffer such a limitation (Mendonca, 2008). A detailed description of the
electrical conductivity and induced polarization method can be found
for instance in Binley and Kemna (2005) and Revil et al. (2012). In the
case of dikes and dams, electrical conductivity tomography is known to
provide important information for the assessment of preferential flow
paths (Perri et al., 2014; Cardarelli et al., 2014; Fargier et al., 2014).
However electrical conductivity tomography is related to the water
content and not to the flow of the ground water. In addition, electrical
conductivity can be hardly used as a stand-alone technique. Indeed, two
contributions control the electrical conductivity of porous soils. One
associated with the conduction in the bulk pore space and one asso-
ciated with conduction in the electrical double layer coating the surface
of the grains. This second contribution is called surface conductivity
and is especially strong in clay-rich materials and/or at low pore water
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Fig. 1. Time-domain induced polarization data. (a) The primary
current injected in the ground between electrodes A and B cor-
responds to a box signal of period T. The potential difference
between the voltage electrodes M and N is the sum of a primary
voltage y.. and a secondary voltage yo—y... Once the primary
current is shut down (for t > 0), only the secondary voltage
persists, decaying over time while the charge carriers are coming
back to their equilibrium position. This decaying secondary vol-
tage is measured into windows (W;, Wy, etc.) separated by
characteristic times (to, t, ts, ...). The partial chargeabilities are
determined for each of these windows by integrating the sec-
ondary voltage over time. T,, and Tog denote the time of current
injection and time for potential decay measurement, respectively.

‘ ot The time t, is a delay time before starting the partial chargeability
! measurement (dead time). (b) Spatial configuration for the in-
s duced polarization measurements. We used two sets of 32 elec-
} t, Time trodes for the current and voltage electrodes. These two sets are
T 0 located on two distinct cables to minimize spurious electro-
Current: > > magnetic effects and electrode polarization effects. The numbers 1
Ton Toff to 64 correspond to the labels of the electrodes in the protocol.
b. Spatial configuration
33 A Current cable B 64
L L
32 - Voltage cable 1

Zn
z

Resistivity meter

salinity even for clean sands (Revil et al., 2014). Electrical conductivity
tomography cannot be used to separate the bulk conductivity from the
surface conductivity. This point is crucial as discussed below since bulk
and surface conductivities have very different dependencies with the
pore water content. Induced polarization can be used to separate the
two contributions of electrical conductivity. Before discussing induced
polarization in more details, it is worth mentioning another technique
called magneto-resistivity, which can be used to track preferential flow
paths as discussed in details in Jessop et al. (2018). Another method,
directly related to the flow of the ground water, is the self-potential
technique (Lapenna et al., 2000; Boléve et al., 2009; Revil et al., 2005).
This method is a passive geoelectrical method in which the flow of
water generates its own source current distribution, the streaming
current, which in turn generates an electrical potential anomaly at the
ground surface. This electrical potential anomaly can be sampled at the
ground surface with a pair of non-polarizing electrodes (one used as a
reference) and high input-impedance voltmeter. This method has been
broadly used for the detection of seepages in embankments (e.g.,
Nzumotcha-Tchoumkam et al., 2010). However other sources of current
exist in the subsurface (e.g., associated with the corrosion of metallic
bars and ores, Mendonca, 2008) and can make the interpretation of self-
potential signals more difficult (Revil et al., 2012).

We are interested to use the induced polarization method to detect
leaks. Induced polarization measures the ability of rocks and soils to
store reversibly electrical charges under the influence of an external
electrical field and the relaxation time required by these charges to
come back to equilibrium once the applied electrical field is suppressed.
Induced polarization has a very long history in geophysics with early
development done for ore body prospection (Vinegar and Waxman,
1984; Titov et al., 2010). Great progresses have been recently done
regarding the underlying petrophysics of induced polarization and a
model called the dynamic Stern layer polarization model seems to ex-
plain laboratory data for a broad range of porous media and environ-
mental conditions (see details in Revil and Florsch, 2010; Revil, 2013).
In parallel, Soueid Ahmed et al. (2018) recently developed an inversion
code (ECT-3D) to invert electrical conductivity tomography with com-
plex topography. This work was completed by Soueid Ahmed and Revil
(2018) who developed a 3D joint inversion package for electrical

90

conductivity and induced polarization tomography.

In this paper, we develop a field experiment over an experimental
basin using induced polarization tomography. The aim of this study is
to provide a way to analyze the advantage of using induced polarization
to detect leaks in such infrastructures. The key questions we address are
the following (1) Can we use a time-lapse induced polarization survey
to determine soil moisture changes associated with an ongoing leakage?
(2) Can we combine induced polarization tomography and the dynamic
Stern layer model to image the change of the water content in an em-
bankment?

2. Induced polarization
2.1. Principle of the measurements

Induced polarization investigates the ability of porous materials to
store reversibly electric charges under the action of an external (pri-
mary) electrical field (Vinegar and Waxman, 1984). Induced polariza-
tion measurements can be performed in time-domain or frequency
domain (the so-called spectral induced polarization method). In time-
domain induced polarization, we measure the secondary voltage decay
after the primary current (and primary electrical field) is shut down
(Fig. 1). In frequency-domain induced polarization, the amplitude of
the electrical field and current and their phase shift are used to obtain a
frequency-dependent impedance, which is, in turn, converted into a
complex conductivity using a geometrical factor that depends on the
geometry of the electrode array and boundary conditions. The real part
(in-phase component) of this complex conductivity denotes the ability
of a porous material to conduct current and is therefore associated with
the electro-migration of the charge carriers. The imaginary part
(quadrature component) corresponds stricto sensu to the polarization of
the material, i.e. to the ability of the material to store reversibly elec-
trical charges under the action of the primary (applied) electrical filed
(Titov et al., 2010; Revil and Florsch, 2010).

The concept being time-domain induced polarization data is sket-
ched in Fig. 1. A box current is injected between two electrodes A and B
with a period T. The resulting electrical potential distribution is sam-
pled between two electrodes M and N. When the primary current is shut
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down, the secondary current decays over time (Fig. 1). This decay ex-
presses the fact that the stored electrical charges comes back to their
statistical equilibrium position by electro-diffusion. The secondary
voltage decay can be densely sampled in order to perform full wave-
form inversion. That said, when we are simply interested to image the
chargeability, it is enough to sample the voltage curve over a series of
windows (typically 10 windows are enough) Then, the polarization
data are formed by partial (apparent) chargeabilities (expressed in ms).
These partial chargeabilities M; are obtained by integrating the sec-
ondary voltage decay between times t; and t;,; (t = 0's corresponds to
the time of the shutdown of the primary current, Fig. 1)

1 li+1
M, = — t)dt.
0

In Eq. (1), wo denote the potential difference between the electrodes
M and N just before the shutdown of the primary current, y(t) denote
the secondary voltage decay curve (Fig. la), t;+1 — t; indicates the
duration of the window Wi (typically 100 ms). During the acquisition, it
is recommended to separate the cables for the current injection and the
voltage measurements (see Fig. 1b and Dahlin and Leroux, 2012). Such
procedure minimizes two spurious effects. The first is related to elec-
tromagnetics capacitive and inductive couplings between the wires. The
second is related to electrode polarization that prevents the current
electrodes to be used as voltage electrodes for a certain amount of times
(typically up to few minutes).

(€Y

2.2. Forward and inverse modeling

In this section; we briefly recall the governing equations for the
forward and inverse modeling performed in the present study. Readers
can refer to Soueid Ahmed et al. (2018) for more details about the
forward and inverse schemes used in Section 3 below. Generally
speaking, the forward problem involves solving the following elliptic
partial differential equation for the electric potential y (V):

— V. (cVY) = 7, )

where o(Sm 1) denotes the electrical conductivity of the medium, and
3 represents a volumetric source current term (A m ™~ 2). In our case this
term is given by the current injection at a given set of electrodes (ty-
pically the current I is injected at electrode A and retrieved at electrode
B). Eq. (2) is used to compute the forward response of the medium (i.e.,
apparent or measured resistance and apparent or measured charge-
ability) as follows:

_ A
Ra=— ®)
w, — RO =) - %)

R (1 - M)) ()]

where R, (in Ohm) is the (apparent) resistance, Ay (in V) is the elec-
trical potential difference between two voltage electrodes M and N, and
M,(—) is the apparent chargeability, R is the forward operator defined
in Eq. (2) and M () is the intrinsic chargeability of the medium.

These quantities (i.e., R, and M,) can be used as input data in an
inverse problem to obtain the spatial heterogeneities of the intrinsic
parameters of the medium, i.e., the electrical conductivity and the
chargeability distributions. All the unknowns can be collected in a
model vector m. That said, we decoupled the conductivity and char-
geability inverse problem by solving first the conductivity problem and
then the chargeability problem. Solving such inverse problems can be
formulated as an optimization in which a cost function is minimized.
This cost function is written as the weighted sum of a data misfit term
and a regularization term. The optimal solution could be found by using
an iterative procedure. The inversion procedure we use below is dis-
cussed in Appendix A.
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2.3. The dynamic Stern layer model

In order to interpret induced polarization tomograms, we need to
describe a fundamental model developed in the past decade and called
the dynamic Stern layer model (e.g., Revil, 2013). This model implies
that most of the observed polarization in a metal-free porous material is
due to the polarization of the Stern layer coating the surface of the
grains. This Stern layer forms the inner part of the electrical double
layer (the external part being the Gouy-Chapman diffuse layer). Con-
sidering that an external harmonic electric field E = Eq exp (+iwt) is
applied to a porous material (the so-called primary field), the complex
conductivity of the porous rock can be written as (Revil et al., 2017b)

h(T)

Wd‘[ + lWEy.

0

c*(w) = 0 — M, /

0 5)

The quantity @ denotes the pulsation frequency (expressed in rad

s™1), ¢.. is the permittivity of the material (in F m '), z is a relaxation

time (in s), and h(z) denotes a (normalized) probability density for

distribution of the time constants of the porous media. The normalized
chargeability of the porous material is defined by,

(6)

where 0.. (Sm™1) defined the instantaneous conductivity of the ma-
terial. This corresponds to the conductivity just after the application of
the external (primary) electrical field. In this situation, all the charge
carriers are mobile (see Fig. 2 in Revil et al., 2017a). The quantity gy
(Sm™1) defined the DC (Direct Current, i.e. steady-state) conductivity
of the porous material. The DC conductivity is necessarily smaller than
the instantaneous conductivity since the charges responsible for the
polarization are not available anymore for the conduction process.
Revil (2013) obtained the following expressions of the high and low
frequency conductivities,

M, = 0 — Op,

oo = W + (S‘”H),o BCEC
T F "\ Fp )t ' %)
o="0 ("), 8- 2)cEC
TET R ) ' ®
Eq. (7) to (8) leads to,

swn—l
M, = pgl CEC.

Fg )

The chargeability (a dimensionless quantity often expressed, how-
ever, in mV/V) is defined by M = M,,/0.. = (0.. — 0p)/0... In these
equations, F (dimensionless) denotes the intrinsic formation factor re-
lated to the porosity ¢ (dimensionless) by the first Archie's law F = ¢™,
m (dimensionless) is called the first Archie exponent or porosity ex-
ponent (Archie, 1942), n (dimensionless) is called the saturation ex-
ponent (dimensionless) and typically m = n = 2, s, (dimensionless)
denotes the water saturation 0 related to the (volumetric) water content
by 6 = s,¢, 0, (in S m ™) is the pore water conductivity, pg denotes the
grain density (in kg m >, usually p; = 2650kgm ™), and CEC denotes
the cation exchange capacity of the material. This cation exchange
capacity corresponds to the density of exchangeable surface sites on the
surface of the mineral grains. It is typically measured using titration
experiments in which the surface of the grains is exchanged with a
cation having a high affinity for the sites populating the mineral sur-
face. It is expressed in C kg~! or in meq/100g with 1meq/
100 g = 963.20C kg ~*. In Egs. (9) and (10), B (in m*s ™' V~!) denotes
the apparent mobility of the counterions for surface conduction and A
(in m?s~*V~!) denotes the apparent mobility of the counterions for
the polarization associated with the quadrature conductivity. A di-
mensionless number R has been introduced by Revil et al. (2017b)
R = A/B. From our previous studies (e.g., Ghorbani et al., 2018), we
have B(Na*, 25°C)=3.1 = 0.3x 10 °m %~ 'v™' and A(Na*,
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a. Sketch of the basin
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Fig. 2. Sketch of the experimental basin. (a) Up view
of the basin. The central area in blue corresponds to

E Leakage high position (+150 cm) 0 the basin itself while the grey portion corresponds to
[] Leakage low position (+20 cm) the embankment. The valve used to generate the leak
is located on the West-South area of the basin. Point
A denotes the outlet of the pipe used for the leak. The
position of the geophysical profile P3 (used for
Al monitoring) is also shown. The high and low posi-
tions of the pipe are with respect to the bottom of the
i‘ZE water reservoir. (b) Transverse cross section of the
embankment, the location of the leakage source ap-
N -« S pears with the red tube. The relative location of the
g Water bOdy EXE E ERT and IP profiles (P1 to P7) on the outer side of the
= N embankment. (For interpretation of the references to
colour in this figure legend, the reader is referred to
2Ym the web version of this article.)
v<
U U Im
A
P Embankment i
< N
< >
W \4
< »
36 m
b. Cross-section of the embankment
W E
P
clay + Silt P'Z

Silty sand + gravel

11m

25°C) =3.0 = 0.7 x 107°m~ 2%V~ and R is typically around
0.09 = 0.01 (Ghorbani et al., 2018).

In order to bridge time-domain and frequency-domain induced po-
larization, a quantitative relationship between the normalized charge-
ability and the quadrature conductivity is needed. Considering the
quadrature conductivity at the geometric mean of two frequencies f;
and f, and the normalized chargeability defined as the difference be-
tween the in-phase conductivity at frequency f> > f; and the in-phase
conductivity at the lower frequency f;, we have (Van Voorhis et al.,
1973)

Mu(inh)

TGRE) ~ =g 10)

where a is given by:

2
o~ = InA, an
and A denotes the number of decades separating high and low fre-
quencies (for instance for two decades, i.e., fo = 100f;, A = 10%).
Based on the previous petrophysical model and assuming m = n
(i.e., the cementation and saturation exponents are equal to each
other), we can determine the water content from Eq. (9) as,

]l/(m—l)

where 0 = s,,¢ denotes the water content and where CEC and m can be

o= |_Mn
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determined from petrophysical measurements. Since A and p, are well-
determined constants, Eq. (12) requires only the measurement of the
normalized chargeability and the knowledge of m. Assuming m = 2 (the
default value for siliciclastic materials), the variation in the water
content between two time t; and t, is given by,

M — M,

NGy = —L—1,
* 7 pACEC

a3

With these equations, we can use the normalized chargeability tomo-
grams to get the variations in the water content related to the occur-
rence of a leak in an embankment.

3. Test site
3.1. Site description

Our study was conducted over an experimental basin (Fig. 2) de-
veloped by IRSTEA (National Research Institute of Science and Tech-
nology for Environment and Agriculture) and located in the vicinity of
Aix-en-Provence, in the Southern part of France. The dimension of the
basin is 22 m of length and 10 m of width. The inner side of the basin
filled with water is covered by a geomembrane. The geomembrane is
protected by a geotextile and pavement on the inner sides. The em-
bankment consists of homogeneous silt and clay materials. In addition,
a thin layer of sands and gravels was placed on the outer side of the
embankment to stabilize the structure (Fig. 2). The embankment is
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made of a local red clay with a porosity of ~0.24 and a hydraulic
conductivity of 10"°m s~ (both being average values).

The pipe buried in the embankment responsible for the leak is at a
depth of 1.5 m below the crest of the embankment. In order to generate
the leak, this pipe (see its outlet at position A in Fig. 2) was connected
to a pressurized water supply and the fluid pressure was monitored
during the duration of the leak (about 24 h). The flow rate was con-
trolled through a valve, which can be opened at will. The water injected
in the embankment has an electrical conductivity of 416 uS/cm at
22.5°C, which was measured in the field. The flow rate is about
2.375m°%/h with an upstream pressure equals to 162kPa (recorded
with a pressure transducer during the .experiment). The total volume of
water injected into the embankment was 57 m®. The experiment was
conducted over a period of three days in July 2018. The weather before
and during the experiment was hot and dry. Therefore, the water
content in the embankment before the leak experiment was expected to
be low.

3.2. Petrophysical measurements

Induced polarization is very sensitive to the variation of the water
content as shown recently by the numerical experiment of Maineult
et al. (2018) and various experimental data (e.g., Schmutz et al., 2012,
and references therein). In order to get a rough idea of the properties of
the red clay used for the embankment, a core sample was taken to get
an idea of its electrical properties in the laboratory at ambient tem-
perature. The undercompacted sample was saturated under vacuum
and from its volume and mass at saturation, the porosity ¢ was found to
be about 0.40 + 0.01. The cation exchange capacity (CEC) measured
with the cobalthexamine method (Aran et al., 2008; Ciesielski et al.,
1997) was 20.1 meq/100 g, a pretty high value possibly indicating the
presence of smectite in the clay fraction of this material.

Frequency-domain induced polarization measurements were per-
formed between 10 mHz to 45 kHz using the ZELSIP04-V02 impedance
meter built by Zimmermann et al. (2008) in Julich (Germany). The
impedance meter and the sample holder are shown in Fig. 3. Three core
samples were prepared and saturated with the same pore water as used
in the field and at three distinct saturations (s,, = 1.0, 0.50 and 0.25 of
saturation). The in-phase and quadrature conductivity spectra at these
three saturations are shown in Fig. 4. In Fig. 5, we plot the normalized
chargeability determined from the in-phase conductivity (using Eq. 8)
as a function of the water content. From our laboratory measurements,
we found that the normalized chargeability versus the water content
can be fitted by a power law relationship with a cementation exponent
m = n = 3.1. Such large value is consistent with the high value of the

b. Impedance meter
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Fig. 4. Complex conductivity measurements of a core sample from the em-
bankment. The measurements are performed at three water saturations. In-
phase conductivity o’ (reflecting conduction) and quadrature conductivity ¢”
(reflecting polarization) versus frequency. Note that both the in-phase and
quadrature components are strongly sensitive to a change in the water content
of the material. In this figure, the quantity s,, denotes the water saturation (ratio
of the volume content of water by the porosity).

CEC as discussed in Revil et al. (1998). This result will be used below to
interpret the normalized chargeability tomogram in terms of a variation
in the water content.

4. Field experiment
4.1. Conductivity and induced polarization survey

A total of 7 profiles parallel to each other were acquired in both
conductivity and chargeability using an ABEM Terrameter SAS-4000
(ABEM Lund Imaging System) resistivity meter. The position of the
profiles (labeled P1 to P7,) is shown in Fig. 2b. Each profile contains
therefore 2 sets of 32 electrodes (one set to inject the current and one
set to measure the potential, as shown in Fig. 1b). These two lines are
separated by a distance of ~20cm. Along each profile, the spacing
between the electrodes is one-meter the distance between the profiles is
1.5m. The multiple gradient array was used to acquire the data with a

Fig. 3. Sample holder and impedance meter used for the la-

a,Sample holder boratory experiment. (a) Picture of the sample holder with the
— C t 3D printed cover and picture of the cover with the en-
gj el s capsulated sintered electrodes. We used Ag/AgCl sintered
o = A | electrode for the A, B, M, and N electrodes. (b) ZEL-SIP04-V02
| | 9 impedance meter. This high precision impedance meter was
— —
N g built by Egon Zimmermann in Julich (Germany, see
—Q:D L. L B Zimmermann et al., 2008) and allows to measure the complex
. y o | = P
o o conductivity in the frequency range 1 mHz-45 kHz.
N : 5
. o
—0 " =
3] a
B o
) a
—aJ 0
’j o
B
Function
generator
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O Data
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Fig. 5. Normalized chargeability as a function of the (water) saturation s,,. The
plain line (model fit) corresponds to a power law fit of the data with Eq. (11).
The fitted parameters are the saturation exponent (n = 3.1) and the normalized
chargeability at saturation (8.5 X 10-4 S m™h.

protocol comprising 224 quadrupoles per profile. Stainless steel elec-
trodes were used for both current injection and voltage measurement.

The injected current is of the pseudo-continuous type (+1, 0, —I, 0)
with one second of current injection and 1s for measuring the sec-
ondary voltage decay. The current intensity was set to I = 200 mA. Ten
partials chargeabilities were recorded during the monitoring time to get
the total chargeability M. Typical apparent chargeability decay curves
are shown in Fig. 6. As expected, we see the secondary voltages de-
caying quickly with time. Such decaying curves are usually expected in
time-domain induced polarization. The 3D acquisition was performed
before and during the leakage in order to image the variations in the
water content of the subsurface. The mesh used for the forward and
inverse modeling is shown in Fig. 7. In addition to the repeated survey,
Profile P3 was used to perform a monitoring for the 3 days of the ex-
periments (before, during and after the leak occurred). A total of 6
snapshots were acquired on this profile.

Before leakage

During leakage
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4.2. Self-potential survey

A self-potential survey was also performed at the ground surface
over a surface area of 49 m? with a total of 8 x 8 stations. This survey
was performed on the external side of the embankment and centered on
the position of the leak and with a spacing of 1 m in the x and y di-
rections. We used a pair of non-polarizable Pb/PbCl,, NaCl electrodes
to measure the potential differences between the reference electrode
and the roving electrode. The reference electrode for the survey was
placed remotely at about 20 m from the surveyed area. The measure-
ments were performed with a high impedance voltmeter (100 M)
having a sensitivity of 0.1 mV. At each station, a small hole (~10 cm)
was dug and filled with water-saturated bentonite and left few hours to
get stabilized prior the measurements. This was done to ensure a re-
peatable electrical contact between the scanning electrode and the
ground. The contact resistance measured at few stations was found to
be good (around 2.5kQ). In order to check the drift in the electrode
response, we repeated few measurements at each survey. One survey
was done in < 10 min. Furthermore, the difference of electrical po-
tential between both electrodes was checked by putting face-to-face the
two electrodes before and after the measurement. It was stable at
—1mV.

5. Result and interpretation
5.1. 3D tomography

The two 3D tomograms of the electrical conductivity and charge-
ability before and during the leak are shown in Figs. 8 and 9. From
these two tomograms, we can compute the normalized chargeability
tomogram by multiplying, cell by cell, the conductivity by the char-
geability. The normalized chargeability tomogram is shown in Fig. 10.

The three tomograms show that the structure of the embankment is
quite homogenous in its center. The electrical conductivity tomogram
shows that the embankment is quite conductive because of the presence
of clays. The outer side of the embankment is less conductive because of
the presence of the unsaturated sands and gravels placed on the ex-
ternal side of the embankment (see Fig. 2b). Downstream the positon of
the pipe responsible for the leak, we observe clear changes in the to-
mograms. For instance, we notice that the amplitude of the normalized
chargeability increases by more than one order of magnitude (from
0.001Sm~! to 0.01 Sm~1!) in the area downstream the pipe (Fig. 10).

Fig. 6. Apparent chargeability decay curves recorded in the

1.5 1.5 S Point A field on profile P3. The secondary voltage decay curves are
& poi measured on 10 windows, 0.1 s each. Only the first window is
Point B . . . s . .
% Point C used for the inversion of the intrinsic chargeability. Point C is
& in the area of leakage close to the outlet while Point A is a
g E remote point located far from the leak. Therefore it is logical
E 1+ E 1+ that the apparent decay curve shows no variations in C while it
- - shows a large variation in A.
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> >
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Much smaller or no variations are shown elsewhere. This is consistent
with what is shown in Fig. 5 using the core sample from the embank-
ment. Using Eqgs. (12) and (13), we can get a tomogram of the water
content before and during the leakage. Fig. 11 shows the change in the
water content distribution. It shows very clearly the ground water flow
path followed by the leak.

In this study, the main source of electrical current measured with
the self-potential method is the streaming current associated with the
flow of the ground water. Indeed, the flow of the ground water drags
the excess of electrical charges existing in the Gouy-Chapman diffuse
layer coating the surface of the grains. The drag of this excess of charge
corresponds by definition to a current source. Preferential flow paths in
the shallow subsurface are generally associated with minima in the
potential map obtained at the ground surface (Panthulu et al., 2001;
Revil et al., 2004). In our survey, a self-potential map was first mea-
sured before leakage and this map (not shown here) was not displaying
any specific anomaly that could have been interpreted as a preferential
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Fig. 7. Mesh used for the finite element forward
modeling and inversion of the electrical conductivity
and induced polarization data. It contains 39,251
elements. The blue points represent the position of
the electrodes used for the 7 profiles labeled P1 to P7
(see Fig. 2b). The position of leakage is about 1.2m
below the red point at the ground surface. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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flow path. Few hours later and during the leakage, another survey
shows a dramatic change (compared to the background response
measured before leakage) in the electrical self-potential distribution.
We notice the apparition of a connected path of small electrical po-
tential values appearing in blue on the contour map shown in Fig. 12.
There is a clear correlation between the pathway resulting from the
interpretation of the self-potential data and the high values of the re-
lative change in the water content resulting from the inversion of the
induced polarization data (Fig. 12).

5.2. 2D monitoring

Profile P3 was used to carry out a monitoring of the electrical
conductivity and normalized chargeability before, during and after the
occurrence of the leak with a total of 6 snapshots realized. The acqui-
sitions occur at the following elapsed timest = —6h, +21h, +30h, +
33h, +36h, and + 39 h. The leak starts at t = 0 h (reference time) and

2
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4 3 )
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Fig. 8. 3D electrical conductivity tomogram. (a) Electrical conductivity tomogram obtained before the leakage. (b) Inverted electrical conductivity tomogram

obtained during the leakage. The leak is visible in the 3D tomogram (see area B).
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Fig. 9. 3D tomogram of chargeability. (a) This tomogram is realized with the data collected before the leak. (b) This second tomogram is realized with the data
collected during the leak. An increase of the chargeability can be observed in the area labeled B.
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Fig. 10. Normalized chargeability (a) This tomogram is realized with the data collected before the leak. (b) This second tomogram is realized with the data collected
during the leak. An increase of the normalized chargeability is observed in the area labeled B.
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Fig. 11. Tomogram showing the variation in the water content
underlying the preferential flow path of the ground water asso-
ciated with the leak. We first determined the water content during
and before the leakage from the normalized chargeability and then
we substracted the two contributions to obtain this tomogram (see
Egs. 12 and 13). The tomogram shows very clearly that the
anomaly originates at the outlet of the pipe used to generate the
leak.

005 0075 01 0.125 0.15 0.175 02 0.225

Difference in water content (-)

. T T + . Fig. 12. Comparison between the relative variation of the
7=-0.5m Zone of SP 0 water content at the shallow depth of 50 cm and comparison
measurements with the self-potential map from a survey realized 1h after
. stopping leakage. The preferential flow path is expected to be
é associated with a negative self-potential anomaly (see mod-
> eling in Revil et al., 2017a, 2017b). Note that the orientation
S of the trend of negative values in the self-potential map is
‘ . consistent with the trend depicted in Fig. 11.
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ends at t = +27h (h stands for hour and t for the elapsed time). chargeability of each cell of the grid as a function of time. Karaoulis
Interestingly, some water starts to pond at the bottom of the embank- et al. (2011, 2013) developed an approach to invert the apparent re-
ment at t = 3h. There are therefore 6 geophysical snapshots to invert. sistivity and chargeability data looking for the optimum of several re-
The recorded data were inverted using the software developed in ference space models using the approximation that the material prop-
Kim (2009) and using a (3D + time) tomographic approach. We dis- erties vary linearly in time between two subsequent reference models.
cretized the subsurface using tetrahedra. Each cell is assigned a con- Regularizations in both space domain and time domain is performed
ductivity and chargeability value. Using the finite-element approach, reducing inversion problems in presence of noisy data. The use of such
we model the conductivity and chargeability problems on the 2.5-D time-lapse approach allows the simultaneous inversion of the different
grid. The ground surface is assumed insulating and the normal com- snapshots (6 in our case) in a single step. Then the data can be shown in
ponent of the electrical field is therefore set to zero at the boundary. terms of variations of the electrical conductivity or normalized char-
Topography is accounted for in the inversion. The calculation of the geability by taking the logarithm of the ratio of the conductivity in-
Jacobian matrix is based on the principles of reciprocity. The goal of verted data normalized by the conductivity of the reference tomogram.
time-lapse inversion is to determine the change in the resistivity and Fig. 13 shows the variations in the electrical conductivity over the
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Fig. 13. Variation of electrical conductivity over time along a vertical cross-
section along Profile P3. (a) Background conductivity prior the occurrence of
the leak, which occurs at t = 0 h. The open circle denotes the projection of the
outlet of the pipe. (b) to (f). Conductivity tomograms during and after the
leakage. Note that the depth 0 m corresponds to the ground surface level at the
bottom of the embankment. The area of leakage is the blue (conductive) area on
the tomogram. The 6 snapshots correspond to the times t = —6h, +21h,
+30h, + 33h, +36h, and + 39h, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

duration of the experiment. From the inverted models, the electrical
conductivity and normalized chargeability were picked up for three
points (A, B, and C) from different depth levels and positions con-
sidering the position of the leak. The exact positions of A, B and C are
shown on Fig. 13. In Fig. 14, we show the variations of the conductivity
with respect to the reference conductivity tomogram taken prior the
leak. We see clearly two distinct flow paths. The same work was done
for the normalized chargeability.

Over the course of the experiment, points A and C (far from the
leakage zone) show a negligible change on both M, and o, (Fig. 15). At
the opposite, point B (located close to the outlet of the pipe) diplays
considerable changes summarized by the increase of M, and o0y. This
indicates clearly that induced polarization is an excellent method to
monitor leakages in embankments dams and dikes. The change in
magnitude of the normalized conductivity is compatible with the ex-
perimental data shown in Fig. 5 indicating a change in the saturation
from 55% to 100% (fully saturated state). In order to combine the in-
formation on the conductivity and normalized chargeability tomo-
graphy, we use a combination of scaled attributes. The target corre-
sponds to the cells in which there is a concomitant increase of the
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Fig. 14. Variation of electrical conductivity with respect to the reference profile
taken prior the occurrence of the leak at t = 0 h. The changes in conductivity
clearly underline two flow paths. Note that the depth O m corresponds to the
ground surface level at the bottom of the embankment. So clearly the flow path
below this profile is still confined inside the embankment. The 5 snapshots
correspond to the time t= +21h, +30h, + 33h, +36h, and + 39h, re-
spectively.

conductivity and normalized chargeability. We write two attributes as

nil _ 10g10 (URefa) ,
Max[logm(akef)] a4
il )
. 2 glO Mn,Ref
i MriL ’
Maxlilogm(M"vRef):l (15)

respectively, and where i denotes a given time. Then we combine the
two attributes to define a leak index comprised between —1 and + 1,

n=n'n (16)

In principle, since the tomograms have been normalized with respect to
the reference profile acquired prior the leak, an increase of the water
content should yield an increase of both the electrical conductivity and
the normalized chargeability. Such concomitant increase of the con-
ductivity and normalized chargeability are in turn associated with po-
sitive values the leak index 7. Negative values would be associated with
an increase of one of the two parameters and an decrease of the second
one. This result would be unphysical with respect to what we know of
the underlying physics described above in Section 2. A tomogram of the
leak index is shown in Fig. 16. This tomogram shows clearly the area
associated with the leakage downside the pipe. It is interesting to note
that the area is confined to the embankment below profile P3. There is
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Fig. 15. Variation of the normalized chargeability (left) and electrical conductivity (right) at three points (A, B and C, positions shown in Figs. 13 and 14). The time

t = Os denotes the start of the leakage.
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Fig. 16. Leakage index distribution computer below profile 3 (P3) resulting
from the conductivity and normalized chargeability data. The dash line corre-
sponds to the bottom of the embankment. We see that the flow is therefore
confined to the embankment.
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also a small anomaly at the beginning of the profile that remains un-
explained.

6. Conclusion

Electrical conductivity of porous rocks and soils has two contribu-
tions. A bulk contribution associated with current flow through the pore
network of the medium plus a surface conductivity associated with
conduction in the electrical double layer coating the surface of the
grains. Electrical resistivity tomography alone cannot allow separating
these two contributions, which have different dependencies with the
water content of the porous material. Induced polarization can be used
to map another parameter, namely the normalized chargeability, which
is directly proportional to the surface conductivity. Combining elec-
trical resistivity tomography and induced polarization allows therefore
separating the two contributions and therefore to obtain the water
content without making any assumption regarding the amplitude of
surface conductiivty with r.

Induced polarization tomography is applied for the first time to the
detection of an artificial leakage created in the embankment of an ex-
perimental basin. 3D normalized chargeability tomography is used to
image the change in the water content over time. Laboratory data using
a core sample from the embankment demonstrates that the normalized
chargeability follows a power law with the water saturation and
therefore with the water content. This trend and the measured cation
exchange capacity of the core sample are used to interpret the field
data. The position of the flow path is also in agreement with in-
dependent self-potential measurements showing the position of the
main flow path associated with the leak. A time-lapse survey performed
on a single 2D profile normal to this pathway shows clearly the sig-
nature of the flow path in both the electrical conductivity and the
normalized chargeability tomograms. A leak index is defined to com-
bine the information content of the conductivity and normalized
chargeability tomograms in order to visualize the leak. Induced
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Appendix A. Tomography

The tomography is done with the Gauss-Newton method. The model vector m (conductivity or chargeability) is updated at each iteration k using:
my,; = myg + Amy, (A1)
where the step Amy is computed through:

Amy = [ITWEWT + W, W, |7 [ITWIW(d — F (my)) — Wi, Wy,my ] (A2)

where J denotes the (sensitivity) Jacobian matrix, Wy is the data covariance matrix (taken here as a diagonal matrix weighting the data according to
the measured standard deviation on the data), W,, is a roughening matrix entering the regularization function, d is the data vector (apparent
resistivities and chargeabilities), and f§ is a parameter used to weight the two regularization terms in the cost function. In other words, we look for a
smooth model of the subsurface conductivity or chargeability distributions that fits the observed data. Once the chargeability and conductivity
distributions have been obtained, we can get a third quantity called the normalized chargeability. This quantity is obtained by multiplying in each
cell the conductivity by the chargeability
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