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Abstract

Stability of flood embankments is strongly affected by the water flow taking place in the
saturated and unsaturated soil. Monitoring of the water flow in flood embankments is therefore
essential in the context of flood risk management to predict and prevent failures of
embankments. Electrical Resistivity Tomography (ERT) is gaining popularity for its ability to
monitor water regime in the subsoil more quickly, cost-effectively and on a larger scale
compared to traditional geotechnical monitoring systems that rely on local sensors. This paper
presents the application of ERT to the monitoring of water content in a flood embankment on
the Adige River in Italy. The resistivity profiles obtained from the ERT measurements were
converted into water content profiles via a laboratory-derived relationship between resistivity
and water content. At the same time, local sensors to monitor pore water pressure were installed
in the saturated and unsaturated zone of the embankment and this allowed reconstructing the
water content regime in the embankment via inverse analysis of water flow. This offered the
chance to benchmark ERT-derived water content against independent indirect measurements

of water content in the field.

ERT-inferred water content profiles based on laboratory calibration could capture the water
content profiles derived from water flow analysis only qualitatively. This was attributed to
artefacts in the ERT data inversion arising from the high contrasts in resistivity between
different embankment layers. On the other hand, ERT proved to be a valuable tool to quantify
the water content in the soil if field-specific relationship between water content and ERT-

measured resistivity is developed.
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1 Introduction

River embankments are often used as a defence measures to protect people and properties
against floods. When the river level changes water flows through the embankment and alters
the pore water pressure distribution, and consequently the shear strength of the soil. This may
lead to instability of the embankment and its failure to protect the floodplain. Characterisation
of water flow is therefore very important to assess the stability of flood embankment and
understand their failure mechanisms. Water flow often develops through preferential flow
paths in the embankments because of the heterogeneity and spatial variability of soils.
Preferential flow paths cannot be captured by traditional geotechnical monitoring systems,
which are based on local sensors like piezometers. Geophysical methods are indirect methods
that allow estimating water content, among other parameters, based on the physical properties
of the sub-surface materials (Reynolds, 2011). Geophysical methods offer an attractive and
valuable tool to carry out diffuse monitoring of water regime in geotechnical structures such
as flood embankments. Geophysical methods are non-intrusive, cost-effective and can be

employed to monitor water regime at a larger scale compared to local sensors.

Electrical Resistivity Tomography (ERT) is a common geophysical investigation technique. It
is based on the measurement of apparent resistivity when an electric field is generated by
injecting current in the subsoil by means of electrodes. The apparent resistivity measurements
are then converted into a model of subsurface resistivity distribution of the soil through a

process of forward modelling and inversion (Loke & Barker, 1995).

ERT is widely used for geological and hydrogeological surveys (Aning, et al., 2013)
(Ramachandran, et al., 2012). Routine applications include contaminant detection

(Ntarlagiannis, et al., 2016) and site investigations (Banham & Pringle, 2011), but it is also



applied for subsurface investigations in different fields like archaeology (Leucci & Greco,

2012).

Electrical resistivity in unsaturated soils is strongly dependent on the moisture content, among
other variables such as grain size and temperature (Samouelian, et al., 2005). Resistivity
profiles offer a qualitative assessment of water content in the subsoil, with lower resistivity
associated to higher moisture content and higher resistivity associated to low moisture content.
For this reason ERT is a versatile tool and has found applications in the monitoring of seepage

in earth structures (Johansson & Dahlin, 1996) (Lin, et al., 2013).

The relationship between water content and resistivity for a specific soil is described by
generalised Archie’s law (Archie, 1942). If the calibration parameters of Archie’s law can be
derived experimentally, either via laboratory testing or in the field, variations in resistivity can

be used to quantify variations in moisture content and map water content in the subsoil.

This has found a variety of applications in the monitoring of water regime in the subsoil, from
the interaction between soil and vegetation (Fan, et al., 2015) to the detection of permafrost
(Hilbich, et al., 2009). Due to the importance of water flow in slope stability problems, ERT
has also been used for landslide monitoring at different locations (Lebourg, et al., 2010);
(Gance, et al., 2016). It has also found applications in the monitoring of water content in earth
structures such as railway embankments (Chambers, et al., 2014) or highway embankments
(Gunn, et al., 2015) (Glendinning, et al., 2014). This technique has been acknowledged as a
valuable tool for monitoring water flow in flood prone areas (Brunet, et al., 2010) and it has
recently found applications in the monitoring of water content in flood embankments. It can be
conveniently implemented to investigate seasonal variations of water regime as a permanent

monitoring system by burying the electrodes in the soil and transferring the data remotely, to



correlate water content variation to weather events and parameters (Tresoldi, et al., 2019);

(Jodry, et al., 2019).

Interpretation of ERT results can be complicated and affected by uncertainties for several
reasons, including anomalies in the resistivity due to improper contact between electrodes and
ground surface (Jodry, et al., 2019), numerical artefacts generated during the inversion process
and effects of three-dimensional structures in the survey areas which cannot be accounted for
in a two-dimensional model (Hojat, et al., 2020). Moreover the resistivity values are influenced
by other variables (e.g. temperature) and there may be inaccuracies in the calibration
parameters of Archie’s law. It is therefore essential to validate water content values derived

from ERT data against independent direct or indirect measurements of water content.

In this paper the soil electrical resistivity data derived from ERT measurements are used to
map water content profiles in a flood embankment located on the Adige River in the North of
Italy. The soil specific relationship between soil resistivity and water content was derived
experimentally in the laboratory using Time Domain Reflectometry (TDR) on intact and
compacted samples collected from the embankment. A geotechnical monitoring system
consisting of piezometers and tensiometers was installed to measure pore water pressure above
and below the water table respectively in the same location where ERT measurements were
carried out. This offered the chance to benchmark ERT-derived water content profiles against
the water content derived from numerical simulations based on the inverse analysis of the

piezometer and tensiometer data.

2 The case study

The study site is located along the Adige River, in the North of Italy, near the village of San
Floriano. The soil profile was characterised from borehole logs and DPH tests carried out on a

500 m segment from chainage km 122.000 to km 122.500 (Amabile, et al., 2020). The



geophysical investigation focused on the area between chainage km 122.410 and km 122.460.
The soil profile of a representative cross section of this segment is shown in Fig. 1. This area
was chosen because a monitoring system consisting of tensiometers and piezometers is
installed in the same segment (Amabile, et al., 2020), thus offering the chance to compare water
content estimated from resistivity measurements to water content based on inverse analysis of

the monitoring data.

Two materials can be identified in the embankment. The shell surrounding the core of the
embankment and the berm built on the landside are made of coarse gravel and sand, shown by
the shaded area in Fig. 1, while the core of the embankment is a brown sandy silt of fluvial
origin and has a thickness of about 5 m. The foundation material is a coarse sand of fluvial

origin corresponding to the ancient riverbed of the Adige River (Amabile, et al., 2020).

Intact samples were collected from the embankment core in a Shelby tube in order to
characterise experimentally the relationship between resistivity and water content via
laboratory testing. Additional samples were collected at different depths for the geotechnical
characterisation of the material (Fig. 1). The grain size distribution for the material in the
embankment core was obtained from two loose samples taken at a depth of 3.3 m and is shown

in Fig. 2.



3 Laboratory determination of the relationship between resistivity

and water content

3.1 Electrical resistivity measurements with TDR

3.1.1 Theoretical background
Time Domain Reflectometry (TDR) is a technique to measure the time-domain envelopes of
electromagnetic waves propagating through waveguides installed into the soil. It can be used

to measure the soil electrical conductivity via the measurement of the standing wave ratio.

The TDR system consists of a step pulse generator which generates electromagnetic waves and
an oscilloscope which records voltage variations. Electromagnetic waves are transmitted
through a probe connected to the oscilloscope and pulse generator via a coaxial cable
(Tarantino, et al., 2008). Multiple reflections and transmissions of the electromagnetic wave
take place at the head and at the end of the probe, until a stable level (standing wave) is

achieved.

TDR systems often return the signal recorded by the oscilloscope in terms of reflection

coefficient R:

R(t) = V—O Eq. 1
where V is the reflected voltage and V) is the incident voltage, i.e. the voltage going into the

head of the probe.

Topp et al. (1988) have shown that the bulk electrical conductivity of a soil can be measured

by using TDR and applying the Giese & Tiemann (1975) equation:

1 eocZ
Z, 1 +R Eq.2




where & is the permittivity of free space (8.854 -107'2 F m™!), c is the speed of light (3 -108 m
s, L is the probe span (m) , R. the final (standing wave) reflection coefficient returned by the

oscilloscope, Z. is the impedance of the cable tester (2), and Z, is the impedance of the probe

().
By introducing the probe constant K,

_ &CZy
p= T Eq.3

Eq. 2 can be rewritten as follows:

_ K, [1—Rw]

" Z A1 +R, Eq. 4

The probe constant K, can be determined by measuring the reflections occurring at infinite
time in solutions of known electrical conductivity (Zegelin, et al., 1989) or calculated by using

Eq. 3 with the impedance of the probe Z, calculated as in Ball (2002):

Zy = — B (147 =1) o

2nn | &
with

3 (SZ _ aZ)n _ a2n
Ta((s+a)"— (s —a)n) Eq. 6

where o is the magnetic permeability in vacuum (1.26 -10° N A2), & is the permittivity of
free space, a is the radius of the single conductor (mm), s is the spacing between conductors
(mm) and 7 is the number of external conductors (n=2 for trifilar probe). The nominal value of

the probe constant K}, is also often provided by the manufacturer.



3.1.2 Signal correction

Correction of the TDR signal is needed when the reflection measured in air is not equal to the
theoretical value of 1 and when the reflection measured on the short circuited probe is not equal
to the theoretical value of -1. Castiglione & Shouse (2003) have suggested calculating a
corrected reflection coefficient R, to account for additional losses in the system as follows:

R _ Rair —Re
®,C Roo _ RSC Eq.7

where R is the reflection coefficient at infinite time, R, is the reflection coefficient measured

in air and Rsc is the reflection coefficient measured on the short-circuited probe. If R is

substituted for R., the conductivity of the sample can finally be calculated from Eq. 4 as

follows:

1- ROOC
Z, |1+ R Eq.8
The electrical resistivity p is the reciprocal of the electrical conductivity g, so it can be

calculated as:

1
p—o_ Eq.9

3.1.3 Calibration of the resistivity function

Two 75 mm long TDR probes with three rods were used for the measurements. The TDR
probes (Campbell Scientific CS640) were calibrated to establish the relationship between the
conductivity and the reflection coefficients that the probes return by measuring the reflections
occurring at infinite time in sodium chloride (NaCl) solutions of known electrical conductivity.
The conductivity of NaCl solutions is related to the molality of the solution (Weast, et al.,
1985). Solutions with electrical conductivity ranging between 1,500-12,000 puS/cm were

prepared by mixing oven-dried salt and demineralised water in a 120 mm high plastic container



having a 100 mm diameter. Preliminary tests were carried out on kaolin samples having the
same dimensions to ensure that the TDR measurements were not affected by the container.
Tests were carried out by inserting the probe in different positions in the centre and on the edge
of the samples and comparing the resistivity values obtained from these measurements. Results
showed a maximum difference in resistivity values of 0.2 Qm, thus confirming that the
sampling volume has diameter equal to the distance between the outer rods of the probe (Ferre,

et al., 1998).

The TDR probe was fully inserted into the solution and the final reflection R.. was measured

and corrected as shown in Eq. 7 to account for the dissipation of the signal in the cables.

The slope of the calibration curve (Fig. 3) represents the ratio K,/Z. (Eq. 8) for each probe. The
obtained values are equal to 899 uS/cm and 871 puS/cm respectively. These values derived from
the probe-specific calibration were checked against the values derived from the manufacturer
specifications (Campbell Scientific, 2006). The probe constant K, provided by the
manufacturer is equal to 6.4 S/m Q. Assuming a value of Z. equal to 63.6 Q for the impedance
of the cable, as reported in Tarantino & Pozzato (2008), a value of K,/Z. equal to 991 uS/cm is

obtained, which compares favourably with the measured value.

Moreover, the probe impedance Z, was calculated using Eq. 5 and a value of 183 Q was
obtained (for s=7.705 mm and ¢=0.795 mm). By substituting this value in Eq. 3 and considering
the same value of Z. equal to 63.6 €, a value of K,/Z. equal to 1018 puS/cm was found, which

again compares favourably with the value measured from the specific calibration.



3.2 Experimental procedure

3.2.1 Sample preparation
Three cylindrical intact samples 100 mm high, 75 mm diameter were taken at depths of 6.0,

6.5 and 6.6 m from the crest of the embankment.

A 1 cm high slice of each sample was cut and oven-dried to estimate the initial volumetric
water content, which was equal to 0.31, 0.46 and 0.52 for the samples taken at depths of 6.0,
6.5 and 6.6 m respectively. Samples were air-dried in steps and the mass of water evaporated
upon each step was used to calculate the volumetric water content reached at the end of each

evaporation step. This water content O7.¢. 1S given by:

Eq. 10

3
=[3

Tar get

where m,, is the mass of water in the sample at the time of measurement, y,, is the unit weight
of water at 20°C and V. is the volume of the cylindrical sample. The samples did not exhibit

shrinkage during the air-drying process.

After each evaporation step each sample was sealed in a plastic bag for 24 hours to let the water
content homogenise before taking the TDR measurement. The TDR probe was initially slowly
pushed centrally into the sample to avoid deforming the probe rods and it was left in the sample

for all measurements.

Loose material collected from the embankment at a depth between 3 m and 4.5 m was used to
prepare eleven samples which were compacted to a target value of dry density of 1.52 g/cm? to
replicate the dry density in the field (Amabile, et al., 2020). The samples were prepared with

target volumetric water contents Oru-¢er ranging between 0.14 and 0.32, calculated as:

my,
gTarget = Pary Yw Eq. 11
mg



where pary, 1s the dry density and m,, and my are respectively the mass of water and the mass of

soil used to prepare the sample.

Samples were prepared by mixing the oven dried soil with fluids at different conductivities a,,
to evaluate the influence of the fluid on the bulk electrical resistivity. In particular,
demineralised water, NaCl solution mimicking electrical resistivity of the Adige River, and
NaCl solution having electrical resistivity much higher than the Adige River were considered.
The Adige-like solution was prepared by measuring the electrical conductivity of the water
collected from the Adige River and reproducing similar electrical conductivity by adding NaCl

to demineralised water. Details about the preparation of the samples are reported in Table 1.

For each sample, the dry soil was spread on a tray in a thin layer, sprayed with water and mixed
carefully to avoid the formation of lumps. To obtain a uniform value of water content the
samples were prepared in two steps. Half of the soil was spread in a thin layer (~1 mm) and
wetted with half of the amount of water; after mixing, the second half of soil was added on the
tray, wetted with the remaining water and mixed with the first half sample. Each sample was

left in a sealed plastic bag for 24 hours to let the water content homogenise.

The samples were compacted in a mould having diameter equal to 100 mm and height equal to
120 mm. For the compaction each sample was divided in three equal parts. Each part was put
in the mould and compacted until the layer reached the required thickness of 40 mm. The
samples were compacted with a standard compaction hammer, having weight equal to 4.5 kg
and a drop of 457 mm. TDR measurements were taken on each sample immediately after
compaction and then the samples were discarded in order to keep under control the salt
concentration and therefore fluid conductivity for each sample.

Table 1 - Compacted samples prepared at different target water contents Ortargec and with pore water

having different electrical conductivity o.



Sample | Orarget Water ow [S/m]
D1 0.14 Demineralised 0.00005
D2 0.21 Demineralised 0.00005
D3 0.32 Demineralised 0.00005
Al 0.16 Adige-like 0.02
A2 0.26 Adige-like 0.02
A3 0.21 Adige-like 0.02
A4 0.32 Adige-like 0.02
AS 0.15 Adige-like 0.02
A6 0.25 Adige-like 0.02
S1 0.15 Saline 0.10
S2 0.25 Saline 0.10

3.2.2 Water content
For every measurement the water content was determined as in Topp, et al. (1980):
Oropp = —5.3 * 1072 + 2.92 x 1072K, — 5.5 * 107*K,* + 4.3 » 107°K ;> Eq. 12

where K, is the apparent dielectric permittivity of the sample. The value of K, was obtained

from the propagation velocity of the pulse in the probe as described in Tarantino et al. (2008):

2
tong — t 2 tona — (theqa + At
end probe) — (C end ( head )) Eq. 13

K=<
o« =\ 2L, 2L,

where L. is the electrical length of the probe (m), ¢ is the speed of light (3 -10° m s™), fena is the
time corresponding to the reflection at the end of the rods (s), #yrope 1s the time at which the
wave enters the probe electrodes (s), treqa 1s the time at which the wave enters the head of the
probe (s) and At is the time interval between tjeas and #,rope. The values of L. and At were
obtained from the probe calibration in air and water (Robinson, et al., 2003), while the times
tend and theaa Were obtained graphically from the waveform in terms of reflection coefficient as
shown in Fig. 4. The time #4eas corresponds to the first dip in the waveform signal, while the
time Zeqq can be found at the intersection point between the tangent to the second rising limb at

the inflection point and the horizontal tangent at the base of the signal (Baker & Allmaras,

1990).



The volumetric water content calculated using Topp’s equation was compared to the imposed
water content O74-4: for the compacted samples and a good agreement was found as shown in
Fig. 5. Intact samples are not included in Fig. 5 because the measurement of the volumetric
water content was affected by inaccuracies in the measurement of the total volume after

extrusion from the sampler.

3.2.3 Relationship between resistivity and water content

The electrical resistivity of a porous medium depends on its moisture content. The resistivity
and the volumetric water content of an unsaturated soil can be related via Archie’s law (1942)
as:

p=k-nP.-5°™ Eq. 14

where p is the electrical resistivity of the unsaturated soil, # is the porosity, S, is the degree of
saturation and k, p and m are coefficients depending on the type of soil, with & also dependent
on the resistivity of the fluid in the pores. Experimental evidence has shown that the fitting
parameters p and m can be assumed to have the same value, leading to the formulation of the
generalised Archie’s law (Shah & Singh, 2005), which can be used to relate electrical resistivity

to volumetric water content & as follows:

0 =apF Eq. 15

For both the intact and compacted samples the values of the fitting parameters a and f were
found by plotting the measured resistivity against the volumetric water content calculated with
Eq. 12 and fitting the data points with the expression in Eq. 15. The results are shown in Fig.

6.

The data points corresponding to samples prepared with demineralised water show a larger
value of resistivity at the same water content compared to samples prepared with saline water.

This trend is consistent with expectations, being the conductivity of the demineralised water



much lower than the one of the saline water. However, when comparing the data points
corresponding to the resistivity of the Adige River to the ones corresponding to saline water,
no significant difference can be observed as both sets of data points align on the same curve.
This shows that although the different resistivity of the fluid in the pores plays a role in the
measured bulk resistivity, its effect is not proportional to the difference in the resistivity of the
fluid on its own. This is reasonably associated with the electrical interaction between clay
particles and ions in the water. The difference in the resistivity values measured for the
compacted samples is comparable to the scattering in the data points corresponding to
measurements taken on intact samples, which is only generated by the natural variability of the
soil in the samples. For this reason all the experimental data points were fitted by the same

power function with a=4.166 (Q'm™") and =0.622.

4 ERT data

4.1 Field measurements

Electrical resistivity tomography (ERT) is based on the measurement of resistivity in the soil
using a large number of electrodes placed at the ground surface. 2D ERT measurements were
taken in two surveying campaigns on the Adige River embankment. The first campaign was
carried out in the wet season and one week after a moderate flood (autumn 2014), while the
second campaign was carried out during the dry and warm season (summer 2015). The river
levels recorded during both surveying campaigns are shown in Fig. 1. The surveys were aimed

at mapping the water content in the unsaturated zone above the phreatic surface.

Measurements were taken along the longitudinal and cross-sectional profile of the
embankment. For the longitudinal profile, electrodes were installed on the crest of the

embankment along a 50 m segment (chainage km 122.415-122.460) with 1 m spacing between



the electrodes. For the cross-sectional profiles, electrodes were installed along the topographic
profile of the embankment in a 40 m long array, starting from the river level on the riverside
and progressing towards the toe of the embankment, with an electrode spacing of 1.5 m as
shown in Fig. 1. Measurements were taken along three cross-sections located at chainage km
122.425, km 122.445 and km 122.452, as shown on the map in Fig. 7. A Schlumberger array
configuration was chosen for the ERT measurements and the device ARES (GF Instruments,
Czech Republic) was used. The maximum penetration depth from the crest of the embankment
is about 10 m, therefore allowing measuring the resistivity in the entire unsaturated zone in the

embankment core and also below the phreatic surface.

4.2 Resistivity from ERT measurements

2D resistivity profiles were compiled using the programme Res2Dinv (GEOTOMO Software
- Malaysia). Data points with out-of-range values of resistivity were removed from the
measured datasets before the inversion. These values were associated with inadequate electrode
grounding, i.e. anomalous electrode contact resistance on the asphalt cover on the crest. The
proportion of the excluded data did not exceed 5% of the total data at any of the measured
profiles. The robust least-square inversion method was selected because a sharp contrast in
resistivity was expected between the gravelly shell layer and the silty material in the core of
the embankment (Loke & Barker, 1995). The RMS error at the 5 iteration was considered
acceptable (<10%) for all the measurements. The topographic profile was included in the
modelling mesh. Examples of resistivity contours obtained from the inversion are shown in
Fig. 8 for one representative cross section. The areas of high resistivity close to the ground
surface below the crest of the embankment correspond to the shell layer which is made of
gravelly material. The pavement on the crest of the embankment prevents infiltration of water
from the surface, leading to a very high resistivity in the dry gravel. This is more evident during

summer because on the sloping sides of the embankment the shallow layer is also dry due to



evaporation. The high resistivity at the toe of the berm on the landside is associated to a
drainage system. For depths greater than 7 m the material shows a uniform resistivity in the

range 50-100 Qm. This resistivity is associated to the saturated foundation material.

4.3 Effect of temperature
The resistivity values were corrected to account for temperature changes in the subsurface soil

due to seasonal variations according to Eq. 16 (Keller & Frischknecht, 1966):

pao =p (14 b(T —20°) Eq. 16

where p2 is the resistivity at a reference temperature of 20°C, p is the resistivity obtained from
the inversion of the ERT data, b is taken equal to 0.02 °C! (Hayley, et al., 2007) and T is the

temperature in the subsurface soil (°C).

Temperature variations in the subsoil can be described by the following equation (Kasuda &

Archenbach, 1965):

~ /L) 2 z [365
T T _T < 365D Ly 2900 .
(t,z) m— Tae cos 365 t —tg > |7 Eq. 17

where T is the temperature at time ¢ (expressed in days of the year) and depth z, 7}, is the yearly
mean temperature at ground surface, 7, is the amplitude of the yearly temperature variation at
ground surface, # is the phase offset i.e. the day of the year corresponding to the minimum

yearly temperature (Table 2). D is the soil’s thermal diffusivity which can be calculated as:

K
D=pC Eq. 18
N

where p; is the average soil density (kg m™), C the soil specific heat capacity (J kg™! K'') and

K the soil thermal conductivity (W m™ K!). These parameters change with the water content
in the soil, which is not known a priori, therefore an average value was assumed between the

values of dry soil and fully saturated soil as reported in the literature (Pal Arya, 2001). The



temperature profiles in the subsurface soil obtained for both surveying campaigns are shown
in Fig. 9. Although the temperature at ground surface is significantly different for the two
seasons, temperature in the subsurface tends to level towards the annual mean temperature of
13°C and the effect of seasonal variations does not affect the temperature in the subsoil for

depths greater than 10 m.

Table 2 — Yearly temperature data for San Floriano in 2014 and 2015 (Autonomous Province of Bozen,

2018).

2014 (autumn) | 2015 (summer)
Twm [°C] 13.9 13.8
T, [°C] 13.6 15.9
t; [day] 360 32
tert [day] 316 175

The average corrected resistivity profile below the crest of the embankment is shown in Fig.
10 for one representative cross-section. For ease of comparison the soil profile is also shown
in the same figure, where the shaded areas at the top and the bottom of the profile represent the
gravelly shell and foundation material respectively. Resistivity at a given depth is the average
measured across the crest footprint. The values of corrected resistivity in summer are much
higher than the ones measured in autumn at shallow depths. This appears to be consistent with
a lower phreatic surface, which generates higher suction and, hence, lower water contents. At
greater depths (below 212 m a.s.l.) no significant difference can be observed between the two
seasons and the resistivity has a constant value of about 50 Qm. This part of the embankment
is below the phreatic surface, therefore this value of resistivity is not affected by the moisture

content and corresponds to the resistivity measured for the fully saturated material.



5 Inverse analysis of monitoring data

To benchmark the water content profiles obtained from the ERT measurements, numerical
simulations of water flow in the embankment at the time of ERT measurements were carried
out. Since the three cross-sections where ERT measurements were taken are very close, a single
geotechnical model was considered (Fig. 1). The numerical model was calibrated by inverse
analysis of the water flow based on the measurements of the piezometers and tensiometers
installed in the field. The values of the saturated hydraulic conductivity of the materials in the
core of the embankment and in the foundation were obtained from the inverse analysis of the
monitoring data (Amabile, et al., 2020). The water retention curve of the embankment core
material (Fig. 11) was derived experimentally in the laboratory on specimens collected at
different depths (Amabile, et al., 2020), while the unsaturated hydraulic conductivity was
derived from the water retention curve using Van Genuchten’s model for the relative hydraulic

conductivity (Van Genuchten, 1980):

05 1y
ket = 5.7 (1= (1=5.7) ) Eq. 19

Where k. is the ratio between unsaturated and saturated hydraulic conductivity, S. is the

effective saturation and m = 0.305.

The hydrograph in the water flow simulations is given by the level of the Adige River at the
study site, which is recorded by a hydrometer and is shown in Fig. 12 for the months
corresponding to the two ERT measurement campaigns. In June 2015 no significant change of
the river level was observed in the weeks leading up to the time of ERT measurements,
therefore steady-state conditions were considered in the water flow simulations. In November
2014 a moderate flood was observed a few days before the ERT measurements, therefore
transient conditions were taken into account in the water flow simulation to account for the

variations of river level in the ten days preceding the ERT measurement. Numerical simulations



were carried out using the finite element software SEEP/W (GEO-SLOPE, 2004) and more

details about the numerical model can be found in Amabile et al. (2020).

6 Discussion

The average resistivity profiles deriving from ERT measurements were converted in volumetric
water content profiles using the relationship between resistivity and volumetric water content

obtained in the laboratory tests (Fig. 6).

The comparison of water content profiles obtained from the ERT data and from the inverse

analysis of monitoring data is shown in Fig. 13 for both seasons.

From a qualitative point of view the comparison between water content profiles shows a good
match between the water contents derived from ERT and the numerical simulation of water
flow. The profiles show the same trend, with increasing water content with depth in the
unsaturated area and a constant water content, corresponding to the saturated one, in the

saturated zone.

However, from a quantitative point of view the water content obtained from ERT data does not
seem to give an accurate estimate of the water content in the embankment. The water content
derived from ERT measurement is always lower than the one obtained from numerical
simulations, meaning that the resistivity returned by the inversion of the ERT data is greater
than the one obtained from TDR measurements in the laboratory. This may be due to artefacts
associated to the inversion process. The high contrast in resistivity between layers has been
acknowledged as a source of artefacts during the inversion in several applications ( (Carey, et
al., 2017); (Hilbich, et al., 2009); (Rings, et al., 2008)), raising questions about the reliability
of resistivity values obtained in the areas of the model where such contrasts are found. For the

embankment in San Floriano, the resistivity returned by the inversion in the gravelly shell layer



reaches values as high as 2200 Qm in autumn and 3500 Qm in summer. The high contrast
between the resistivity of the gravelly shell and the resistivity of the silty material in the
embankment core may therefore be the source of the mismatch observed in terms of water

content.

The mismatch is more evident for the summer measurement, when the evaporation from
ground surface is more intense and leads to a very dry gravelly shell layer. The higher contrast
in resistivity values at the boundary between the two layers would explain why the difference
between the ERT derived water content and the one obtained from the inverse analysis of

monitoring data is more significant for measurements taken during summer.

This issue can be addressed by deriving a field specific relationship between the resistivity
returned by the inversion of ERT data and the water content. This can be achieved by having
an independent measurement of water content at the same time as the ERT measurement to
relate the two variables (Fan, et al., 2015). To test this approach, a field specific water content-
resistivity relationship was derived using the average resistivity profile obtained from the
longitudinal ERT measurements carried out on the crest of the embankment in the first
measurement campaign (autumn 2014). This resistivity profile was associated to the water
content profile obtained from the numerical simulations based on the inverse analysis of
monitoring data. The field specific relationship is shown in Fig. 14 together with the curve
obtained from the laboratory testing. The two curves diverge significantly for values of
resistivity higher than 100 Qm, with the field-derived curve showing much higher values of

water content corresponding to the same resistivity.

The field specific water content- resistivity relationship built on the autumn 2014 dataset was
then validated against its capability to simulate the water content on the summer 2015. To this

end, the field specific water content- resistivity relationship was used to convert the resistivity



profiles obtained from the ERT on the cross section for the summer 2015 campaign. As shown
in Fig. 15, there is a satisfactory quantitative prediction of the ERT-based water content

compared with the one derived from the water flow analysis.

The same figure also shows the water content profile derived from the ERT on the cross section
in the autumn 2014 campaign. The good match with the water content derived from the water
flow analysis is trivial because essentially these same ERT data have been used to construct

the water content - resistivity relationship.

These results show that ERT may be a suitable method to capture the soil’s volumetric water
content not only qualitatively, but also from a quantitative point of view. If a direct or indirect
measurement of water content is used to calibrate a field-based relationship between the ERT
derived resistivity and the water content, ERT can be successfully used to determine water

content profiles in the subsoil.

7 Conclusions

The paper has presented an application of ERT technique to assess water content in a flood
embankment on the Adige River, where a monitoring system consisting of piezometers and
tensiometers is installed. The relationship between water content and resistivity expressed by
Archie’s law has been characterised in the laboratory using TDR on intact and compacted
samples collected from the embankment. This allowed converting the temperature-corrected
resistivity profiles derived from ERT measurement along the cross section of the embankment

into water content profiles.

Data from the monitoring system have been used to calibrate a numerical model to analyse
water flow in the embankment via inverse analysis. Comparison of ERT-derived water content

profiles with water content profiles derived from water flow simulations has shown that ERT



can capture the qualitative trend of water content variations in the embankment. However, the
high resistivity contrasts between the silty material in the core of the embankment and the
gravelly shell layer on the top surface can affect the quantitative interpretation of the results.
When there are strong contrasts in the ERT derived resistivity profiles the results tend to be
less reliable because of artefacts generated by the inversion process. In this case, an
experimental field-calibrated relationship between resistivity and water content can be
developed in order to obtain a satisfactory quantitative assessment of the water content. This
can be achieved by coupling ERT with more traditional geotechnical monitoring systems based
on the use of local sensors, to have an initial direct or indirect measurement of water content

in the field.

ERT has proven to be a quick and cost effective tool to assess the water regime in earth
structures such as flood embankments. This technique can be easily applied to identify patterns
of water flow and anomalies in the moisture content in the soil, which in turn can provide

valuable information about the stability of flood embankments.
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Captions of Figures

Fig. 1 - Cross-section of the embankment with field instruments and samples collected for material

characterisation.



Fig. 2 - Grain size distribution for two loose samples collected from the embankment core at a depth
of 3.3m.

Fig. 3 - Calibration curves for the two TDR probes.

Fig. 4 - Typical waveform signal returned by TDR in terms of reflection coefficient R.

Fig. 5 - Comparison between volumetric water content calculated using Topp’s equation Otepp and
estimated volumetric water content Orarget. The dashed line denotes a perfect 1:1 relationship.

Fig. 6 - Relationship between resistivity and volumetric water content.

Fig. 7 - Plan view of the study area.

Fig. 8 - Resistivity contours obtained from the inversion of ERT data at chainage km 122.425 in (a)
autumn and (b) summer.

Fig. 9 - Temperature profiles in the subsurface at the time of ERT measurements.

Fig. 10 - Average corrected resistivity profile for the cross-section at chainage km 122.425 in summer
2015 and autumn 2014.

Fig. 11 - Water retention curve of the material in the embankment core, after (Amabile, et al., 2020).

Fig. 12 - River level variations recorded in the months of the ERT measurement campaigns.

Fig. 13 - Volumetric water content profiles obtained from ERT data (0ert) and from inverse analysis
of monitoring data (8mp) in (a) autumn and (b) summer.

Fig. 14 - Relationship between resistivity and volumetric water content derived from laboratory
measurements and from inversion of ERT data.

Fig. 15 - Volumetric water content profiles obtained from ERT data (Oerr) and from inverse analysis
of monitoring data (6mp) using a field specific relationship between resistivity and water content in (a)

summer and (b) autumn.
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