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ARTICLE INFO ABSTRACT

Internal erosion phenomena are a major threat to all earthen structures, such as river levees and dams. Studying
these phenomena has been limited because they occur concealed inside the material, which makes them difficult
to observe and monitor. Non-destructive geophysical monitoring techniques are powerful tools that can provide
Keywords: insight into the processes involved. For this reason, a test rig has been specifically designed to conduct three-
ERT dimensional electrical resistivity tomography of soil specimens undergoing internal erosion due to seepage. Two
Resistivity imaging suffusion tests were conducted where the erosion evolution has been monitored. The time-series of eroded mass
Archie’s law weight were then used to correlate the changes in three-dimensional resistivity distribution to the porosity
Embankment, dams change in media by means of Archie’s law. The results from the first suffusion test were used to calibrate Archie’s
Internal erosion s - . . .
Suffusion model parameters. It was found that the resistivity variations were able to predict changes in the porous matrix
structure. The data obtained from the second test were used to validate the model parameters and confirmed that
the time-lapse three-dimensional inverted resistivity images were able to successfully quantify the global erosion
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rate.

1. Introduction

Internal erosion in earthen structures occurs when soil particles
within the porous medium are transported by seeping water (Bonelli
and Nicot, 2013). It represents a serious threat to the structural stability
of embankment dams because the erosion process takes place deep
inside the structure or its foundation (Wan and Fell, 2008). The hidden
nature of internal erosion makes it both hard to detect as well as lim-
iting the possibility of its investigation. Here the main problem is the
common use of destructive methods to sample the affected soil regions
both under field and laboratory conditions. There is a pressing need for
detection methodologies that can preserve the soil sample in laboratory
or in field cases (Fell et al., 2003). Geophysical methods are proven to
be effective for identifying potential zones for internal erosion without
causing any destruction in material. The most common methods are:
ground-penetrating radar (GPR), Self-potential (SP), electrical re-
sistivity tomography (ERT), electromagnetic (EM) methods, active and
passive seismic methods as well as LIDAR and other remote sensing
techniques. Among these only electrical (ERT, SP) and electromagnetic
(EM, GPR) methods are directly sensitive to the presence of water in the
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embankment structure (Ikard et al., 2012; Panthulu et al., 2001).

GPR methods have the advantage of providing good resolution of
the internal structures and are widely used for mapping lithological and
sedimentological characterisation of quaternary deposit properties
(Bakker and Van Der Meer, 2003; Carlsten et al., 1995; Smith and Jol,
1992; Trafford, 2009). The GPR’s signals however, get severely atte-
nuated when layers of fine grained soil are present. The latter is a
prevailing property of earthen structures, specifically when the erosion
susceptible zones are considered. However, SP and ERT methods are
found to be more appropriate for structures that contain fine grained
soils (Hirsch et al., 2008). SP and ERT are widely used to locate leakage
prone and susceptible zones of embankment dams (Al-Fares, 2014,
2011; Boléve et al., 2011; Dahlin and Johansson, 1995; Ikard et al.,
2015; Panthulu et al., 2001; Rittgers et al., 2014; Shin et al., 2019;
Sjodahl et al., 2008; Soueid Ahmed et al., 2020; Titov et al., 2000). The
ERT-based techniques have numerous advantages. They are cost-ef-
fective and easy to implement in the field; they can cover large earth
volumes and the measurement can be performed repeated over time
(time-lapse) and they do not require to be supervised (i.e. can be re-
motely operated). Moreover, they are highly sensitive to electrical
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conductivity contrasts commonly found in the materials used for em-
bankments construction. On the other hand, the fact that the method is
subjected to site-specific conditions, and that the success of the study
necessarily requires the integration of adequately large data collected
for the specific case, are considered to be among the main dis-
advantages.

Dahlin et al. (2001) conducted resistivity and SP studies based on
the surveying and monitoring data at the Sidva embankment in Sweden
with the aim of to providing baseline information for evaluation of the
SP monitoring data. The anomalies found in the collected SP data were
correlated to known features of the dam construction while the other
investigated areas presented smooth results with no major anomalies.
Panthulu et al. (2001) used the same method to delineate seepage fa-
vourable zones for two of the Saddle dams of the Som-Kamla-Amba in
India. A combination of SP method with salt tracer injections was used
by Boléve et al. (2011) for localising seepage prone zones and quanti-
fying the leakages in dams. There are also a number of studies that use
the method to investigate seepage beneath homogeneous dams, e.g., a
number of earth dams in Colorado (Ikard et al., 2015) and an em-
bankment dam in California (Moore et al., 2011).

ERT methods are widely tested in dam monitoring. Johansson and
Dahlin (1996) aimed to quantify the seepage and detect anomalous
infiltration flow through monitoring seasonal resistivity variations in
various case studies in Lovon and Moforsen embankment dam in
Sweden. Similar case studies have been conducted by Al-Fares (2014,
2011) for characterizing the water leakage in Afamia-B and Abu Baara
embankment dams in Syria. Sjodahl et al. (2010, 2008, 2005) per-
formed extensive electrical resistivity investigation and monitoring for
detection of internal erosion and anomalous seepage for four embank-
ment dams in Scandinavia. In all of these studies, the measured data
from the crest of the dams are inverted to a subsurface geoelectric
section by various 2D inversion schemes (Constable et al., 1987; Loke
and Barker, 1995) and the anomalous low resistivity zones in these 2D
sections were interpreted as leakage zones.

Despite the effectiveness of SP and ERT methods, the 2D inter-
pretation and quantification of the data are substantially affected by the
3D nature of the acquisition data. To overcome this limitation one
option is to use cross-hole resistivity tomography by imaging the region
between two boreholes in depth. Cross-hole data acquisition is done in
depth in addition to the dam crest readings to provide the additional
data. The application of this method are presented in numerous studies
(e.g., Cho and Yeom, 2007; Daily and Owen, 1991; Lesur et al.,
1999a,b; Park and Van, 1991; Shima, 1992). Fargier et al. (2014)
suggest an alternative method for monitoring an embankment dike with
the conventional data acquisition procedure with linear arrays. They
developed a new extended normalisation technique, by providing,
during inversion, a set of pre-processed apparent resistivities that are
not affected by external 3D effects. In this way, the artifacts of con-
ventional 2D inversion due to the 3D nature of embankment dike are
reduced.

3D surveys can also be conducted by using a rectangular grid of
electrodes instead of linear array at the surface. This method has been
reported to provide a good resolution (Chambers et al., 2002, 2011;
Dahlin et al., 2002; Gharibi and Bentley, 2005). However, irrespective
of the method to get a workable resolution, a larger number of elec-
trodes are needed in the survey grid, as well as the need for a larger
number of acquisition combination. For this reason, some 3D array
optimization algorithm must be applied to minimize the number of
acquisitions of data registering at multiple electrodes with multichannel
instrumentation and filtering out potentially unstable arrays (Loke
et al., 2014). Here, stable and robust time-lapse inversion techniques,
which can be incorporated into automatic inversion software, should be
used to produce interpretable images.

The foregoing survey suggests that ERT method has the potential to
monitor the internal erosion processes and their development in a
controlled laboratory environment. It can provide insight into the
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internal erosion processes involved and thereby improving our under-
standing of the factors that affect the resistivity response when internal
erosion phenomena are triggered. The main aim of the present work is
to investigate these processes by time-lapse three-dimensional electrical
resistivity tomography. For this purpose, a high-resolution resistivity
probe system was designed and integrated into an apparatus for
studying phenomenon of internal erosion (e.g. suffusion phenomenon)
at laboratory scale. 3D electrical resistivity profiles of soil material were
produced, so that changes in porous matrix could be visualised and
quantified.

2. Materials and methods
2.1. Forward modelling

Using electrical resistivity tomography, the distribution of the
electrical properties inside the medium can be determined from a set of
measurements taken on the boundary. It involves defining a forward
model in which the response is calculated by assigning electrical
properties to the model elements.

The governing equation for the ERT forward model is the Poisson’s
equation:

VI=qQ €

in which J (A m~?2) denotes the electric current density and Q; (A m~3)
is the boundary current source. Under electrostatic conditions, the

electric potential V (V) can be written as E = —VV, where E (V m~Y)is
the electric field. The flow of current is given by the Ohm’s law:
J=0E (@)

in which 0 (S m™1) is the electric conductivity.
Combining Egs. (1) and (2) the ERT forward problem can be de-
scribed by:

= V(cAV) =@ 3

The physical boundaries of the experimental rig consisted of in-
sulating walls, therefore Neumann boundary conditions were applied at
these surfaces. The numerical methods used to solve the forward model
will be described in the next sections (paragraphs 2.7 and 2.8).

2.2. Inverse modelling

The inverse problem involves the determination of the specific
parameter distribution (i.e. resistivity) that minimizes the discrepancy
between measured and calculated values (i.e. the inverse model is used
for the calibration of the forward model). The approach of inverse
problem solving is a process of calculating from a set of data the causal
factors that produced them which in turn is characterized by some
degree of non-uniqueness for the solution. Consequently, formulation of
the inverse model usually requires mathematical regularization of the
model parameters by introducing additional constraints to reduce the
degrees of freedom and achieve convergence of a unique solution
(Binley, 2015). The inverse problem is formulated as an optimization
problem, involving the minimization of the objective function S defined
as:

S=d; +ad, @

in which @4 represents the Chi-squared measure of data misfit, @, is
the model objective function containing the selected regularization
scheme and a is the regularization parameter, used to control the
weight of the regularization with respect to the data misfit.

For N measured data d;, with associated standard deviation of ¢;, the
Chi-squared measure of the data misfit is defined as:

N di—fi<m>)2
D, = 2t iV
‘ Z( & ®)
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Fig. 1. Experimental apparatus for internal erosion tests, adapted from Ferdos et al. (2018).

in which f; denotes the forward model operator and m the vector of
parameters.

For inversion, the following scheme (referred to as Occam’s inver-
sion) involving minimization of the objective function S is considered:

S = IWa(d — f(m)I? + allWy, m |2 (6)

in which Wy is the data weighting matrix, assumed to be diagonal with
diagonal values W;; = 1/¢; and Wy, is a first-order spatial smoothing
operator (see Kemna, 2000).

The numerical implementation of the minimization of the objective
function (Eq. (6)) can be achieved by using an iterative process, i.e.
Gauss-Newton algorithm which yields the following iterative equation
(Binley and Kemna, 2005):

(@T™WIW,J + aR)Am = J™W] (d — f(my)) — «Rm @

in which J is the Jacobian such that J;; = 0d;/om, R is the roughness
matrix which describes the connectivity of the parameters and Am the
model update at each iteration. Starting from a model m,, the iteration
process my,; = my + Am is carried out. An additional algorithm is
employed to make an optimal choice of the regularisation parameter a
at each iteration (deGroot-Hedlin and Constable, 1990).

2.3. Porosity-resistivity relationship

To relate the electrical properties of the soil to its porous matrix
structure, some constitutive law needs to be introduced. The Archie’s
law (Archie, 1942) is the most common law for relating resistivity to
porosity. This empirical law was first introduced to quantify the re-
lationship between porosity, electrical conductivity and brine satura-
tion of hydrocarbon-bearing porous sedimentary rocks. It laid the
foundation for interpretation of electrical conductivity of a media to its
porous structure. The original form of the Archie’s law is valid for
medium to coarse-grained soils and cobbles. When clay particles are
present, the assumption that the soil matrix is an electrical insulator
may no longer be valid. In this case, an additional electrical conduction
path, namely the surface conductivity exists, which originates from the
electrical double layer forming around charged clay minerals. To in-
clude this aspect, a petrophysical relationship, which includes an

additional term for the surface conductivity was proposed by Waxman
and Smits (1968) and later applied in several more recent studies
(Breede et al., 2011; Schmutz et al., 2010):

Sn
o= —W(aw + &)

F Sw (8)

in which, o'is the bulk conductivity of the porous material (S m™Y), 0, is
the pore water conductivity (S m™Y), o, is the surface conductivity
(Sm™1Y), S,, is the water saturation (=), n is the saturation exponent (-)
and F is the formation factor. The formation factor is defined as
F = a¢~™ where ¢ is the porosity of the medium, m is the cementation
exponent, and a is 1 in the original Archie’s formulation; in some cases,
the additional parameter a is =1 for a better fit (Schon, 2015). Ex-
ponent m is a porous matrix dependent constant which is related to the
grains size and shape in the medium, porous structure and its network
length and distribution. For a pore network of parallel capillary tubes,
m could be assigned 1. For unconsolidated sands, m, observed is about
1.3 and for porous sedimentary rocks it varies in the range 1.7-4.1
(Archie, 1942). Instead, as pointed out by Glover (2016), the value
assumed by a should be as close to 1 as possible, since the introduction
of this parameter in the Archie’s law has no actual physical meaning.
However, since in most measurements systematic errors can be present,
a non-unity value of the parameter a is justified to compensate for those
errors which may be present in both electrical and porosity data.

2.4. Experimental apparatus for erosion tests

The experimental set-up, described in Ferdos et al. (2018), consisted
of an erosion rig, a water supply system, a set of measurement instru-
ments for process monitoring and an ERT measurement system. A
schematic illustration of the experimental apparatus is given in Fig. 1.
The erosion rig assembly consisted of the following parts: an inflow
section, an erosion chamber, an outflow section and a sedimentation
tank. All the parts were made of Plexiglas and were externally framed
by stainless steel for reinforcement.

The erosion chamber had inner dimensions of
350 x 200 x 150 mm. The porous medium test specimen was inserted
inside the erosion chamber and it was confined by the rigid walls
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laterally. The specimen was vertically confined by means of perforated
plates at the top and at the bottom of the specimen; the top plate was
15 mm in thickness with 96 holes each 20 mm holes and was pressed by
a piston rod with a specified load. The plate at the bottom was 100 mm
in thickness with 96 holes, each 10 mm in diameter. A plastic filter
mesh was placed between the specimen and the perforated rigid bottom
plate that only permitted water inflow.

Hydraulic loading of the test specimen was applied by means of
water head control, using inlet and outlet tanks. A municipality water
system was used to supply the inlet tank with clean water. An overflow
on the inlet tank bypassed the excess flow, and hence maintained a
constant water head at the bottom of the test specimen. Water flow rate
was measured by using a magnetic flow meter appropriate for low
flows. Water electrical conductivity and temperature were monitored
manually at regular intervals of about 1 h.

Eroded material from the soil specimen was collected in the sedi-
mentation tank located downstream the erosion rig. A load cell trans-
ducer was installed at the bottom of the sedimentation tank to monitor
its weight, with a resolution of = 0.01 g. This setup allowed for con-
tinuous monitoring of the mass of the particles eroded from the spe-
cimen during the tests.

The electrodes were placed in 6 rows spaced 80 mm, with 16
electrode slots each row, spaced 20 mm, allowing the installation of up
to 96 electrodes. The electrode slots were 8 mm in diameter, while the
electrodes were stainless steel rods with 5 mm diameter. In the present
work, half of the slots were used, therefore a total of 48 electrodes,
spaced 40 mm, were installed. The choice of the electrode material and
positioning is further discussed below.

2.5. ERT measurement system

The ERT data acquisition was carried out with a custom-built to-
mography system, specifically designed for laboratory measurements
with a multi-electrode configuration, with 48 channels. It worked ef-
ficiently, by the optimization of the acquisition scheme and multi-
channel measurements. The main parts of the system were a PC which
controlled I/0 cards (multiplexers) through a microcontroller, an ex-
ternal current generator, a digital acquisition device (DAQ), a power
supply, and the electrodes. The whole system was designed based on
the system previously developed at Central Institute for Electronics
(ZEL), Forschungszentrum Julich, Germany (Zimmermann et al., 2008)
and it is an upgraded version of the system described in Masi and Losito
(2015), modified to implement the multi-channel capabilities. The
block diagram is shown in Fig. 2.

Current injection was achieved by using a function generator
(Agilent 33120A) and the type of signal injected was a sine wave (AC
current). The current was measured by reading the voltage drop across
a precision low-resistance shunt resistor of known value; the latter
signal was amplified using a high-precision programmable gain am-
plifier (PGA) and then fed to one channel of the acquisition card. The
acquisition card had 8 simultaneous analog inputs, with one analog-to-
digital converter (ADC) per channel, with 16-bit resolution.

To perform data acquisition in 48-electrode mode, a multiplexer
circuit was needed for switching the current injector and voltmeter
among the different channels. The current injection multiplexer was
capable of selecting two electrodes for injecting the current into the
sample. The voltage multiplexer, instead, was capable of selecting 6
electrodes to measure the voltage response of the sample at up to 6
locations.

The electrodes were connected to external circuits which allowed
the same electrode to be switched from acquisition to current injection
mode by means of relays activated by the current injection multi-
plexers. In acquisition mode, the signals from the potential electrodes
were fed to an amplifier circuit and then routed to the ADCs by the
voltage multiplexer. The amplifier circuit consisted of a unit gain op-
erational amplifier; its high-impedance (1 TQ) prevented the
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polarization of potential electrodes and its low output impedance re-
duced the capacitive coupling effects within the instrumentation.

The whole system was controlled by specifically developed
LabVIEW code, executed on a standard laptop computer. The software
could generate the acquisition sequence for the scheduling the mea-
surements, as well as generating the signals, controlling the multi-
plexers and the acquisition device, and post-processing the data.

2.6. Electrode material

The choices of electrode material and positioning are particularly
critical for ERT measurements since the amplitude response can be
affected by systematic errors due to the wrong choices of these two
factors. The common materials employed as current/potential elec-
trodes are stainless steel, iron, copper, silver, aluminum, brass, titanium
with mixed metal oxide coating, carbon and metal-salt-compound (non-
polarizable) electrodes. The response of these electrodes were in-
vestigated by many authors (De Donno and Cardarelli, 2011; Deceuster
et al., 2013; LaBrecque and Daily, 2008; Vanhala and Soininen, 1995)
in order to evaluate the error in the measurements as a consequence of
the materials selected. Most of the authors agree that the best per-
forming electrodes are the non-polarizable ones, but they could not be
employed in the present work as they were not suitable for the oper-
ating conditions of internal erosion tests. They are usually built with a
porous plug separating the measurement environment from the elec-
trolyte in which the electrodes are immersed for protection. The water
pressure would allow the water to enter inside the electrode body and
thus damaging the electrodes.

The electrode material has to be stable over time and should not be
affected by oxidation/corrosion or any other chemical/electrochemical
effects. As reported by LaBrecque and Daily (2008), stainless steel and
iron electrodes are observed to have a better response compared to the
other investigated materials, both for resistivity and chargeability in the
time domain.

The use of carbon/graphite electrodes was also considered for in-
stallation. Carbon electrodes are not subjected to redox reactions with
the surrounding electrolyte (i.e. the soil water content in erosion tests)
and they are durable and stable in long term monitoring applications.
However, they have higher resistance that can lead to their polarization
(ohmic polarization) when they are immersed in the current path of an
electric field. Furthermore, the response of carbon electrode is sub-
jected to relevant errors, especially for chargeability measurements
(LaBrecque and Daily, 2008).

In the present study, we selected stainless steel electrodes with the
aim of minimizing contact resistance with the electrolyte, being the
most critical aspect within the scope of this work.

2.7. Electrode positioning

In ERT measurements electrode polarization is a substantial source
of error. To minimize the polarization effect due to voltage gradients
and ohmic losses through the electrode material, the position of the
electrodes must to be carefully optimized with respect to the electric
field by placing the electrodes outside the current path. To study the
effect of electrode positioning, a forward 3D model was implemented in
Python language, using the open-source FEniCS package (Alnzs et al.,
2015). FEniCS allowed us to solve the ERT forward problem (Eq. (3))
with the finite element method and compute the electric potential and
current density distributions. We used the open source software “gmsh”
(Geuzaine and Remacle, 2009) to generate the 3D finite element mesh.
The elements of the mesh had a tetrahedral shape.

The simulated domain consisted of a box having the dimensions of
the erosion chamber (350 X 200 X 150 mm) and 4 cylindrical elec-
trode slots (diameter 8 mm) spaced 40 mm. The box was filled with a
homogeneous material having 200 Qm resistivity, simulating the ex-
pected resistivity of the soil specimen used for erosion tests. Two
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Fig. 2. Schematic diagram of the measurement setup. Solid lines represent analogue signal paths while dashed lines are digital buses.

electrodes (A and B) were used for current injection in the model and
two for potential measurements. Electrode A was assigned a value of
electric potential of 5 V, while electrode B served as the ground (0 V).
Therefore, in the numerical simulations the boundary conditions at the
electrodes were of Dirichlet type.

The electric potential and the current density distributions from the
simulation are shown in Fig. 3. The figure shows the middle sections
along the z-axis.

The distribution of the current density magnitude is shown in the
Fig. 3b, which illustrates the field for the entire section and a detailed
view of the M electrode on the right.

Fig. 4 shows the current density inside the cavity of the electrode
slots along a cut line parallel to the y-axis placed at the midpoint of the
cavity. The current density decreases with the distance from the inner
border of the Plexiglas wall (corresponding to y = 0 in Fig. 3). It can be
observed that the current density inside the M electrode slot is about
1.5 x 1072 A/m? (—10 mm from the border) in the soil bulk and it
decreases substantially inside the cavity. On the border of the cavity,
the current density is 1.0 x 10~2 A/m? (0 mm from the border) in
which decreases quickly and substantially and reaches the amount
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Fig. 4. Current density inside the electrode slots as a function of the distance
from the Plexiglas border. The distance is referred to an outward-pointing
normal, i.e., positive distance values refers to areas inside the electrode cavity
while negative values to areas in the soil bulk.
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Fig. 3. Sections along the z-axis of the 3D simulations; a) electric potential and b) current density (magnitude) distribution.
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Fig. 5. Soil gradation of coarse and fine fractions of the soil mix for the erosion tests.

1.5 x 107* A/m® at 10 mm distance from the border and
1.5 x 10”8 A/m? at the bottom of the cavity (20 mm from the border).
The numerical simulations suggested that the electrodes must be
installed inside the electrode cavity in order to place the electrode
outside the current path. The tip of the electrode should be at least
5 mm inwards from the border to achieve an attenuation of the current
density of about 1/10 with respect to the current density in the bulk.
Therefore, the distance should be at least of the order of magnitude of
the diameter of the opening for the electrode. Furthermore, when the
electrode is placed 10 mm away from the border the attenuation is
about 1/100, leading to very small polarization errors which have been
adopted in the installation of the electrodes on the erosion chamber.

2.8. Experimental protocol

Experimental protocol involved the choices of material properties
and experimental conditions. The soil used in erosion tests consisted of
a mixture composed of gravel and sand with varying specific grain size
ranges. Test specimens were prepared by mixing different size ranges to
obtain the target gradation curve tested by Skempton and Brogan
(1994), referred to as the “soil-A” gap graded sandy gravel soil. Soil mix
grading is presented in Fig. 5. The rationale for performing tests on this
specific gap graded and susceptible soil was that the soil fulfilled the
granulometric criteria for the internal instability for suffusion erosion
phenomena (see Ferdos et al., 2018).

The objectives of the suffusion tests were to evaluate the mass
erosion rate and quantify the porosity variations of the specimens by
means of time-lapse 3D tomography. Two tests were carried out under
two different mechanical loading of equivalent to 0 and 10 kPa vertical
stress application on the top of the specimen, respectively. Both tests
were carried out under constant hydraulic loading, where the specimen
was loaded until reaching the initiation of erosion. After the detection
of initiation, the mechanical and the upstream water head were kept
constant and the mass removal was monitored. Moreover, the hydraulic
conductivity of the porous medium was estimated based on Darcy’s law
and monitored during the tests.

The suffusion process was monitored by conducting 3D resistivity
measurements, taken at the start of each test, then after initiation at
one-hour intervals until the end of the test. A continues monitoring of
eroded sediments were also done which were used for calibration and
validation studies of the 3D-ERT acquisitions.

The protocol for ERT measurements involved: the selection of the
measurement sequence, the definition of the inverse model and its
validation, and the estimation of data errors.

All the ERT measurements were carried out by injecting 20 cycles of
a 150 Hz sine-wave. The measurement sequence consisted of dipole—-
dipole arrays. The sequences were optimized in order to achieve both
the best possible signal-to-noise ratio (SNR) and model resolution; for
erosion tests they were further optimized to obtain a faster acquisition,

because of the time-dependent behaviour of the erosion processes.

The 3D inversions were performed with the software package R3t
(Binley, 2019), which solves the forward model by the finite element
method and implements the iterative solution of Eq. (6), through Eq.
(7). In the forward model, the boundary conditions at the electrodes
were Neumann-type, to represent the injection of the current of known
magnitude as performed during the measurements. To set up the 3D
finite element mesh required as input to R3t, we used the gmsh soft-
ware. The mesh consisted of tetrahedral elements and its geometry and
characteristics were chosen to be as close as possible to the physical
model, by individually separating the resistivity zones of the various
parts of the experimental rig. These included (with reference to Fig. 1):
the resistivity of the top perforated Plexiglas plate, the bottom Plexiglas
plate, the water at the top of the soil in the outflow section, the water
inside chamber at the inflow section, and the specimen in the erosion
chamber. Only the resistivity of the specimen was made variable during
the inversions, while the resistivity value of the other parts was kept
fixed. A mesh sensitivity study was also performed in order to identify
the required mesh size for the present problem.

The measurements had to be taken in the shortest time as possible,
therefore it was not convenient to perform reciprocal measurements
because they would have increased significantly the acquisition period.
For this reason, we performed an error analysis based on the noise in
the acquired signals. The errors in the data were considered to be
proportional to the noise measured at the potential electrodes, due to
the fact that the signal of the electric current was found to be sig-
nificantly stronger at the range of impedances measured during the
experiments and less susceptible to environmental noise than the sig-
nals of electric potential. Moreover, the channel for current signal ac-
quisition had a dedicated PGA, as described above, which further
helped to increase the signal-to-noise ratio (SNR) before the ADC con-
version. Under this hypothesis, for each measurement the SNR of the
differential signal between electrode M and N was calculated. The
amplitude of the background noise was computed by summing the
amplitude of all harmonic components of the signal excluding the
fundamental frequency. The standard deviation of the measured re-
sistance was thus considered to be proportional to the standard devia-
tion of the background noise.

A summary of the ERT parameters and experimental conditions for
the erosion tests is reported in Table 1.

3. Results and discussion
3.1. ERT inverse model validation
Model validation involved three steps: 1) optimal choice seeking of

the boundaries, 2) numerical model mesh sensitivity tests, and 3) in-
verse model experimental validation.
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Table 1

ERT model parameters and experimental conditions for internal erosion tests.
Parameters Mesh sensitivity test Setup validation test Suffusion - exp. A Suffusion - exp. B Unit
ERT model parameters
Mesh — number of cells 13,430/42,779 42,779 42,779 42,779 -
Mesh — min. element size 0.02/0.01 0.01 0.01 0.01 m
Number of dipoles 6390 5814 3763 3720 -
Number of time-lapse meas. - - 18 26 -
Time-lapse interval - - 1 1 hours
Top plate resistivity not present not present 100 100 Qm
Bottom plate resistivity 600 600 600 600 Qm
Water boundaries resistivity 24 4 23 23 Qm
Initial model resistivity 24 4 250 250 Qm
Erosion tests — experimental conditions
Experiment duration - - 21 28 hours
Load - - 0 10 kPa
Applied water head (after erosion started) - - 170 270 mm
Flow rate (start) - - 1.3 x 10°° 1.9 x 107° m3s7!
Flow rate (end) - - 42 x107° 3.8 x 107° m®s™!
Hydraulic conductivity (start) - - 2.9 x 107* 2.7 x 107% ms~!
Hydraulic conductivity (end) - - 9.4 x 107* 5.4 x 107* ms~!

3.1.1. Selection of boundaries

The mesh used for the inversions is shown in Fig. 6. To accurately
replicate the geometry of the erosion rig and its properties, different
arrangements of the boundaries were tested. Both the top and bottom
perforated Plexiglas plates were included in the model as well as the
water at the bottom and at the top in the inlet and outlet sections re-
spectively to include their influence on the measured data.

A fixed resistivity value was assigned to Plexiglas components be-
cause their values were constant during the experiments. For the water
components a constant resistivity value was assigned since the re-
sistivity of water changed slightly during the experiments (less than
8%). The water temperature was relatively stable during the experi-
ments with a mean value of 14 °C and a maximum variation of + 2 °C.
Thus, assigning a constant resistivity value allowed for constraining the
model and prevented the inversion procedure from trying to change
their values during the inversions.

The value of the resistivity of the water was directly assigned from
the measured data conducted during the tests for the two regions at the
top and at the bottom of the 3D domain (values are reported in
Table 1). The resistivity of the Plexiglas plates however was not de-
termined directly. The difficulty was that the perforated Plexiglas plates
do not have an isotropic resistivity i.e. the resistivity depends on the
direction of the electric field. Thus, the apparent resistivity of the
Plexiglas filter cannot be estimated merely on the basis of the filter
geometry. Because of this difficulty in the calculation of the actual re-
sistivity “observed” from the electrodes, the resistivity of these two

Water

Top plate

Erosion chamber

Bottom plate

Water

0.
X() Y

Fig. 6. Model mesh and boundaries.

|

Plexiglas filters were manually calibrated to get the minimum possible
error (RMS misfit) between the inverse model and the observed data.
With this procedure, a value of 100 Qm was assigned to the plate at the
top and 600 Qm to the thicker plate at the bottom.

3.1.2. Mesh sensitivity study

The results of the inversions must be evaluated with regard to the
discrepancy of the optimized model from the measured data. It implies
that the results could be influenced by the size of the parameter block
size (discretisation). It is therefore necessary to select a mesh size that
minimizes the error between the model and monitored data. However,
the number of model parameters must also be limited to avoid any
increase in uncertainty due to raising number of parameters to be op-
timized. Thus, a mesh sensitivity analysis is essential in order to choose
the best performing mesh for the problem.

To examine the influence of the mesh size on the results of the in-
verse model, optimisation studies were carried out for the erosion
chamber filled only with tap water whereby the resistivity parameter of
the filling material as well as the expected inversion results were
known. A correct inversion should display a homogeneous resistivity
distribution since the filling material is tap water only.

We conducted two sets of measurements with different mesh sizes,
by filling the chamber with water having a resistivity of 24 Qm. The
results of the inversions are shown in Fig. 7.

Fig. 7 shows that the distribution of the inverted resistivity is not
fully homogeneous. The origin of this inhomogeneity is related to the
measurement process, model setup and inversion errors. Considering
the two meshes, the coarse mesh, with 20 mm mesh block size, gave an
inverse model which showed a wider spread in the resistivity values in
comparison with the finer mesh model. This can be seen from the his-
togram to the right of the resistivity contours. The finer mesh produced
a resistivity distribution which is closer to the real and expected one for
water, having less spread of the resistivity values. It was found that both
increasing the number of elements and decreasing the mesh block sizes
to less than 10 mm resulted in increased spreading the histogram of the
resistivity values and further inhomogeneity in predicting the resistivity
of the mesh elements. The conclusion was that a mesh size of 10 mm
would be optimal size for discretization of the inverse model. The op-
timized mesh had a total of 42,779 elements.

3.1.3. Setup validation

After the model mesh and boundaries were set, a controlled ex-
perimental test was carried out to find the best acquisition system and
to validate the inverse model. The erosion chamber was filled with tap
water and tempered with adding some NaCl to reach a resistivity of



M. Masi, et al.

a) Coarse mesh

Resistivity (Qm)

20 22 24 26 28 30

Journal of Hydrology 589 (2020) 125340

150!

H’_\ T
26 28

— ,ﬁﬂﬂ. |
20 22 2

16 18 4 30

Resistivity (Qm)

1500

1000
l_\ﬂ —

16 18 20 22 24 26 28 30
Resistivity (Qm)

Counts

500!
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Fig. 8. Inversion test of water filled chamber with a Plexiglas block in the middle.

4 Qm. A block of Plexiglas was placed in the middle of the chamber and
ERT measurement was performed. The results obtained are shown in
Fig. 8.

Fig. 8 confirms that the inversion resulted in the correct identifi-
cation of the object’s location and its dimensions. The contrast between
brine and Plexiglas object (which is an isolating material) are inverted

to be weaker than the actual contrast, due to smoothness-constraint
type of inversion. However, the object is well defined and the dis-
crepancy in the background area (brine) is kept to an acceptable
minimum level. Moreover, for a porous material subjected to suffusion
erosion processes resolving sharp contrasts between resistivity zones is
not of primary interest. This is because the erosion patterns are
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produced smoothly by water flow. From this test it was concluded that
the acquisition system was working correctly and the inversion model
and boundaries were defined with enough accuracy.

3.2. 3D-ERT inversion and results

ERT data acquisitions were taken at the initial state of the specimen
after material compaction and saturation and then repeated at pre-
defined time intervals until the test was terminated. A total of 18 time-
lapse measurements were taken during experiment A which had a
duration of about 21 h, while 26 measurements were taken during
experiment B, which lasted about 28 h. We inverted each dataset in-
dependently, without adopting any time-lapse inversion scheme, due to
the fact that the changes of resistivity with time were well correlated
and smooth. The same inversion parameters (i.e., the initial resistivity
distribution guess, the fixed resistivity zones, and error estimation and
weighting) were kept fixed for all the inversions belonging to each
experiment. The errors associated to each measurement were used to fit
the linear model suggested by Slater et al. (2000), whose parameters
were provided as input to the inversion software.

After having performed the inversions, we calculated the 3D re-
sistivity change from the initial state as follows:

Ap=py — P 9)

where py (Q2m) refers to the initial resistivity distribution, and p, (Qm)
the resistivity distribution at time ¢ (hours), where a positive value of Ap
(Q2m) indicates a decrease in resistivity with respect to the initial dis-
tribution. A decrease in resistivity is considered to be directly correlated
to a decrease of porosity.

The contours of resistivity changes for suffusion experiment A are
presented in Fig. 9, at selected time intervals. For improving the vi-
sualization of the areas where the erosion took place (i.e., where a
decrease in resistivity was observed), only the areas where Ap > 0
were retained in the figure.

In Fig. 9 the contours show that the resistivity change of the spe-
cimen started and developed mainly in the vicinity of one of the walls

L

0 20 40
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whereby during the course of experiment the process continued and in
addition it has been observed in different locations. These resistivity
changing spots grew in size of influence and as well as in deference with
respect to the original resistivity magnitude. In fact, after the suffusion
process is initiated, the soil matrix started to change due to the trans-
port of the fine particles that increased the porosity. From the photo-
graphic evidence it can be observed that the test specimen’s upper
surface and the colour shade changed due to the eroded material; the
grey areas in the picture are those where the finer material is not re-
moved by erosion, while the reddish areas indicate the emergence of
the coarse sandy gravel matrix where the finer part is removed. It is also
notable that the final tomography image (t = 19 h) coherently overlaps
with the picture of the top of the specimen, showing a similar pattern of
change of the material being eroded mostly at the walls and less in the
middle of the specimen.

Fig. 10 shows the resistivity changes at selected time instants for
suffusion experiment B. Patterns similar to those for experiment A were
found, showing that erosion processes triggered predominantly from
areas close to the lateral walls of the erosion chamber. However, due to
the vertical applied load of 10 kPa in this experiment, the distribution
of the stresses inside the specimen was modified, having an impact on
the initiation of internal erosion and on its trend with time.

As observed by Ferdos et al. (2018), the boundary effects due to the
erosion chamber walls caused a non-linear stress distributions with
depth, predominantly close to the walls due both to wall displacement
and friction between the grains and the wall. These non-linear effects
may justify the tendency of the processes to initiate in proximity of the
sidewalls. As the process continued the fine particles were transported
out from the specimen and a redistribution of the stresses in the solid
compartment of the soil matrix occurred continuously with time. This
process continued until it reached a critical limit where the forces in-
duced by the fluid flow are no more capable of displacing the particles
and the erosion rate decreased to almost zero.

e erosion chamber)

¢

Resistivity decrease (Qm)

|

60 80 100

Fig. 9. Suffusion experiment A. Resistivity decrease from the initial resistivity after 5, 10, 13, and 19 h after erosion started and comparison of the last image with

photographic evidence of eroded material.
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Fig. 10. Suffusion experiment B. Resistivity decrease from the initial resistivity after 4, 9, 15, 21, 24 and 27 h after erosion started.

3.3. Quantitative evaluation of the ERT measurements

Resistivity changes of a specimen in time, undergoing an internal
erosion process, can be successively related to structural changes in the
soil mix. That is if the tests are conducted under laboratory-controlled
conditions where the only parameter that causes the resistivity changes
in the sample is the structural changes. For this purpose, we used Eq. (8)
to assess the changes in soil porosity from changes in resistivity.

In the application of Eq. (8) to the experiments carried out in the
present study, we made the assumption that the magnitude of the
surface conductivity is significantly smaller than the magnitude of
water conductivity, thus the surface conductivity term can be ne-
glected. This assumption is supported by the fact that the material used
in the experiment was mainly composed of particles having a diameter
larger than 0.06 mm as shown in Fig. 5, therefore no clay content was
present in the soil mixture. The finer fraction of the soil was composed
of silty-sandy particles and the coarser fraction of sand and gravel. For
other particle size distributions having comparable diameter ranges, the
contribution of the surface conductivity has been shown to be negligible
by other authors (Boléve et al., 2011).

In applying Eq. (8), we also assumed 100% water saturation
(Sw = 1), which remained constant during the experiments. This as-
sumption holds also in the first phases of the experiment, as the sa-
turation of the material was rapidly obtained after the application of the
hydraulic head.

The following scheme is proposed to be used that relates the re-
sistivity changes to erosion process evolution in the material. First, for
each mesh cell of the model, the resistivity values are then transformed
into porosity variations by adopting Eq. (10):
A¢ = ¢(p) — $(py) (10)
in which A¢ () is the porosity of the mesh cell at time t with respect to
the initial state (t = 0). The total material that is lost due to the erosion
processes for each mesh cell is related to the porosity change of the
specimen. Therefore, the total eroded volume of material can be cal-
culated from the 3D porosity variation (A¢) distribution:

10

Vo= [ A3 dV = A enn Vi an

in which V,,, (m®) is the total volume of the domain (i.e., the soil vo-
lume), dV (m®) is the volume of each mesh cell, V, (m®) is the eroded
volume, and A¢meqn (-) is the volume-averaged porosity variation. The
eroded material volume is also equal to the variation of the pore-space
void volume V, (m®) by:

AV,

Ve:A¢mean'Vtot = tor = AV,

12)

tot

When the eroded volume is integrated from all the mesh cells, this
volume can then be correlated to the eroded soil mass if the average
specific weight (Gs) of the soil grains is known and is done by:

M = G,AV, 13)

in which M (kg) is the eroded mass and G (kg/m3) was taken as
2537 kg/m3 from Ferdos et al. (2018) for the soil mix used in their
erosion studies. The eroded mass calculated from Eq. (13) is the cu-
mulative eroded mass from the tests start to the time of the acquisition
and its inversion.

To calibrate the Archie’s law parameters, we used the inverted re-
sistivities and the time-dependent mass removal data. A calibration
loop of data fitting for Archie’s law parameters was produced for each
inversion and the resistivity changes were then converted into porosity
change in media and finally translated to weight loss by Eq. (13). The
weight loss at that specific time were compared with the cumulative
eroded mass measured from the experiments. The Archie’s law para-
meters were tuned to reach minimum error between the calculated
eroded mass from ERT analysis and the collected data from the la-
boratory experiments.

This calibration process is schematically presented in Fig. 11.

We used the first dataset (suffusion experiment A) to perform the
calibration with the proposed scheme, and the dataset of suffusion
experiment B to validate the optimized model parameters. The opti-
mization was carried out in MATLAB environment using a constrained
version of the Nelder-Mead simplex algorithm.

The results of the calibration and validation of the Archie’s law
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Table 2
Summary of the parameters and results from the calibration of Archie’s law.
EXP A - EXP B - Unit
Calibration Validation
Measured water conductivity 0.42 0.45 mS/cm
(start)
Measured water conductivity 0.42 0.42 mS/cm
(end)
ERT initial resistivity (average) 304 245 Qm
ERT final resistivity (average) 288 234 Qm
Archie’s — a 1.76 1.76 -
Archie’s - m 1.42 1.42 -
Measured initial porosity 0.285 0.280 -
ERT estimated initial porosity 0.283 0.280 -
ERT estimated final porosity 0.298 0.299 -
Measured final eroded mass 0.407 0.413 kg
(average)
ERT estimated final eroded 0.404 0.474 kg
mass
RMSE. ERT vs measured 0.027 0.052 kg
R ERT vs measured 0.95 0.87 -

parameters are presented in Fig. 12 and Table 2. In both calibration and
validation, we used the measured water conductivity as input to the
Archie’s law; the ranges of water conductivity are reported in Table 2.

Fig. 12 illustrates the comparison between the measured and ERT-
derived time-dependent cumulative of the eroded (dry) mass during the
course of the experiments. As it can be seen from the results, in both
experiments the removal rate (i.e., the time-derivative of the cumula-
tive curve) was larger at the beginning of the experiment and gradually
decreased with time. The erosion continued for about 20-25 h after
reaching a minimum rate under the constant water head applied, after
which the erosion process stopped.

The calibration yielded a value of 1.42 for the cementation ex-
ponent (m), which is very close to the values that are available in lit-
erature for unconsolidated material (e.g., m = 1.3 for unconsolidated
sands). The parameter a slightly exceeded the expected range (a = 1)
indicating that a source of systematic error may be present in the
adopted measurement or inversion scheme. This is likely to be related
to the inversion process, in which the error weights could be over-
estimated or underestimated due to the lack of reciprocal measure-
ments, leading to systematic errors in the resolution of the resistivity
distributions. However, as confirmed by the model validation
(RMSE = 0.052 kg, R? = 0.87), the results are successfully re-
producible. In the estimated eroded mass curves, as shown in Fig. 12,
the overall mass balances are preserved, even if the fluctuation of the
ERT-derived points can be observed. This may represent a drawback
when trying to estimate the global erosion rate, i.e., by taking the time-
derivative of the cumulate curves. The quantification of the in-
stantaneous rate with this method might be rather inaccurate; a pos-
sible solution is to estimate the overall erosion rate by time-averaging
multiple points of the ERT curves, however, this operation would de-
crease the time resolution of the method for fast erosion processes. On
the contrary, when the time-scale of the erosion processes is much
slower than the measurement periods, the time-averaging technique
would lead to a more accurate estimation of the erosion rates.

Under the specific experimental conditions, the resistivity variations
captured by ERT imaging are related to relatively small changes in the
porosity values, therefore in this particular case it is crucial to acquire
the data with a high-resolution technique and tightly spaced electrodes.
In fact, the sensitivity of the calibrated Archie’s model parameters to the
resistivity input may, in some cases, exceed the sensitivity and resolu-
tion of the ERT images, especially in the zones located far away from
the electrode arrays. The reduced sensitivity may induce an under-
estimation of the erosion rates or can bias the results of the model ca-
libration procedures. From Fig. 10, this can be observed in the middle
of the specimen, where the combination of both reduced sensitivity and

12

Journal of Hydrology 589 (2020) 125340

lower erosion magnitude lead to the presence of a central zone where
resistivity changes are below an observable threshold. However, the
influence of this issue to the overall result may be limited in this study,
as the validation errors (RMSE, R? in Table 2) are still within an ac-
ceptable level.

The reduction is sensitivity however, may pose a critical limitation
in the field application of this technique, mainly because of the prac-
tical obstacles which necessarily cause a reduced sensitivity of ERT in
the field. To name a few: the difficulty of installing 3D arrays, the
limited number of installable electrodes, the number of available ADC
channels of the measurement equipment, the higher background elec-
tromagnetic noise (compared to the laboratory), the increased electrode
contact impedance, the large amount of data to be collected, stored and
processed, and the overall costs related to the implementation of high-
resolution surveys. In conclusion, the success of an ERT investigation in
the field strictly depends on both the spatial and time-scale at which the
phenomena occur in combination with the adopted measurement and
processing strategies.

4. Conclusions

We used electrical resistivity tomography (ERT) technique to
monitor internal erosion in porous media induced by seepage flow; this
phenomenon is one of the most common causes of failure of earthen
levees and embankment dams. An ERT system was specifically designed
for the time-lapse imaging of the electrical properties of porous media
at a laboratory scale. The components of the systems were optimized to
specific requirements in terms of accuracy and speed of acquisition, due
to the time-dependent nature of erosion processes. The electrode ma-
terial and positioning were investigated, the latter by numerical mod-
elling which allowed us to define the proper electrode installation re-
quirements for the minimization of the errors due to electrode
polarization. The system operated with a total of 48 electrodes, with
multi-channel voltage readings of up to 6 electrodes simultaneously.
We validated the forward and inverse models by seeking for optimal
choice of the boundary conditions, studying the numerical model sen-
sitivity to mesh size, and by experimentally testing the measurement
and inversion setup with a known resistivity distribution.

Two erosion (i.e., suffusion) tests were performed to reproduce the
process of internal erosion of soil particles by water flow within a
purposely prepared soil mixture, under two different mechanical
loadings (0 and 10 kPa vertical stress application on the top of the
specimen). 3D time-lapse monitoring of internal erosion was carried
out, at regular intervals of 1 h.

To relate resistivity variations to material structural changes in time
during the erosion processes we calculated the porosity variations
through the Archie’s law, with parameters calibrated using both the
results from the inversions and the measured cumulate of the material
eroded from the test chamber. Comparison of the 3D tomography re-
sults with the mass removal data as well as the validation of the iden-
tifies Archie’s parameters were found to be successful.

We can conclude that ERT technique is potentially capable of de-
tecting and quantifying the erosion processes in dams and levees. The
practical aspects when conducting an ERT survey in the field, compared
to the controlled conditions in the laboratory, may represent a limiting
factor to the use this technique in real world applications, especially
with regards to the electrode installation and the limits in installing
high-resolution 3D arrays in the field. However, we successfully de-
monstrated that the method is robust and reliable, provided that ex-
tensive supplementary information is necessary, which should be in-
tegrated with the ERT survey data.
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