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Abstract

We present a study of the seasonal behaviour of soil moisture in an old embankment levee by
means of 2D DC-electrical resistivity tomography monitoring based on an embedded electrode
installation.

We were able to produce seasonal resistivity change models that are compensated for
temperature effects using a seasonal temperature profile model. Time-lapse sections of
percentage resistivity changes show spatial and temporal overall consistency with seasonal
variations of soil temperature. Discrepancies are likely due to the pavement layer that is not
well considered in the inversion process as well as to time-lapse inversion pitfalls. Furthermore,
a detailed estimation of seasonal moisture content variations could not be given as an accurate
calibration of the employed suction probes was not achievable.

Nevertheless, the levee appears to have spatially consistent time variations in soil moisture,
clearly influenced by both rainfall and water table and river levels. Future work on developing
3D acquisitions and adding embedded moisture content probes should prove effective to our
monitoring design and give a more detailed understanding of the soil moisture seasonal
behaviour in the studied stretch of levee.

Key words: Electrical Resistivity Tomography; monitoring; seasonal variations; soil
moisture; temperature compensation; embankment levee.



1. Introduction

Piping induced by anomalous seepage is the main cause that may lead to the failure of flood
protection structures such as embankment levees (Huang et al., 2014; Cleary et al., 2015).
Researchers and levee managers use methodologies to assess and monitor key information on
internal condition, such as material and hydraulic properties, including primary studies (e.g.
visual inspection), geophysical surveys and geotechnical testing (Fauchard and Mériaux, 2007;
Royet et al., 2013; CIRIA, MEDDE, and USACE 2013). However, frequently used
geotechnical testing approaches are limited since levees are often heterogeneous and complex
structures, particularly in terms of construction material, moisture content and pore pressure
distribution, in time, depth and along the length of the levees (Huang et al., 2014; Glendinning
etal., 2014). Therefore, geophysical investigations and imaging have been added in many cases
to provide high-resolution information of subsurface property changes and stability assessment
over long embankment stretch (e.g. Kim et al., 2007; Donohue et al., 2011; Niederleithinger et
al., 2012; Perri et al., 2014; Busato et al., 2016; Biéevre et al., 2017; Sentenac et al., 2017).

Among geophysical imaging methods, electrical resistivity tomography (ERT) is a well-
established method that is widely applied to embankment levee investigation and seepage
detection (e.g. Johansson and Dahlin 1996; Sjodahl et al., 2005, 2010; Weller et al., 2006; Cho
and Yeom, 2007; Chinedu and Ogah, 2013; Lin et al., 2014; Loperte et al., 2016). Its sensitivity
to soil moisture makes it an appropriate technique for monitoring purposes in the form of time-
lapse ERT (TL — ERT) surveys, that allows locating zones with abnormal seepage variations in
time (Sjodahl et al., 2008), which is of upmost importance. Indeed, piping originates from areas
of low compactness where water seepage increases with time following the detachment and
migration of fine soil particles, i.e. internal erosion (Fell and Fry, 2007; Cleary et al., 2015;
CIRIA, MEDDE, and USACE 2013).

However, electrical resistivity is highly sensitive to several combined soil properties such as
clay content, moisture contents, solute concentration and temperature. Thus, ERT can be used
as a proxy to image the spatial and temporal variations of these properties (Telford et al., 1990;
Samouélian et al., 2005). Their combined effects affect the electrical resistivity in different
ways and to different extents, which makes interpreting resistivity variations challenging. ERT
interpretation is based on empirical relationships between the electrical resistivity and each of
these soil characteristics (e.g. Archie, 1942; Keller and Frischknecht, 1966; Gupta and
Hanks, 1972; Rhoades et al., 1976; Goyal et al., 1996). In each case, petrophysical relationships
are established in order to link geotechnical parameters and temperature measurements to
resistivity allowing to quantitatively analyze TL — ERT (Jackson et al., 2002).

In the case of levee monitoring, before identifying zones of anomalous material property
variations, one first needs to account for natural seasonal variations in soil temperature and
moisture content (Sjodahl et al., 2009). Often, measurements are made using an in-situ probe
network (Utili et al., 2015; An et al., 2017; Janik et al., 2017). However, as previously
mentioned, these measurements are punctual and probe installation can lead to soil disturbance.
Thus, on many occasions, TL — ERT results are qualitatively correlated to water level variations
and pluviometry (Panthulu et al., 2001; Lin et al., 2013, 2014; Weller et al., 2014).

In-situ temperature probes allows to build a simple temperature model for the levee that can be
used to correct resistivity measurements (Chambers et al., 2014; Glendinning et al., 2015).
Moreover, to better understand the resistivity anomalies that can be detected and their
implications, TL — ERT measurements can be integrated with geotechnical parameters and



weather measurements (Jackson et al., 2002; Rings et al., 2008; Chamber et al., 2014; Lin et
al., 2014; Glendenning et al., 2015).

In our study, we use two-dimensional (2D) TL — ERT based on an embedded electrode
installation to monitor the seasonal behaviour of soil moisture in an embankment levee along
the Loire in France. TL — ERT based on permanently installed electrodes was introduced by
Johansson and Dahlin (1996) on an embankment dam and has been more widely implemented
since then (Sjodahl et al., 2008, 2009; Kuras et al., 2009; Ogilvy et al., 2009; Chambers et al.,
2014; Weller et al., 2014). The studied site is representative of old fluvial levees as it was first
built in the 12 century and has registered many floods and heightening works since then. A
special feature of our study is that two parallel lines of electrodes were installed just below the
crest, one on the land side and the other one on the river side. The aim was to gain additional
insight on the seasonal behaviour of the studied structure. In case the river flooded during the
study, the double-line layout was aimed at detecting a water front moving across the levee body.
Our study had a twofold objective. The first objective was to assess the feasibility of TL — ERT
monitoring based on a permanent electrode system applied to an ancient levee reworked several
times over the last centuries and decades. The second objective focused on understanding the
seasonal behaviour of soil moisture within the studied levee body. As commonly admitted (e.g.
Samouélian et al., 2005), the electrical resistivity decreases in response to an increase in water
content and a drying soil leads to a rise of electrical resistivity. Consequently, we can
qualitatively link seasonal resistivity changes to moisture content changes.

The outline of the paper is as follows: first, we present the studied site, the permanent
monitoring installation and our methodology, which includes the introduction of a seasonal
temperature profile model used to compensate resistivity models. Second, we analyze our
monitoring results, including apparent and inverted resistivities as well as direct observation
data, and we produce seasonal resistivity changes that are compensated for temperature effects.
Then, we show the consistency between the temperature-compensated resistivity changes and
the levee soil moisture seasonal behavior. Finally, we discuss results and draw the main
conclusions of our study.

2. Studied site

The studied site is a 100 m long embankment levee stretch, which is part of a 50 km long flood
defense network along the Loire River in the Authion valley between Angers and Saumur in
France. The site has been equipped since 2009 with various permanent sensors meant for
experimenting long term monitoring. The geophysical equipment consists in two parallel ERT
profiles laid 4 m apart and buried 1.2 m beneath the road structure below the levee crest (Figure
1a). Both profiles comprise 48 aligned electrodes with a 2 m separation. All 96 cable outlets
are in direct contact with the embankment soil. Additional instrumentations consist of three
piezometers (Pz1 through Pz3, Figure 1) distributed in the transverse direction of the levee
within the studied area (Figure 1). Pz3 (9 m deep) and Pz2 (7.6 m deep) are positioned at the
edges of the levee crest on the river side and the land side respectively, whereas Pz1 (3.5 m
deep) is 3.5 m away from the levee toe on the land side of the levee. Finally, four temperature
and suction probes with a recording step of every 4 hours (Watermark® probes, each combining
a thermistor and a tensiometer) were placed at depths 1. 2m, 2.5 m, 4 mand 6 m below the crest
respectively on the river side of the levee (Figure 1a).

We established a geological section of the site based on previous geotechnical drilling
campaigns and the overall geological setting of the area (Figure 1b). The levee body, formed



of compacted silty-clayey sand, is 4.5 m high from the land side levee toe and 6 m high from
the riverbank side. Alluvial Loire River deposit form the natural levee foundation, comprising
(from top to bottom) an approximate 2 m thick permeable layer of clayey-sandy silt, a 6 m thick
impervious clay formation and a confined aquifer sand formation. Finally, the bedrock is made
of Turonian chalk. From previous 2D ERT inversion results and direct resistivity measurements
on core samples, an average resistivity value of about 60 Q.m for the earth fill layer and of 20
Q.m for the alluvial layer (for both the clayey-sandy silt and the clay formations) was estimated.
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Figure 1. a) Satellite view of the site (in Lambert 93 coordinates, ©Google Earth) and b)
Geological cross-section of the Loire river levee and natural foundation with the permanently
installed ERT lines and additional monitoring devices. The thick dark grey parts represent the
road structure and the masonry revetment on the crest and the river side slope respectively.

Regarding the environmental conditions of this study, it is worth mentioning the following
information. First, in a previous study of the same site, Jodry et al. (2017) reported the presence
of shallow and regularly spaced anomalies (approx. every 30 m) below the levee toe on the
river side, possibly due to local features in consistency with past reinforcement works. They
showed that these anomalies had significant 3D effects on the 2D ERT images yielded by both
ERT lines, and most particularly for the one on the river side. Second, the river did not flood
during the period of the study, and merely showed average seasonal level variations.

3. Methodology

3.1. Data acquisitions

The permanent ERT setup was used to collect one acquisition per month based on a Wenner-
Schlumberger protocol (Dahlin et al., 2004) comprising 997 measured apparent resistivities on
each of the electrode lines using a SYSCAL Pro® (IRIS Instruments) resistivity meter. Data
quality was deemed very good according to i) low and stable contact resistances, ii) low
stacking discrepancy and iii) smooth lateral apparent resistivity variations for a given electrode
spacing (no spikes).

Concurrently with each monthly ERT acquisition, additional recordings were manually taken
as follows: i) water level and electrical conductivity were acquired in the piezometers and the
Loire river; and ii) soil surface temperature was measured with a portable probe (estimated
measurement depth is 0.1 m). Finally, daily rainfall data were collected from a weather station
(Météo-France national meteorological service) located 18 km away from the studied site.



3.2. ERT processing

Accurate geometric factors were generated through a 3D numerical model of the levee (using
the COMSOL Multiphysics® finite element environment) to avoid misinterpretation from 3D
effect artifacts (Ricker et al. 2006; Lin et al., 2014). In the levee model, the embankment
topography, the actual positions of both lines of embedded electrodes and the actual height of
the Loire river at the time of each ERT acquisition are considered (Marescot et al., 2006;
Wiwattanachang and Giao, 2011; Jodry et al., 2017).

The observed apparent resistivity datasets were inverted using RES2Dinv commercial software
(version 3.59) (Loke and Barker, 1996). The inversion scheme is based on a least squares
smoothness constrained iterative optimization algorithm (Constable et al., 1987; De Groot-
Hedlin and Constable, 1990). Here, we used the L2 norm (i.e. Menke, 1984; Loke, Acworth
and Dahlin, 2003) to generate a smooth resistivity model. This was done in conformity with a
priori knowledge from previous borehole data that indicate a progressive vertical resistivity
variation and comparatively smaller horizontal variation between boreholes.

Several techniques proposed for the time-lapse inversion of time series of data (e.g. Hayley et
al. 2011; Karaoulis et al. 2014) use more or less sophisticated algorithms that make use of
temporal and spatial constraints to reliably reconstruct subsoil resistivity changes with as
limited artifacts as possible. Here we used a smoothness constraint applied on temporal
variation through a simultaneous “cascade time lapse inversion” (e.g. Miller et al., 2008;
Hayley et al. 2011) that is more adapted to seasonal resistivity variations (Sjodahl et al., 2008).

We assessed the convergence level of the inversion based on the relative root mean square error
as defined in Gupta et al. (1997) and simply denoted ‘RMS’ in this paper.

3.3. Causes for seasonal resistivity variations

Resistivity variations are driven by the combined effects of several soil properties. Since this
fluvial levee is not exposed to permanent hydraulic head and no flooding conditions occurred
over the span of the study period of time (2009-2016), it was assumed that clay content changes
(due to internal erosion phenomena) were negligible or even null. Moreover, the clay content
in the fill material of the levee body is not sufficient for porosity changes due to shrink-swell
phenomenon to occur. Therefore, in this study, we assume that only soil temperature and
moisture content show seasonal variations within the levee body and foundation.

3.4. Temperature profile modelling and compensation
As previously mentioned, our aim is to show how resistivity changes in the levee body relate
to soil moisture changes. In this context, it is important to retrieve resistivity changes that are
free from temperature effects, as emphasized by Hayley et al. (2007). To compensate the
temperature contribution to resistivity changes we assume the linear empirical model state
introduced by Keller and Frischknecht (1966) for a variety of subsurface materials, with a
standard temperature of 18 °C:

_ P1s°c
T+ m(T—18) (2)

where p; is the bulk electrical resistivity of a medium at temperature T [°C]. p;go¢c IS the
resistivity at the standard temperature (18°C) and m is fractional change in bulk electrical
resistivity per degree Celsius, which is assumed here to be approximately 0.025°C™* (i.e.
assuming a variation of 2.5% in resistivity per degree Celsius, regardless of soil type) (Keller
and Frischknecht, 1966).

Hayley et al. (2007, 2010) demonstrated that temperature effects on bulk resistivity can be
approximately corrected for and compared two temperature compensation approaches for
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TL — ERT imaging: the straightforward approach based on compensating resistivities after
inversion of raw data and a competing approach based on inverting temperature-compensated
data. The latter implies a more complex process that includes forward simulations. Here we
apply the former approach as used by Brunet, Clément and Bouvier, 2010; Pellicer et al, 2012;
Chambers et al., 2014; Glendenning et al., 2014) in the same context.

The following sinusoidal expression was proposed to represent seasonal variations of vertical
temperature profiles in the subsurface (Kappelmeyer, 1957; Musy and Soutter, 1991). Such
variations are governed by general heat transfer laws and therefore behave as a damped thermic
wave in the ground:

T(z,t) =T, + Age dsin (wt — wty — g) 3)

where T (z, t) denotes the average temperature at date t [days] and depth z [m] below the levee
crest (note that the z is positive downwards with z = Z — 29, Z [m] being is the elevation as
previously used and Z = 29 m at the levee crest), T, [°C] is the yearly mean temperature of air
(at the ground surface), A, [°C] is the yearly amplitude of the air temperature variation, which
was set to 7.5°C according to the closest meteorological station (© Méteo France data). The

attenuation of the wave amplitude increases with depth at the rate e 4, where d is the
characteristic penetration depth of the thermic wave. The delay of the temperature variations

increases with depth as well, as imposed by the phase lag wt, + 3 in the sine term, where w =

3277; is the angular frequency for a one-year period (365 days), t, is the origin of the sine

function which happens here to be very close to April 23 2014, for all depths. The
characteristic penetration depth depends on the thermal properties of the subsoil and on the
frequency w (Musy and Soutter, 1991). For a yearly frequency, d should range from 1.41 m
(dessicated clay) to 2.75 m (water saturated sand).

Equation (3) is the sinusoidal approximation of the complex thermal regime occurring in a
subsoil and stands under some assumptions. In particular, heat transfers are supposed to be
unidirectional, the yearly average temperature is assumed to be constant with depth (equal to
that of air) and the spatial and temporal variations of soil thermal properties are considered
negligible. The latter assumption is certainly the most difficult to ensure. In the case of our
study, it was not possible to fit a single model to all our temperature data jointly, probably due
to local conditions and high vertical variability in terms of material type (from top to bottom:
road structure, loamy sand embankment, clayey-loamy alluvions) and water saturation levels
(which also vary over the seasons).

Alternatively, we adapt equation (3) to the following form of vertical-temporal temperature
profiles:

_ __Zz_ z
= a(z)d gj — -

T(z,t) =T(z) + Age *@dsin (a)t ¢ ,B(Z)d) 4)
where a(z) and S (z) are dimensionless coefficients that allow accounting for soil differences
in attenuation and delay, and T (z) is the yearly average temperature at depth z.
It should be noted that although Musy and Soutter (1991) and Chambers et al. (2014) use
coefficient values @« = 8 = 1, Brunet et al. (2010) and Pellicer et al. (2012) rather use a =1
and B = 4 at all depths, thus leading the way to some model adaptability.



After fixing the characteristic penetration depth to the expected average value d = 2m,
coefficients a(z) and f(z) were determined by fitting the model in equation (4) to the
temperature data at each depth separately. Although time unit is in days here, we used monthly
mean temperature for fitting this temperature model. Adjusted values of a(z) and [ (2)
coefficients at the depths of the temperature probes are given in Table. 1.

Table 1. Adjusted values for surface and probes’ depth of the yearly mean temperature T (z)
and the attenuation parameters a and g for the amplitude and phase lag respectively.

Elevation (m) Depth (m) T (°C) a B
28.9 0.1 13.0 0.8 1
27.8 1.2 16.4 12 5
26.5 2.5 16.0 5.6 3.6
25 4.0 15.3 4.6 3.2
23 6.0 14.6 3.9 2.8

This adjustment was carried out under customized Matlab routines to ensure a minimal misfit
between modeled and measured data (Figure 2.a, plain and dotted lines respectively). A
reasonable fit quality was achieved at the five depths corresponding to the soil surface
temperature recording (at depth 0.1 m) and the four installed temperature probes (at depths
1.2m, 2.5m, 4.0m and 6.0m). Although the four permanently installed temperature probes used
in this study (section “studied site”) have a limited resolution (1°C), the usual sinus-like soil
temperature trends can be seen, with a decrease in amplitude variations and an increase in phase
delay with depth.

Finally, since model parameters T, a and 8 depend on depth z, we applied linear interpolation
in between the fitted values in order to retrieve estimated parameters at the required resistivity
inversion depths and be able to compensate all inverted resistivities for temperature effects. The
final temperature models, for each month and resistivity inversion depths are displayed
Figure 2.b.

Although the embedded temperature probes are closer to the river side of the levee (Figure 1),
we used the same temperature profile model for compensating both inverted resistivity sections
(river side and land side electrode lines).
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Figure 2. a) Observed and modelled soil temperatures for surface and subsurface probes at five
depths; b) Modelled soil temperature at each resistivity inversion depth for the reference date,
December 2013, and each month of year 2014.

4. Analysis of results and temperature compensation

In fulfilling our objective to understand the seasonal behaviour of the levee soil over the span
of a year, and more specifically to relate TL — ERT results to soil moisture changes, we first
briefly analyze the seasonal changes in measured apparent resistivities. Then we present
changes in inverted resistivities in the light of direct observation data and we compensate these
changes for measured changes in temperature. Finally, we link temperature-compensated
resistivity changes to seasonal trends of soil moisture changes.

4.1. Basic analysis of apparent resistivity data
Here we focus on the apparent resistivities and their seasonal evolution. Figure 3 presents the
apparent resistivity values from the land side electrode line for various quadrupole
configurations and spacings. Data from the river side electrode line are not shown here as they
follow similar trends.

The left column of Figure 3 shows the calculated mean of year-round apparent resistivity for
all month + the standard deviation for each position X for 2014. The smallest electrode spacing
(AB = 6 m with a =2 m and n = 1) shows that the yearly magnitude of apparent resistivity
variations is about 20 Q.m. This amplitude progressively decreases while AB increases until a
minimum variation of 5 Q.m for AB =44 m (a =4 m, n = 5). We note that temporal variations
in apparent resistivity show some spatial consistency along the levee as they do not strongly
depend on the lateral position (X) along the profile.
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Figure 3: Raw Wenner-Schlumberger apparent resistivity (Q.m) data acquired with the
electrode line situated on the land side. Left: Selected apparent resistivity profiles for each
monthly acquisition in 2014; Right: Mean apparent resistivity for each selected profile and
monthly acquisition for years 2009, 2010, 2013 and 2014.




In order to assess the trends of these variations over the span of years, we calculated the mean
apparent resistivity for each AB electrode spacing and each monthly acquisition. These mean
values plotted against months in a year allow us to observe their evolution during the four
seasons for different years, 2009, 2010, 2013 and 2014 on the right column of Figure 3. We
show that for the smallest lengths of quadrupoles with AB =6 m (a = 2 m, n = 1), the average
apparent resistivities are higher in autumn and winter and lower in spring and summer. In the
case of intermediate AB lengths of 18 m (a = 2 m, n = 4), seasonal variations in mean apparent
resistivity are generally lower. Finally, for larger electrode spacings with AB=30to 44 m(a =
6m,n=2,a=4m,n=4and>5, thena =6 m, n=4) mean apparent resistivities show relatively
little variations over the seasons for each considered year.

Overall, the maximum seasonal variations are yield for the smallest spacing, with maximum
and minimum apparent resistivities in the winter and summer respectively. Hence, the levee
subsoil seems to partially respond to seasonal weather conditions and with similar amplitudes
each passing year.

4.2. Time-lapse ERT results without temperature compensation

A more in-depth analysis is presented here based on the 2D inverted resistivity tomographies
for the land and the river sides of the levee (Figure 4, left and right columns respectively).
These images show the area of interest, from elevation Z = 29 m (levee crest) down to elevation
Z =15 m, which covers the levee body (embankment) and the first two alluvial layers (the
permeable clayey-sandy silt layer and the impervious clay formation) (Figure 1). The confined
sand aquifer formation just below should not exhibit significant temporal changes considering
that it stands significantly below the water table level and river level all year round and is
therefore assumed to be permanently saturated. Moreover, the temperature changes in this
formation are considered negligible for it is situated at a depth of about 9 m below the levee toe
and 14 m below the levee crest. Furthermore, we do not expect to have sufficient resolution at
such depths where inversion results might lead to misinterpretation.

The top two tomographies are the inverted resistivities obtained for December 2013, which is
the reference date (p,..). Both models represent results from the 5™ iteration and an RMS error
of 1.35 % and 2.2 % for the land and river side respectively. The top layer with an average
resistivity of 60 Q.m reflects the 5-6 m thick embankment, which appears homogeneous along
the crest, for both levee sections. The resistivity level decreases rapidly between elevations
26 mand 24 m to attain approximately 20 Q.mand 15 Q.m int the silt and clay alluvial deposits
respectively. On the river side, the resistivity transition is not even, which is most possibly
related to 3D effects due to local features beneath the levee toe on this side, as mentioned in
section “Studied site” (see also Jodry et al., 2017). Based on borehole data, it was clearly
demonstrated that the ERT image on the river side contained inversion artifacts, and that the
actual interface between the embankment and the alluvial layers was most likely to be
horizontal, as on the land side.

The other ERT images presented in Figure 4 show time-series sections of percentage change in
model resistivity for each month in year 2014 (p,). The RMS values, at the 5™ iteration, are
comprised between 1.38 % and 3.8 % for all tomographies. For each inversion cell, the
percentage change (%) in inverted resistivity is calculated as:

A_p _ (pt - pref)
p pref

The time-lapse inverted models obtained for the land and river side ERT lines (Figure 4, left
and right columns respectively) exhibit quite similar seasonal resistivity changes. Thus, it
should be noted that the inversion artifacts previously mentioned (on the river side reference

x 100 (5)



resistivity image) only induce limited contamination in the time-lapse percent images. This is
an important finding for the feasibility of TL — ERT monitoring applied to this levee stretch.
Seasonal resistivity variations are in the range of —30 % to +30 % from the reference resistivity
section in December 2013. In the upper layer (Z > 25 m), the levee is slightly more resistive in
January and February 2014, compared to December 2013. Then we observe an evolution
towards decreasing resistivities from March 2014 until August 2014 that spreads from the top
down to the bottom over time. From August to December 2014, percentage resistivity changes
in the upper levee layer show a progressively increasing trend and exhibit some spatial
variability towards the end of the year.

The resistivity changes at the base of the embankment body and in the clayey-sandy silt deposit
layer (between Z < 25 mand Z > 21 m) generally show an opposite behaviour, with percentage
resistivity changes ranging from —20 % (February) to +25 % (May and June) and back to lower
values towards the end of the year. The clay formation, below Z =21 m, follows the same
pattern as the silt layer with lower percentages resistivity changes, comprised between —10 %
an +10 %.

From these inverted results, we conclude that this stretch of ancient levee in the Authion valley
seems to follow ‘cyclic’ resistivity variations over the course of year 2014 with reverse
behaviours for upper (Z > 25 m) and lower (Z < 25 m) layers of the embankment and its
foundations. Thanks to the similar results on both time-lapse series (land and river sides), we
also conclude that this levee stretch shows a homogeneous seasonal behaviour in the transverse
direction. Finally, although it is likely that the levee body and the natural foundation do not
fully recover their original state after a full year, we notice that December 2014 results in
Figure 4 exhibit some high percentage values and large lateral variability. We suspect part of
this variability to be due to numerical instability in long-term TL — ERT inversion.
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Figure 4. 2D inverted resistivity tomographies for the reference date of December 2013 (top
sections) and percentage resistivity change sections from “cascade” inversions for a) the land
side and b) the river side. The dotted lines represent the top of each alluvial layers estimated

according the geotechnical data (Figure 1).
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4.3. Time-lapse ERT results compensated for temperature variations
Figure 5 presents the reference 2D inverted resistivity models (Dec. 2013) and the subsequent
monthly sections of percentage change in model resistivity compensated for the effect of
temperature based on the modelled temperature (Figure 2.b) and application of Equation 2.

The inverted resistivity tomographies, obtained for December 2013 with and without
temperature compensation (top row of Figure 4 and Figure 5 respectively), do not show
significant differences. Yet, percentage resistivity change sections are quite modified. This is
especially noticeable for the upper levee body layers (Z > 25 m) which are more impacted by
temperature variations.

Indeed, for the upper layers (Z > 25 m), percentage changes in resistivity are generally of
opposite sign compared to that of non-compensated results (Figure 4). This contrast between
non-compensated and compensated resistivities progressively decreases downwards (from
Z=25mto Z =15 m) as the temperature compensation magnitude decreases. We also note
that, for all elevations, the contrast tends to vanish towards the end of year 2014. This is likely
due to the fact that temperature profiles, and thus temperature compensations, tend to are very
similar for December 2013 and December 2014 (Figure 2.b).

Once again, the sections of percentage resistivity change for the land and river sides of the levee
(Figure 5, left and right columns respectively) show similar comportments and amplitudes
throughout the year, despite some local discrepancies. Although one could have expected this
similarity, based on the similarity previously stated for the non-compensated ERT results
(Figure 4), it is important to note that the seasonal changes within this stretch of levee exhibits
spatial consistency to some extent. This statement is made possible thanks to the double ERT
line installation.

Overall, we distinguish again a cyclic behaviour of the resistivity changes with variable
comportment with depth. The beginning of year 2014 induces a decrease in resistivity (January
and February) then the levee body becomes more resistive compared to December 2013 and
remains more resistive throughout spring and summer (from March to August). Autumn and
the beginning of winter (September to December) prompt a new decrease in resistivity.

In sum, temperature-compensated resistivities show significant seasonal variations throughout
the year, although the yearly amplitude is smaller than for non-compensated resistivities. One
can reasonably associate these compensated resistivity changes to soil moisture variations.
However, one also notes that the resistivity changes show some lateral variability for each
depth, depending on the side of the levee (land side or river side) and the period of the year.
Possible interpretations for this are discussed later.

In order to highlight the overall seasonal behaviour, we calculate the average percentage
resistivity changes at seven selected elevations in the levee body, both with and without
temperature correction, and plot them against time (Figure 6). The selected elevations are the
depths of the discretization cell layers as designed by the inversion software we used, i.e.
Z=21.9,26.2,253, 23.0, 20.3, 17.0, 15.2 m.

For Figure 6.a and c, the soil shows resistivity variations in the range of —20 % to 15 %. Yet
again, the duality between seasonal behaviour in the near surface and in the deeper layers is
clearly visible (as for Figure 4). Figure 6.b and d display less resistivity variations with a range
of 15 % in all. We note an abrupt decrease in resistivity in February that seems independent
from temperature variations since it can be seen on all four profiles (Figure 6). We suspect it to
be the result of an abrupt change of another soil parameter. Furthermore, we can observe that



the deeper layers, at Z =17 mand Z = 15.2 m, show resistivity variations close to 0 % with and
without temperature correction (Figure 6).
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Figure 6. Time-series graphs showing average percentage resistivity changes with time at seven
different elevations in the levee body, for the land (a. and b.) and the river (c. and d.) sides of
the levee, and for non-compensated (a. and c¢.) and temperature-compensated (b. and d.)
resistivities.

As expected from the previous results, average resistivities from the river and the land side ERT
lines show very similar seasonal trends for each depth, both for compensated and non-
compensated resistivities.

4.4. Consistency between resistivity changes and soil moisture seasonal behaviour
In this section, we associate the remaining resistivity changes to changes in the subsoil moisture
level. We compare our resistivity results to the direct observation data (see Section
“Methodology, data acquisition”) that are linked to moisture content changes in the subsoil.

Figure 7.a displays the suction measurements at four depths in the levee (Figure 1). To correlate
suction to moisture content, a laboratory calibration would be necessary. However, such
calibration is difficult to achieve and is highly soil-dependent. Indeed, the water retention curve
of a natural porous material always has marked hysteresis phenomena during periods of
dewatering or moistening of the material. Our calibration attempts did not yield relevant results.
Therefore, seasonal variations in suction can qualitatively translate as the higher the suction is,
the drier is the soil. Conversely, weak values of suction indicate that the soil is saturated or
close to saturation.

Data from the shallowest probe (Z = 27.8 m and Z = 26.5 m) mostly show variations that are
tied to pluviometry (Figure 7.b) with a short temporal shift due to infiltration time in the soil
and water migration towards the water table. It should be emphasized that the meteorological
data presented here was issued from a meteorological station situated 18 km north of the studied
site. Nonetheless, we observe that rainy events induce a drop of suction in the upper layer of
the levee body (Figure 7.a).



Data from the deepest probes (Z = 26.5, 25 and 23 m) responses are more closely linked to the
water table level. This statement is illustrated in the period of February to March 2014: The
water level rose up to elevation Z = 24.3 m (above the deepest probe level, Figure 7.c) and one
can see a simultaneous and significant decreases of suctions (Figure 7.a). In that, the suction
response to water level is more rapid than for rain infiltration variations. We also observe that
between April and October the water table level and suction remain nearly constant. It is only
in December with the rise of the water table that we see another suction decrease at the deepest
levels.
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Figure 7. Time-series graphs of direct observations over the year 2014 for: a) Suction at four
depths within the levee body; b) Daily cumulative rainfall recording (MeteoFrance ©) and c)
Monthly water table levels at piezometers Pz1 through Pz3 (Figure 1) and monthly measured
level of the Loire river.

We have shown that suction variations (Figure 7.a) are indeed directly linked to moisture
seasonal changes. We now correlate those measurements to the percentage change of mean
resistivity on the river side seen in Figure 6.d (Figure 8).
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Figure 8. Comparison of time-series graphs of suction direct measurements within the levee
body and time-series graphs showing average percentage resistivity changes for temperature-
compensated resistivities of the river side of the levee, over the year 2014 and at four depths.

Figure 8 shows a clear correlation between resistivity variation and moisture content for the soil
situated below Z = 26.5 m. Indeed, the augmentation of moisture content, due to the water table
rise, induces both a suction and a resistivity drop (of —8 to —15 %) at the beginning of year 2014.
As the moisture content stabilizes over the year 2014, so do the resistivity variations which are
in the range of £6%.

In contrast, the shallowest layer right below the levee crest, at about Z =27.8 m, shows a
conflicted behaviour between the moisture content and the resistivity variations. Indeed,
moisture content tends to increase (as suction decreases) with resistivity (from —3% to +9%)
when it should, theoretically, be the opposite. This contradictory behaviour will be discuss
further in the next section.

4.5. Discussion on remaining local variability in the time-lapse resistivity sections
Time-lapse sections of percentage resistivity changes show spatial and temporal variations
linked to variations of soil temperature and moisture. However, these same sections exhibit
some local variabilities that cannot not linked these seasonal variations.

We believe that they are, in part, due to time-lapse inversion pitfalls and the effects of
construction features at the toe of the levee (Jodry et al., 2017). Indeed, small input data
variations may lead to significant image variations because of equivalence issues, particularly
for datasets spanning over long periods of time and showing low changes. Only more advanced
time-lapse inversion schemes, e.g. with a priori information constraints may mitigate such
instability (Clement et al., 2009; Carey et al., 2017).

Other bias can have also been induced by our temperature model based on temperature data at
only five different depths and used it to compensate the inverted resistivities at all depths.
Although this allowed a plausible model for the time varying vertical temperature profile, it is
still to be proved that such a temperature profile is the same along and across the levee,
especially considering the 3D shape of this levee and the location of the probes that are closer
to the southern side of the levee.

Finally, we also believed that the pavement layer is not well considered as it induces a different
behaviour in the shallow layers (Z > 27 m) as seen in Figure 5 and Figure 8.

5. Conclusion

In our study, we used 2D TL — ERT based on a permanent electrode installation to monitor the
seasonal behaviour of soil moisture in an earthen levee along the Loire River in France. The
studied site illustrates typical ancient fluvial levees, which are more heterogeneous and complex
than recent embankment dikes. The permanent monitoring installation is based on two parallel
lines of electrodes below the crest and additional series of piezometers and embedded probes
for direct soil and water property measurements. A model of vertical-temporal soil temperature
profile was empirically adjusted based on direct measurements. It was applied to compensate
our time-lapse ERT results for temperature effects, under the assumption that this model does
not vary significantly along and across the levee body.

The monitoring feasibility was demonstrated based on high quality long-term ERT data thanks
to the permanent electrodes in direct contact with the levee soil. Moreover, time-lapse sections
of percentage resistivity changes show spatial and temporal overall consistency with seasonal
variations of soil temperature and moisture. Local variability in these sections cannot be fully



explained without additional field evidence, and it was suggested that part of it is due to time-
lapse inversion pitfalls.

These time-lapse results covering the double 94 m long ERT line installation allowed a better
understanding of the soil moisture seasonal behaviour in the studied stretch of levee. Within an
average hydro meteorological year (no flood), the levee appears to have somewhat spatially
consistent time variations in soil moisture, clearly influenced by both rainfall and water table
and river levels. Detailed estimation of seasonal moisture content variations could not be given
at this stage as an accurate calibration of our suction probes was not achievable.

Prospects include adding embedded water content probes to our monitoring design and testing
it over long periods of time that possibly host higher hydraulic load or flood events. Coupled
with additional calibrations on soil samples, it could enable us to provide quantitative evaluation
of seasonal variations of the moisture content from resistivity variation. Furthermore, even
though 2D inversion is common practice for levee survey, research directions would consist in
developing 3D acquisitions and joint inversion of both in-line and cross-line datasets as well as
dedicated time-lapse inversion constraints.
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Highlights for the following paper

“2D-ERT monitoring of soil moisture seasonal behaviour in a river levee: A case study”.

Installation of permanent electrodes allows high quality long-term apparent resistivity time series.
Temperature compensation yields consistent percentage resistivity changes in the levee body.
Seasonal monitoring of an old stretch of levee by electrical resistivity imaging proves efficient.
Levee soil moisture behaviour is clearly influenced by rainfall and water table and river levels.



